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PREFACE

The practice of low-speed experimental aerodynamics has continued to evolve and
continues to be a cornerstone in the development for a wide range of vehicles
and other devices that must perform their functions in the face of forces imposed
by strong flows of air or water. In the 1970s and continuing into the early 1980s a
sizable group of experts predicted that the need for aerodynamic experiments,
particularly in the subsonic regime, would rapidly disappear as computational fluid
dynamics would in a rather short time become sufficiently capable so that dl
needed information would be available from computational simulations at a cost-
effectivenesssuperior to that of experiments. It is true that computational capability
has continued to improveat a substantial pace, but it has not come close to reaching
alevel sufficient to replace the need for experimental datain development projects.
There are now no credible predictions that computational ssmulation will replace
the need for dl data from physical experiments in any significant devel opment
projects. Turbulence continues to confound us in many respects.

Increasing capability of computing equipment has contributed greetly to changes
in the practice of experimental aerodynamicsby increasing dramatically the rate at
which measurements can be obtained, by making additional measurement methods
such as pressure-sensitive paint feasible, and by making it possible to share the
results of experiments in practically real time with people at widdy separated
geographic locations. There is also a need to integrate directly the outcomes of
experiments with the outcomes of computational simulations as each progresses.
Thisis a capability that continuesto be a work in progress at many |laboratories.

Nevertheless, as stated in the preface to the previous edition, the basic methods
and theory have remained unchanged over several decades. The scope of the book
remains the same: to help students taking a course in wind tunnel experimentation
and to furnish areference source to wind tunnel engineers and others who use wind
tunnels to solve problems of fluid flow or vehicle development. Considerable new
material has been added in this edition. Some material has been added to the
treatment of fundamental issues, including a more extensive theoretical introduction
to help relate experimental work to computational ssimulations and a chapter on the
design of experiments and data quality. The most obvious additions are separate
chapters on ground vehicle experiments, marine vehicle experiments, and wind
engineering, with the material on aircraft divided into two chapters. Because df the
widescope, we continueto includematerial on tunnel design, calibration, and simple
aswell asmore sophisticatedinstrumentation. All thematerial in thebook is directed
to low-speed experiments. The subject of high-speed wind tunnel testing is covered

Xi



Xii PREFACE

in High-speed WD Tunnel Testing by A. Pope and K.L. Goin (John Wiley & Sons,
New York, 1965).

We note the absence of a table of wind tunnel facilities that has appeared in
previous editions. The substantial additions of material have resulted in a rather
large book. The Subsonic Aerodynamic Testing Association (SATA) now has asite
on the World Wide Web that includesfacility descriptions and operational capabili-
ties. The URL ishttp:/hwv ni al : twsu. edu/ sata/ sata. h& A list of membersof the
SATA is provided in Appendix 1. We believe this represents a readily available
resource and that it is likely to be maintained with up-to-date information.

The untimely death of Bill Raein 1992 cut short his work on this edition. Jewel
Barlow and Alan Pope wish to acknowledgehis early contributionsto planning for
the revisions leading to the current form. Jewel Barlow is pleased that Alan Pope
saw fit to substantially entrust this endeavor to him and hopes that the result is
worthy of that trust. Several students at the University of Maryland have made
substantial contributions. First among those is Daniel “Rick™ Harris, who drafted
the chapter on marine vehicles, with Rui Guterres, who drafted the chapter on
ground vehicles, and Molly Simmons, who did yeoman duty in many waysin close
aray. Robert Ranzenbach, Ahmad Kassaee, and Mark Dresser as leaders of the
technical saff along with June Kirkley as the right-hand person in the office and
her able assistant, Zenith Nicholas, have done much to keep the Glenn L. Martin
Wind Tunnel laboratory on an even keel while allowing Jewel Barlow to focus on
preparation of the manuscript. Jewel Barlow also wishesto express his gratitude to
the many representatives of member facilitiesof the SATA with whom he has had
the privilege and pleasure of sharing meetings, information, and experiences that
have enriched his knowledge of wind tunnel experiments and more.

Veay specia thanksfrom Jewe Barlow are expressed to Diane Barlow, hiswife,
who has given unwavering support as well as good advice.



1 | ntroduction

Thisbook concernslow-speed wind tunnels. Thecommon usageof thisclassification
includes wind tunnels with maximum speed capability up to about 300 mph (440
ft/sec, Mach = 0.4, 134 m/s, 261 knots). The concepts to be treated are applicable
to higher speed tunnels and to water tunnels as well. However, before launching
into the main topics, it is worthwhile to set the stage for wind tunnels in generd
by asking the question: What has motivated the invention, development, and continu-
ing uses of wind tunnels?

Our planet, Earth, is completely enveloped by oceans of air and water. Humans
and almost all the other creatures spend their lives immersed in one or the other of
thesefluids. Naturally produced motions from gentle breezesand currents to storms
and floods have profound impact on human existence. Winds and currents have
been harnessed for moving about by boat and sail since before the earliest existing
recorded history. And it seems-certain that humans throughout their existence have
marvelled at the agility of birds and fishes in their expositions of swimming and
flying skills. Today, less than 100 years after the first successful airplane, there
exists a vast array of aircraft tailored for many specific uses with corresponding
variety in their shapes. The shapes of airplanes are determined by considerations
of aerodynamics with varying degrees of attention to performance, agility, stealth,
procurement cost, operational cost, time to ddlivery, and any other aspect that a
customer may require for intended missions. There are millions of automobilesin
routine use whose shapes attest to the influence of external aerodynamicson the
decisions of the designers. The main focus for production automobiles has been
on aerodynamic drag, dthough lift has received considerable attention as well.
Aerodynamic down load is most often the main objective for racing automobiles.
Automobile companiesare also keenly interested in knowing how to choose details
of external shapes to reduceexterior and interior noise. Racing yacht keels are the
subject of intense investigations in efforts to achieve advantages of a few seconds
per mile. Architects routinely require aerodynamic evaluations of any prominent
building dmost anywhere. Nearly every building component is being subjected to
aerodynamic evaluationiif it is to be accepted for use in hurricane-prone areas such
as Forida. The shapes of submarines and the details of their propulsion systems
areeval uated asdesignersattempt to maximizespeed, minimizeenergy requirements,
and minimize noise generation. Aerodynamic influencesare substantial in thedesign
of large bridges.

Yd thevell covering the secretsof theforcesinvolved in thedynamicinteractions
of fluids and solid objects has only begun to be lifted and only in relatively recent
times and continues to refuse all efforts to tear it cleanly away. The investigative
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methods leading to quantitative predictions have been acombination of experiment
and theory, with computational methods becoming a new tool of increasing conse-
quence since the 1960s. The great advancesin theory and computational capability
notwithstanding, experimental explorations remain the mainstay for obtaining data
for designers' refined and final decisions across a broad range of applications. A
primary tool of experimental aerodynamics is the wind tunnel. The proper and
productiveuse of experimental investigationsin general and wind tunnelsin particu-
lar requires applicationsof aerodynamic theory and computational methodsin the
planning of facilities, the planning of experiments, and theinterpretation of resulting
data. Those aspects of aerodynamics will be drawn upon heavily in the course of
this book.

To answer the question posed above: The invention, use, and ongoing evolution
of thewind tunnel has been, andis now, motivated first by awideinterestin practical
problemsin aerodynamicsand second by thefact that theoretical and computational
methods have not been. are not now. and will not in theforeseeabl efuture be capable
of providing the full range of results needed to guide detailed design decisionsfor
many practical problems.

The most successful attack on virtualy any aerodynamic design problem will
be based on application of a combination of resultsfrom experimental, theoretical,
and computationa methods appropriately combined and leavened by experience.

11 AERODYNAMICS

Readers of this book will find many parts where it will be helpful to have a prior
knowledge of aerodynamics' to the level represented in texts such as Anderson? or
Shames® or to have such a reference readily available. Included in those and other
texts are discussions of flow similarity in which definitions of simlar fl ows are
given. This is a very important concept that leads to significant advantages in
experimental work and in theoretical and computational work as well. The most
common approach to the concept of similarity is through dimensional analysis
using some variation of the Buckingham Pi theorem.* Knowledge, of a detailed
mathematical modd of the processesinvolvedisnot requiredto apply thePi theorem.
A reduction in the number of independent parameters to be manipulated in an
investigationis obtained based on the requirement of dimensional homogeneity for
any equation expressing a valid relationshipamong physical variables. Introductory
treatmentsof dimensional analysisare given by Anderson? and by Shames.? A very
useful discussion based on dimensional analysis is given by Karamcheti.® More
extensive treatments of background and applicationsof similitude methodsin engi-
neering are given by Sedov,® David and Nolle,” and Baker, Westine, and Dodge?
Some of the most important results are those associated with " distorted” models,
that is, modelsin which completesimilarity cannot be achieved but that nevertheless
are very useful. Such models are the norm rather than the exception, as becomes
apparent when amost any specific wind tunnel program is being planned.
Although the application of dimensiona analysis has been of great importance
in studies in aerodynamics, that approach will not be elaborated at this point.
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Motivated by the need to bring theoretical, computational ,and experimental methods
into closer proximity, dimensionlesssimilarity parameterswill be obtained directly
from the equations for which solutions are sought in theoretical and computa-
tional studies.

Principal Equationsof Aerodynamics

The fundamenta principles from which the equations used to model "' low-speed"
aerodynamic flows are derived are only three in number. These are (1) mass is
conserved, (2) forceand motion are related by Newton's Second Law, and (3) energy
exchanges are governed by the First Law of Thermodynamics. In addition to these
threeprinciples, certain fluid propertiesand their variationswith pressureand temper-
aturemust be described mathemati cal lv with sufficient accuracy for each application.

Theeguationsexpressing thethree principlesprovidere ationshipsamong various
quantities (such as density, velocity, pressure, rate of strain, internal energy, and
viscosity) asthey vary in space and time. The dependencefor a particular quantity,
say velocity, isindicated as V(r, #) wherer is a three-component position vector
and tistime. The details of the function expressing the space and time dependence
arestrongly affected by the choice of referenceframewhilethe physical phenomena
cannot be affected by thechoicedf referenceframe. Itisdesirabletochoosereference
frames that lead to relatively ssmple forms for the functional descriptions of the
various quantities.

Two kinematic results of importance relate time derivatives from different per-
spectives. Onerelation is between " Lagrangian™ and "Eulerian’™ descriptionsof the
motion of particles. The other relation is between the time derivatives of quantities
when measurements are made from two reference frames that are moving relative
to one another.

The Lagrangian and Eulerian perspectives of motion of a field of particlesare
described in dmost every book on aerodynamics. The Lagrangian perspective is
based on theideaof "tagging' every particleand subsequently describingthe motion
of each particleas afunction of time with a space coordinateindicating the identity
of the particle. The usual choice would be that the space coordinate indicates the
position of the particle at time equal to zero. The Eulerian perspectiveis based on
the idea of focusing on particular points in space and describing the motion of
particles passing through each point in space as a function of time. The time
derivativesarerelated by Equation (1.1), where theinternal energy e has been used
as an example. The derivative from the Lagrangian perspectiveis referred to as a
"total derivative” or "materia derivative’” and is indicated by the capital D as
the derivative symbol. The relation holds for all other such quantities including
components of velocity:

De(r,1) 9
— = + (Vs ;
D ¢ D+ (VeVielr ) (1.1)
The relationships that arise when two reference frames are moving relative to one
another areimportant when "' noninertia" reference frames become more convenient
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for a problem than the alternatives. The equations for these situations are given
by Shames.’

Conservation of Mass

The continuity equation followsfrom the principle of conservation of mass. It can
be written as a partia differential equation as follows:

In this equation and throughout the book p is the density of thefluid, tis the time,
and V is the vector fluid velocity. The standard notations for divergence operator
and dot product are used.

Newton's Second Law, F = mu

The application of Newton's second law to an elemental mass can be expressed
quite generdly as

p(ﬂ) = pF, + F (13)

where F; is the body force per unit mass and F; the surface force per unit volume.
The time derivativeis the "totd" derivative in the sense used in Equation (1.1)!
with respect to an inertial reference frame and V is the velocity of the material
element with respect to the sameinertial frame. Theleft-hand side can be written as

p(%) = (?g- +(V -V)V) (1.4)
or as
2
p(%‘;) = p(%—‘: + V-V X (VxV)) (1.5)

Thislast form is convenient for deriving the well-known Bernoulli equation when
the appropriate conditions are applied.

The body force isfrequently neglected in aerodynamic developments but rarely
in hydrodynamic applications. In either case it is most commonly of gravitational
origin and in that caseis smply Fz = g, where g is the gravitational acceleration.
Body forces will also arisein cases of noninertial referenceframes.

The surface force for a material element is expressed in terms of the state d
stress at the location of the element. For a particular material the state of stressis
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related to the state of strain, including the possibility of memory effects. For any
particular material, solid or fluid, the relationship between stress and strain must
be obtained from experimental evaluation. The two most common forms of the
relation are those for elastic bodies and for Newtonian fluids. For elastic bodiesthe
relationship between stressand strain is given by Hooke's law, which can be stated
in an oversimpleform as "'stress is proportiond to srain.” For Newtonian fluids
the relationship between stress and strain is given by Stokes law of friction, which
is a generaization to three dimensions of the assumption made by Newton for the
smpler case o two-dimensiona parallel flow. Stokes law of friction states that
the "'dressis proportiona to the timerate of strain.” Using Stokes' law to develop
thesurfaceforcein Equation (1.3)° producesthe equationsof motion for aNewtonian
fluid. These equationsare known as the Navier—Stokes equations. Detailed deriva-
tions of these equations are given by Schlichting® and Loitsyanskii.!® The surface
force per unit volume that follows from Stokes' law of friction can be written as

F, = — V(p + %w-v) + 2V« (u8) (1.6)

New variables appearing in Equation (1.6) are pressure p, coefficient of viscosity
K, and rate of strain tensor S. The assumption that the bulk modulus is ~3 times
the coefficient of viscosity is incorporated in Equation (1.6). The eements of S
associated with a Cartesian reference frame are given by the equations

S, = % (1.7)
S, :-}; (1.8)
8. = -‘Z—"; (1.9)
§ =8, = %(g % ‘;—;) (1.10)
szﬂsu—%(ﬁ—‘ﬁ%‘,‘f) (1.11)
S,=8,= %(Q‘;"' + g—:) (1.12)

The Navier—Stokes equation for the case of aviscouscompressiblefluid with body
force of gravitational origin can be written as

p(% + (V-V)V) = pg — V(p + %p,V'V) + 2V« (uS) (1.13)
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The Navier—Stokes equation i s consdered to be an accurate representation of New-
ton's Second Law applied to water and air over wide ranges of temperature and
pressure.

First Law of Thermodynamics The Energy Equation

Theenergy equationisamathematical representationaof the principleof conservation
of energy. A formis given herethat is appropriatefor flow of afluid in which there
may be heat transfer by conduction, transformation between mechanical energy and
thermal energy by both reversibleand irreversibleprocesses, and energy contribution
or absorption by body force of gravitational origin but no radiative transfer. The
reader is referred to Anderson? and Loitsyanskii'® for detailed derivations of the
energy equation. The energy equation may be written as

2

2
p%(CvT+%r) +pV-V(CvT+ YZ_) =pg*V—VepV

2
+Ve 2uv(v7) +p(VXV)XV— %u(v-vw +VekVT (1.14)

An additional variable, the temperature 7, is present in the energy equation. Two
additional parametersasoar e present. Thesear e the specificheat at constant volume,
C,, and the thermal conductivity k These parametersare considered to be constants
throughout any flow considered in this book.

Equation of State and Other Condderations

Equations (1.2), (1.13), and (1.14) provide five equations relating the variables p,
V, p, 7, and p.. Since there are seven scaar variables, two additional relations are
required to obtain a solvable set.

We consider typical cases of air and water because it is common to use low-
speed wind tunnelsto investigate hydrodynamic as well as aerodynamic problems.

In the case of water, the density varies very little with pressure so long as the
pressureisgreater than thevapor pressure, whichin turnisafunctionof temperature.
An assumption of constant density isinvariably appliedfor flowsof water. Viscosity
Is primarily afunction of temperaturein the cases of both air and water. In flows
of water, if the initial and boundary conditions are isothermal, then negligible
temperature variations will arise from the flow phenomena. In such circumstances
both density and viscosity can be considered constant. Equations (1.2) and (1.13)
then provide an equal number of equationsand unknowns.

In the case of air, the processes are more complex even for "'low-speed” flow as
we use the term here. It is assumed that air in theseregimesis acalorically perfect
gas, which means that the specific heats are constant. As stated above, it is aso
assumed that the thermal conductivity is constant, in which case it can be factored
to the leading position in the last term of Equation (1.14). The perfect gas equation
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of state givesagood description of air over the range of conditionsaof interest here.
Equation (1.15) is the sixth of seven needed relations among the seven variables:

p = pRT (1.15)

The seventh relation is a specification of variation of viscosity with temperature.
Equation (1.16), whichisan expressionof Sutherland'slaw, givessuch ardationship
for air:

n
i (5) T, + 198.6 (1.16)

mo \To/ Tr+ 198.6

where T is temperature in degrees Rankine. For 7, = 518.6°R, the viscosity is
o = 3.74 X 1077 Ib — s/ft2. Thedependencedf viscosity on temperatureisfrequently
approximated by a power law, as discussed by Schlichting? For example Equation
(1.17) isgiven in the National Advisory Committeefor Aeronautics(NACA) Report
1135" for air:

0.76

i = (TIU) (1.17)

For each problem to be investigated there will be an appropriate set of initial
and boundary conditions that along with the set of equations (1.2), (1.13), (1.14),
(1.15), and (1.16) approximately describe the subsequent spatial and temporal evolu-
tion o the seven variables.

12 PROPERTIESOF AIR AND WATER

The properties of the fluids involved in experiments and in operations of devices
are critical. It is common to idealize their properties, but it is important to keep in
mind the degree of approximation involved in the idealization. Jones™ has given a
substantial summary of the models of properties of air, water, and some addi-
tional substances.

Properties of Air

Air is a mixture of nitrogen, oxygen, water vapor, and several other gases present
in small quantities. The equation of stateis written as Equation (1.18), where R is
the universal gas constant and M is the apparent molecular weight of the mixture.
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The apparent molecular weight for air is significantly affected by the presence of
water vapor:

— PRT

% (1.18)
Jones" gives an extensive development and arrives at Equation (1.19) for density
of air asafunctionof temperature (°K), pressure(Pa), relative humidity, and effective
saturation vapor pressure of water (Pa):

P = (%?Sﬂ)( p — 0.003796R,e,) kg/m® (1.19)

The saturation vapor pressureis related to temperature by
e, = (1.7526 X 10!)e!~315356M (1.20)

Equations (1.19) and (1.20) give density of 1.1992 kg/m®forp = 101325 Pa, T =
293.15°K, and relative humidity of 50%. Over plausible ranges of variation of
relative humidity of say 30—75% the density varies by —0.5%. Thisis small but is
definitely not negligiblecompared to the level of measurement accuracy sought in
many wind tunnel experiments.

An equation for viscosity of air has previously been given as Equation (1.17).
Table 1.1 summarizes some properties of ar at the "' standard" condition.

Propertiesof Water

Thedensity of waterisnearly constant over common rangesof pressureand tempera-
ture. The small variation with temperature at atmospheric pressure is modeled by
Jones with Equation (1.21). This gives density in kilograms per cubic meter for
temperature in degrees Celsius. The temperature should be in the range of 5-40:

P, = 999.84847 + 0.06337563t — (8.523829 X 107°)¢*
+ (6.943248 X 1079 — (3.821216 X 107)* (1.21)

TABLE 1.1. Air at " Standard” Condition

Tempeaure T 59°F = 518.67°R = 15°C = 288.16°K
Dengty, p 0.002378 slug/ft? 1225 kg/m?®
Pressure, p 2116 Ib/ft2 101,325 Pa (N/m?)
Visoogty, 374 x 1077 |b-sec/ft? 1791 X 107° kg/m-s
Kinematic visoosity, v 155 x 107 fe¥/sec 144 x 107° m¥s
Reciprocd d v 6452 sec/ft? 69,440 s/m’

Gas condant, R 17149 ft-Ib/slug-°R 287 N-m/kg-°K
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TABLE 12 Fresh Water

Temperaure 39.2°F = 498.87°R = 4°C = 277.16°K 15°C = 288.16°K

Dengty 1940 dugsfte 1000 kg/n? 999.13 kg/m?

Visoosty 3229 x 107° Ib-sec/fz 152 x 107° N-s/m* 1106 X 107° N-s/m?

Kinamdic 1664 X 107° ft¥/sec 152 X 107¢ m%s 1106 X 10°¢ m%s
viscogty

Redprocd of v 60,100 sec/ft? 657,900 s/m? 904,300 s/m?

The variation of viscosity of water with temperature for the range of 0-20°C is
given by Equation (1.22),'* where the viscosity is in centipoise (g/cm-s):

1301
998.333 *+ 8.1855 (T — 20) + 0.00585(T — 20)*

logpu = — 3.30233 (1.22)

This equation can be used for moderately higher water temperatures with little
error. The density of water decreases about 1% for a temperature changefrom 4 to
45°C. The variation in kinematic viscosity of water with temperature is primarily
due to changein the viscosity. In the case of air, kinematic viscosity changes with
temperature are significantly affected by changesin both density and viscosity.

Table 1.2 gives some properties of water at two temperatures. A row showing
the reciprocal of the kinematic viscosity is included as this is a vaue directly
proportional to the Reynolds number for a given size of model or prototype and a
given speed. By comparison of the data in the two tables it can be seen that the
Reynolds number in water for a given size article and a given speed will be
approximately 13 timesthe Reynoldsnumberinair if both fluidsar e at atemperature
of 15°C. Thisratio will climb to about 15 if both fluidsare at 20°C.

Seawater will be somewhat more dense and have dightly different viscosty.

1.3 NOW SMILARITY

Toexploresimilarity for flowsgoverned by the set of equations(1.2), (1.13). (1.14),
(1.15), and (1.16), consider a problem of determining flow properties about a
complete airplane, automobile, ship, or other body. In principle, it is necessary to
find the appropriate solution to the system of partial differential equationswith the
associated boundary and initial conditions. The complete geometry of the body
including any time-dependent motion is required to specify the boundary conditions
at the body. For the present discussion, the body is considered to berigid, in which
case motion may be specified by the linear and angular velocities. Note that this
would have to be treated more generally to include aeroelastic phenomena
Attention is now turned to arriving at a corresponding set of nondimensiona
equations. The geometry can be nondimensionalized as a ratio to some reference
length, whichis usualy chosen asthe chord of the wing in the case of aircraft. Any
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other length can be used, such as the overal airplane length for airplanes, the
wheelbasein the case of automobiles, or the beam or overall length in the case of
marine vehicles. The fluid speeds will be nondimensionalized by using the ratio to
the speed at a selected point far away from the body. This is not a fundamental
requirement, but it is the standard practice. In some experimental arrangements and
in many computational problems-the question of whether thereis an available point
consdered to be "far" from the body becomes an important issue. The density will
aso be nondimensiondized in terms of the ratio to the vaue at the selected point
far from the body. Pressure will be nondimensionalized by introducing the standard
pressure coefficient. The pressure coefficient is the ratio of the change in pressure
due to the presence of the body (as compared to the pressure at the selected point
far from the body) to the dynamic pressure at the selected point far from the body.
Temperature will be nondimensionalized by its ratio to the value at the sdlected
point far from the body. The time will be nondimensionalizedas a ratio to the time
for afluid particle to travel the reference length at the speed of flow far from the
body. To summarize, we will considerthe variablesin Equations(1.2), (1.13), (1.14),
(1.15), and (1.16) to be given by r = &, t = (/V), V = V.V, p = p.f,
T =T.T, b = pafh, and p = p. = 3p.V%c,, Where all the symbols with carets are
dimensionless variables and ¢, is the dimensionless form for pressure with the
reference value shifted according to standard practice. Equation (1.2) becomes

%,3 +Ve@pV) =0 (1.23)

This is the same form as the dimensiona equation. Equation (1.13) becomes

Oy o o el 1. la 1 e aPhalos A
= +p(V'V)V=(?E)peg-——z-ch+E(2V°p,S-—;V(}LV°V)) (1.24)

Two dimensionless coefficientsappear in Equation (1.24). The first is
F=1/== (1.25)

which is the Froude number. Including the square root in the definition is not
essential, but it is done here to be consistent with common usage. The symbol ¢,
IS a unit vector in the direction of the gravitational field. Normally the coordinates
would be chosen so that only one element would be nonzero. The Froude number
isimportant for flows in which thereis afree surface, such as will exist for surface
ships. A Froude number will also arise as an important similarity parameter if there
are unsteady boundary conditions. The acceleration of the boundaries will play a
role similar to the gravitational acceleration. The Froude number is a significant
parameter in some cases of dynamic systems such as towed bodies. A complete
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smilarity study of such systems requires inclusion of the equations of mation of
the towed systems themsalves as well as the fluid dynamic equations.

The Froude number will not appear if the fluid body forces are neglected. This
IS acommon assumption introduced in aerodynamics texts. The Froude number will
not be considered further in this introductory material.

Thesecond coefficient appearingin Equation (1.24) is the mostimportant parameter
for most experimentsconductedin low-speedwind tunnels. Itisthe Reynolds number,

Ml

R,_, pLle (1 26)

The Reynolds number is the primary similarity parameter of interest in planning
experiments for Mach numbers less than —0.3 when the geometry is fixed.

The process of devel oping the nondimensional form of the energy equation leads
to theintroduction of some additional and some alternative parametersd thefluid.
These are the specific heat at constant pressure, C,; the ratio of specific heats,
v = C/C,; the speed of sound in the fluid, a = \/yRT; and the Prandtl number,
P, = nC/Jk. To shorten the resulting equation, we also introduce the substitution
I' = vy(y — 1). The nondimensional energy equation can be written as

,\_8_ i 2.‘2 A% 7 2.‘12 —FME‘“". _FMi P
paf(T+ I‘Mmz) + pV V(T+ I‘Mm2 = Ve, 3 Ve,V
FMi " V2 - A A o 2 A A ’Y 14

+ R, Vv 2pV(2) + (VX V)xV 3[1(V V)V| + P,mReV T (1.27)

Thereare many termsin Equation (1.27), and findingsolutionstoit by mathemeati-
cal or computational analysis is not the purpose here. The important result to be
obtained here from this equation is that there are two dimensionless coefficients
that did not appear in the nondimensional Navier—Stokes equation. These are the
Mach number M. = V./a. and the Prandtl number P,.. The Mach number is aflow
parameter while the Prandtl number is a property of the fluid that is temperature
dependent. The last term of Equation (1.27) is the term associated with transport
of energy by heat conduction. For low-speed flowsthat do not have heated or cooled
boundaries, thereis seldom asignificantcontributionfromthisterm. Wewill consider
that this term is negligiblefor most circumstances with which we will be dealing
in this book. This also implies that the Prandtl number will not be a consideration
since it only appears in the heat conduction term. The net result is that the dimen-
sionless energy equation provides the Mach number as an additional similarity
parameter for our present class of problems.

Equations(1.23), (1.24), and (1.27) along with dimensionlessforms of the equa-
tion of state and the variation of viscosity with temperatureform a set of equations
for the dimensionlessflow variables. The associated boundary conditions for any
particular case must also be obtained in nondimensional form.

For the moment consider only cases for which the boundary conditions are not
functions of #. This does not mean that the flow is steady throughout the domain
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so this is not equivalent to an assumption of steady flow, which is a far more
stringent assumption. Almost dl flows of importance to vehicle aerodynamics are
turbulent and therefore unsteady. Most wind tunnd studiesinvolve steady ""mean’
flow. We can choose to use "wind axes,” in which case the boundary conditions
far upstream of our body would typically be . = 1, V. = 0 W= = 0, ¢po = 0
pe = 1, T. = 1, and fi. = 1for-al |. For afamily of bodiesof a particular shape
the boundary conditions at the body surface, which can be represented as S(£, 9, 2,
a, B) =0, ae# = ¢ =w, = 0, plusgiven valuesfor either 7; or (VT), for al 7.
The angles can be given in terms of the componentsof V.. on a set of body-fixed
axes. Let i, %, W, be the components of V.. on body-fixed axes. Then tan a =
wy/ii, and sin B = V... If we could obtain solutions of the set of equations with
the associated boundary conditions, we would have a set of functions:

i, 9, 2, f, o, B, R,, M..) (1.28)
b(%, 9, %, 1, a, B, R., M.,) (1.29)
W, 9, 2,1, «, B, R, M) (1.30)
c(£ 9,2, 1 o, B, R, M.) (1.31)
p@&, 9, 2, f, o, B, R., M..) (1.32)
i, 9, 2, 1, o, B, R,, M..) (1.33)
(%, 9,2, F, o, B, R., M.,) (1.34)

whichgivethedetails of thenondimensional fluid velocity, pressure, density, viscos-
ity, and temperature throughout the domain.

The values of the pressure coefficient and the shear stresses at the body surface
would typicaly be of particularinterest in the present context since the integral's of
those quantities over the surface of the body provide the total force coefficients. To
obtain thesefrom the aboveset of functions, it is necessary to form the combinations
representingexpressionsfor thenorma and tangential stresscomponentson the body
surfaceand integratetheseover theentirebody surface. Thisprocessprovidesdimen-
sionlesscoefficientsfor forceand moment componentsthat can be represented by

CL(fs o, B) Rea Mm) (135)
Co(t, @, B, R., M.) (1.36)
CS(f! o, Bs Res Mﬂﬁ) (].37)

for "lift,” ""drag,”" and "'sde-force" coefficientsand

Cl(?a a, Ba Res Mﬂﬂ) (138)
C.(f, a, B, R, M.) (1.39)
C.(#, a, B, R., M..) (1.40)
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for "'rolling moment,” "' pitching moment,™ and *'yawing moment™ coefficients. The
force coefficients are related to the dimensional forces by the factor 3p..V2/2, and
the moment coefficients are related to the dimensional moments by the factor
3p-V2I%. When the time dependenceis averaged out or the actua circumstance of
having steady boundary conditionsyields steady results, these coefficientsarefunc-
tions only of the dimensionless similarity parameters Reynolds number and Mach
number along with the attitude angles.

These are powerful results applying equally to experimental, analytical, and
computational studies of fluid flows. Instead of separately varying the density,
viscosity, flow speed, body size, and temperature, it is only necessary to vay
the combinations represented by the similarity parameters. Each solution of the
nondimensiona system for a value of the Reynolds number provides a result that
appliesfor every combinationof thefour involved quantitiesthat give that particular
Reynoldsnumber. Of further significanceisthat the result showsthat different fluids
as well as different sizes of bodies in streams of differing speeds and differing
coefficientsof viscosity can be used when it is convenient to do so as long as the
smilarity parameters are matched.

For bodies completely immersed in a singlefluid (asis aways the case in wind
tunnels) and that are rigid and held in a fixed position, the results will not be
dependent on the Froude number, as has been stated previoudy. One interpretation
of "low speed” as applied to wind tunnels is the speed below which the Mach
number dependenceis small enough to be neglected. In such cases, which are our
primary concern, the results will be dependent on only one similarity parameter,
the Reynolds number.

We find that for a body of fixed shape held rigidly in a"'low-speed' stream, the
timeaveragesof theforce and moment coefficientsarefunctionsof asingle parame-
ter, the Reynolds number, and two angles that are required to specify the body
attitude relative to the free stream. This result holds for flows of water when
cavitationisnot present andfor flowsd air at speeds upto aMach number of —0.3.

14 INCOMPRESSIBLENOW
In considering "'low-speed” flows it is common to adopt the assumption that the

density is constant, that is, p = 1. With theassumption of constant density, Equation
(1.23) reduces to the equation

VeV =0 (1.41)
and Equation (1.24) with some minor manipul ation becomes

1

20+ o(L o) + 0 x 0y x ¥ = — 19, + L0 8
a?V+V’(2V)+(V>~':V):s<V— VCP+-R¢'(2V S). (1.42)

[\
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In cases in which dehsity is nearly constant, there are many situations in which the
temperature variation is negligible. Such problems are entirely mechanical without
any thennodynamic phenomena. Equations (1.41) and (1.42) are then a complete
set for the three velocity components and the pressure coefficient. The force and
moment coefficientsin such caseswill, of course, not be dependent on Mach number.

Classical Bernoulli Equation

For an idedlized case of steady flow with viscosity equal to zero and a uniform
velocity field far from any object that may be in the flow, we will have the time
derivativesequa to zero, the Reynolds number will be infinity, and the curl of the
velocity field must be everywhereequal to zero. Equation (1.42) then becomes

= ‘?2 i ].A 2 A e
V? ——EVCP or V(V’+¢)=0

Recalling the definitions V.. = 1 and ¢, = 0, we have the result that
V2+ec,=1 orequivdently p+3pV?>=p.+3pVi=pa (143

which is the classical Bernoulli equation that is very important in low-speed wind
tunnel work asit is the basis for most speed-setting systems.

Inviscid and Irrotational Flow

For inviscid, irrotational flow, a velocity potential ¢ exists so that we can write
V = ¥4, and the continuity equation (1.41) becomes

Vi =0 (1.44)

Thisisthe classca Laplace equation that arisesin many applicationsin classical
physics. The study of its solutionsis sometimes called potentia theory due to its
application in determining the gravitational field potential associated with distribu-
tions of mass.

With the same assumptionsas abovefor arriving at the Bemoulli equationexcept
that time dependenceis till alowed, Equation (1.42) becomes

3oon . of P\ Lo ofds 02 1) _
B_E(V(b) + V(?) + EVC_,, = V(g;d) -+ 5 + Zcp) =0 (1.45)
or
B a4
25—f¢ + V* + ¢, = const (1.46)

Equation (1.46) is referred to as the unsteady Bemoulli equation.
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15 TIME DEPENDENCE OF THE SOLUTIONS

Red flows in wind tunnels and elsewhere are always unsteady. For sufficiently
small valuesof the Reynolds number, flows can be established that are very nearly
steady based on observations. In a small set of circumstances, there are known
solutionsto the Navier-Stokes equations. Noneof theseare of direct valueto vehicle
designers, athough they serve as an aid to aerodynamicistsin trying to understand
basc issuesin fluid flow.

A vast mgority of aerodynamic problems associated with vehicle design and
wind engineering effortsinvolve flowsthat can be considered to have an incoming
free dream that can be characterized by a time-independent mean flow with a
superimposed additive fluctuating contribution most often characterized in terms of
a "turbulence level." For some applications, the description of the unsteadinessin
theincoming flow may be much more detailed, but still will be based on statistical
descriptorsrather than detailed space—time functions. The interaction with the body
of interest creates a spatial modification of the mean flow and in general creates
fluctuating motionsin the flow in addition to those present in the incoming stream.
Landahl and Mollo-Christensen™ give a good treatment of methods and summaries
of aspects d turbulence. Issues associated with modeling effects of turbulence,
both experimentally and computationally, are the most difficult issues with which
aerodynamicists mugt grapple.

There are important classes of problems frequently studied in wind tunnels for
which the assumption that the boundary conditionson the fluid are independent of
time is not vaid. Examples are studies that involve propellers or rotors, towed
devices suspended on thin cables, significant elastic deflections such as occur for
flutter models, fabric structures such as parachutesor sails, forced or "'freg" motion
of complete models, and manipulation of the incoming flow. Incoming flow may
be manipulated to produce essentialy deterministic large-scale variations in the
flow or, asin the case of wind engineering studies, the incoming stream may be
passed over roughness elements or otherwise processed to produce high levels of
large-scaleturbulence. In addition, the presence of significant acoustic signals can
in some Situations produce significant macroscopic effects. Aeroacoustic effects in
low-gpeed flows have been receiving increasing attention in the 1990s.

16 AEROACOUSTICS

The system of equations previously given for compressible flow with appropriate
boundary conditions and with considerable reduction through appropriate assump-
tionscan be reduced to the equationscommonly applied to model acoustic phenom-
ena. The most influential paper on this topic is that of Lighthill,” who derived
an eguation containing the same assumptions as those required in deriving the
Navier—Stokes equationsfor compressibleflow. It has become known as Lighthill’s
equation. Weshow it hereand discusssome genera propertiesbecausethese proper-
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ties provide some insight into aeroacoustics phenomena whether the investigations
are to be carried out numerically or experimentally. Lighthill's equationis given as

1.8, ; 8 T,
2 atzp Vip' = —Lar,- ar, (1.47)

wherep' = p — p. and g, is the speed of sound in the free stream. The right-hand
sidecontains Ty, the cel ebrated Lighthill stresstensor. Direct solution of agroacoustic
problems using this formulation has not been achieved for technically important
problems. But it is the basis for much understanding of aeroacoustics, especialy
generation and propagation of sound from jet engines. A subsequent devel opment
by Ffowcs-Williamsand Hawkings™ is most important to currently ongoing efforts
to devel op methods of direct solution to aeroacoustic problems and to understanding
of mechanisms of generation. They derived what has become known as the Ffowcs-
Williams—Hawkings equation, and a formal solution is given here as Equations
(1.48)—(1.51):

pPa,)=M+D+Q (1.48)

where the right-hand side is made up of

] p=Vin,
(Monopole) M = o at.[ R[1— M cos ¢|}, ds (1.49)
; _ 19 (p_— pn
(Dipole) D = F arfJ; ®[1 — Mcos ‘b'], ds (1.50)
(Quadropole) Q = L f LE dr (1.51)
P “dmoror ), |[R[1-Mcosd]| " '

There are alarge number of variables. On the right-hand sides the variables are
as follows: (r,t) gives the time and space location of the "observer.” The spatial
variables of integration are the coordinates of the sources as indicated by r, and
evaluated at the'' retarded time' ¢,. Thisisthetimeat each source element for which
the emitted signa will reach the observer at time t The source—observer vector is
givenby R=r — r, R = |R|, ¢ istheangle between r and r,, #; is the unit normal
to the body surface enclosed by S V; are the fluid velocity components, M is the
Mach number, and T;; is Lighthill's stress tensor.

Very important descriptive interpretations have been given for the three terms,
and they are found to scale very differently with flow speed. The " monopole" term
isidentified with a vibrating solid surface or an oscillating mass source. Examples
are loudspeaker cones, vibrating sheet metal or glass, or the pulsating gas emitted
from an automobile exhaust pipe. These are the most efficient generatorsof sound.
The associated intensities increase as the fourth power of the fluid velocity.
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The "dipole” term is identified with an oscillating pressure on a solid surface
that then acts as a sound radiator. This will occur on a surface under a turbulent
boundary layer or on the surface of afixed circular cylinder that is undergoing the
periodic shedding of the Karman vortex street phenomena. The efficiency of the
dipole source type is intermediate between that of a monopole and a quadropole.
The intensity increases as the sixth power of the velocity.

The “guadropole” term is a volume source associated with fluctuating gradients.
It is more difficult to visualize but is associated with highly sheared turbulent flow
volumeslike the shear layers bounding rocket and jet engine exhausts. Theintensity
increases as the eighth power of the velocity. This can be the dominant type of
sourcefor jet and rocket engines.

For low-speed wind tunnel studies, there will be monopole-type sources if there
are vibrating surfaces. Variations in noise generation due to shape changes are
generaly associated with the dipole type of source.

We will give some additional brief sections on aeroacoustics at other points in
the book asit is being met at low-speed wind tunnels. Blake™ has written one of
the most useful technical treatments.
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2 Wind Tunnds

Experimental information useful for solving aerodynamic and hydrodynamic prob-
lems may be obtained in a number of ways: from flight experiments; drop tests;
rocket deds; water tunnels; whirling arms; shock tubes; water tables; rocket flights;
flying scale models; road tests; balistic ranges; subsonic, near sonic, transonic,
supersonic, and hypersonic wind tunnels; and other methods leading to an amost
endless list. Each device has its own sphere of superiority, and no one device can
be called "'bes."

Thisbook considersonly the design and use of low-speed wind tunnels. Because
they make it possible to use models that can be prepared early in design cycles,
because they include the full complexity of real fluid flow, and because they can
provide large amounts of reliable data, wind tunnels are often the most rapid,
economical, and accurate means for conducting aerodynamic research and obtain-
ing aerodynamic data to support design decisions. Their use saves both money and
lives,

The nationsand industries of the world support aerodynamic research and devel -
opment, of which conducting wind tunnel experimentsis a major item, according
to their needs, ahilities, and desires. In many countries there is a separate national
research organizationthat augmentstheactivitiesof the armed services. A substantial
amount of work is contracted from national agencies to universitiesand industry.
Thereisa consderable and growing volume of aerodynamic research and develop-
ment done by corporationsfor civil purposesin the development of aircraft, automo-
biles, marine vehicles, and architectural structures. A cross section of entities from
all of these areasis represented by the membership of the Subsonic Aerodynamic
Testing Association (SATA). The membership of the SATA in 1998 is given in
Appendix 1.

21 IMPORTANT PARAMETERSFOR SIMILARITY

Since conducting experiments using scale models is the primary activity of most
major wind tunnels, we pause now and consider aspects of experimentsusing scale
models, the results of which may effectively be used to predict full-scale behavior.
In Chapter 1 we have given the equations for fluid motion in nondimensional
form. These equations provide a foundation for designing scale experiments and
interpreting the resulting data. For present purposes, the resultsof principal interest
are the dimensionless coefficientsthat appear in the nondimensional form of the
fluid dynamics equations as derived in Chapter 1. The three coefficients are the

19
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Reynolds number, the Mach number, and the Froude number. The coefficients as
developed in Chapter 1 were obtained by introducing nondimensional variablesinto
the conservation equations. We will now consider a more heuristic approach.

When abody movesthrough afluid, forces arise that are due to the viscosity of
thefluid, itsinertia, its elagticity, and gravity. These forces are represented directly
by thevarioustermsin the Navier-Stokesequation. Theinertiaforce, corresponding
to the left-hand side of the Navier—Stokes equation, is proportiona to the mass of
air affected and the acceleration given that mass. Thus, whileit is true that a very
large amount of ar is affected by a moving body (and each particle of air a
different amount), we may say that theinertiaforceisthe result of giving aconstant
acceleration to some " effective”” volume of air. Let this effective volume of air he
kI*, where| i sacharacteristiclength of the body and k isa constant for the particular
body shape. Then we may write

ol

Inertia force — "

where p isthe air density (slugs/ft®), V is the velocity of the body (ft/sec), and t is
time (sec).
Substituting ¥V for ¢, we get

3
Inertiaforce = Z_IV = pl*V? 2.1

The viscous force, according to its definition, may be written as
Viscousforce ~ wV! (2.2)

where w is the coefficient of viscosity (slug/ft-sec).
The gravity force is proportiona to the volume of the body, which in turn is
proportional to the cube of the reference length. The gravity force may be written

Gravity force = ply (2.3)

where g is the acceleration of gravity. Keep in mind that the gravity force termin
the Navier—Stokes equation is the force on the fluid. It is not the gravity force on
the body. As mentioned in Chapter 1, it is necessary to introduce the equations of
motion of the body along with the equations of motion of the fluid to carry out a
formal nondimensionalization for the case of afully coupled system of the motion
of thebody moving under theinfluenceadf thefluid and gravitational forces. However,
in the present heuristic consideration, we may consider the gravity force on the
body to have the same form as the gravity force on the fluid but with a different
constant of proportionality.
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The élastic force may be considered to be smply
Elastic force ~ pi* (2.4)

The speed of sound a in afluid is related to pressure and density according to

at ~

o]
so that we may write
Elasticforce = pa?l?

Dividing the inertiaforce by each of the others gives three force ratios that, as
can be seen in Equations (2.5)-(2.7), are the same forms as the dimensionless
coefficientsthat appear in Chapter 1.

Reynolds number = w = EVI (2.5)
viscousforce

inertiaforce Vv
Mach number = elasticity force ~ a (2.6)

1 | inertia force _
Froude number = / gravity Py —— l (2.7}

The last equation, it will be noted, uses the square root of the ratio rather than
the ratio itself. For wind tunnel experiments, the Froude number is an important
similarity parameter only for dynamic tests in which model motion as well as the
aerodynamic forces are involved. Although such experiments are very important,
they congtitute a minority of the experimental program in most wind tunnels. Such
experiments will be treated in more detail later in the book.

For experimentsin which the modd is held stationary during data gathering, the
Reynolds number and Mach number are the significant smilarity parameters. If a
model experiment has the same Reynolds and Mach numbers as the full-scale
application, then the model and the full-scale flows will be dynamicaly smilar.
The nondimensional functions for fluid velocity components, pressure coefficient,
dengity, viscosity, and temperature will then be the samefor the modd and the full-
scale flows. In turn the force and moment coefficients will be the same for the
model and full-scale flows.

Under these conditions, theforces developed by the model can be directly related
to theforces on the full-scale article by multiplying the force coefficients obtained
in the experiment using the model by thefactor 3p.. V212 with thevaluesof parameters
in the factor corresponding to full scale. The moments developed by the model can

==
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bedirectly related to the momentson thefull-scal earticle by multiplyingthe moment
coefficients obtained in the experiment using the mode by the factor 3p..V2/* with
the values in the factor correspondingto full scale.

In practice it is seldom possible to match both Reynolds number and Mach
number to full scale in a model experiment. In fact, it is frequently the case that
neither Reynolds number nor Mach number can be matched. Choices must then be
made on the basis of which parameter is known to be most important for the type
of flow situation under consideration.

The matching of Mach number usually applies only to flight vehicles in the
high-speed flight region as Mach number effects predominate and the matching of
Reynolds number effectsis not as critical. In the low-speed flight region Reynolds
number effects predominateand matching of Mach number is not as critical. How-
ever, for any experiment a careful evaluation of the effect of Reynolds and Mach
numbers should be made to ensure that the results can be applied to the full-scale
problem. Many wind tunnel experimentsare seriously sensitiveto Reynolds number
effects, and no experiment should be attempted without knowledge of material like
that found in Chapter 8 and a discussion with the experienced operators of the
tunnel to be used.

Despitethefact that it isdifficult, if not impossible, to match both Reynolds and
Mach numbersin most wind tunnel experiments, the wind tunnel still is one of the
most useful tools an aerodynamics engineer has available to him or her. Skillful
useof thewind tunnel can make strong contributionsto the aerodynamics engineer's
goal of quickly and efficiently optimizing his or her design. The more complex the
flow phenomenainvolved, the more important will be the role of the wind tunnel.

An interesting and useful fact that follows from the scaling relations is that the
forceon abody of aparticular shapefor which theflow characteristicsareafunction
only of Reynolds number is the same regardiess of the combination of size and
speed that i s used to producethe particular Reynolds number if thefluid, itstempera-
ture, and the free-stream pressure are unchanged. This can be seen by writing the
expression for a particular force component. Choosing drag, we have

1 1 p2ViDE i
D = p.VAEC,R) = 5 P = % C«R.)
or
conre i 2 _ PeRT. .,
D =55 RICAR) = === RIC/R) (2.8)

Thisindicates that the drag on a particular shape with length of 10 ft at 20 rmphis
the same as the drag on the same shape with alength of 1 ft at 200 mphif thefluid
temperature and pressure are unchanged. Or the force on a j-scale truck model at
200 mph is the same as the force on the full-scale vehicle at 25 mph.
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2.2 RESEARCH AND DEVELOPMENT PROGRAMS

Aerodynamic research and development programs should be based on available
existing information from all pertinent sources. This would certainly start with a
sound basisin the current state of aerodynamic theory. Appropriate results, if such
exist, from previous experiments and from previous computational studiesare typi-
cally of great vadue. The aerodynamics engineer must then choose approaches to
develop the specific information required to meet the objectives of the immediate
program. Three broad categories are commonly recognized: anaytical, computa-
tional, and experimental . Theanal ytical approach playsavital rolein the background
studies and in gaining an appreciation for possibilities, but it never suffices for a
vehicledevel opment program. All development programsfromthetimeof theWright
Brothersto the 1960s were based on a combination of analytical and experimental
approaches. During the 1960s the evolution of the digital computer reached a point
where solutions to approximate forms of the fluid dynamic equations could be
obtained for vehiclelike geometries. The development of methods and computing
machinery have advanced rapidly and have led to many predictionsthat ** computers
will replace wind tunnels."' Hans Mark was the author of one of the more widely
guoted such predictions. It has turned out, however, that the continuing dizzy pace
of development of computers notwithstanding, the complexity of real flows has
only partially been tamed by the computational approach. Practical computations
for complete vehicles for the foreseeable future will require "turbulence models"
that up to now at least must be tailored for specific types of flow. Hammond!
presented areview of progressin application of computersto engineering develop-
ment in both structural mechanicsand fluid dynamics. In the case of fluid dynamics
hegavethree aspectsof development as pacingitemsfor increasing the effectiveness
of applicationsaf the computer: central processing speed, size of memory available,
and turbulence models. The first two continue to advance a a rapid rate. In the
caseof turbulence models, Hammond asserted that while many have been devel oped
it is not clear that there has been progress in terms of achieving generdlity or
significantly improved performance in the period from 1964 to 1994. Ockendon
and Ockendor? assert that **modeling turbulenceis the major unsolved problem of
fluid dynamics Thisis the Achilles heel of current efforts to extend applications
of computational aerodynamics.

The approaches to numericaly solving the Navier—Stokes equations that are
currently used and currently being investigated are discussed by Speziale.” The
direct numerical solution (DNS) with no turbulence modeling is limited now and
for the foreseeable future to ssimple geometries and low- to moderate-turbulence
Reynolds numbers. According to Speziale, the direct numerical ssimulationsof com-
plex turbulentflowsthat ar e of technol ogical importancecould requirethe generation
of databases with upward of 10 numbers. Thisis unlikely to be possiblein the
near future, and even should it becomefeasible, it is not clear how thiswould result
in a technologically useful result. The next line of attack that has been expected to
minimize requirements for modeling turbulence is large eddy smulation (LES).
Spezialediscussesthefailured LEStoliveuptoitsearlier promiseandis proposing
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methods to blend the best of LES with Reynolds Averaged Navier—Stokes (RANS)
methodsin an effort to provide moretechnol ogically useful methods within capabili-
ties of current and near-future computational machinery. Computational methods
are now an important tool to be applied in aerodynamic development programs, but
it should be recognized that they are best used in conjunction with analytical and
experimental methods.

In addition, thereis alurking fundamental mathematical question concerningthe
Navier—Stokes equations. According to Doering and Gibbon! it remains uncertain
whether the Navier—Stokes equations, even for incompressible cases, are actually
a self-consistent system (pp. xi—xii):

It hes never been shown that the Navier—-Stokesequations, i n three spatia dimensons,
posess 9noath solutions Sarting from arbitrary initid conditions, even very smoath,
physcdly ressondbleinitia conditions It is possible that the equations produce solu-
tions which exhibit finite-timesingularities. If this occurs, then subsequent evolution
mey ke nonunique, vidlating the fundamenta tenets o Newtonian determiniam for
this modd. Furthermore, finite-times neularitiesin the solutions signal that the equa-
tions are generaing Sructureson arbitrarily amal scales, contradicting the separation-
of-scales assumption ussd to derive the hydrodynamic equations from micrascopic
modds It tumns out thet the nonlinear terms that cant becontrolled mathematically
are precisdy those describing whet is presumed to be the basic physicd mechaniam
for the gengration d turbulence, namdy vortex sretching. So whet may gopear to
goplied scientigtsto be mathemdica formdlities i.e., questionsaf existenceand unique-
nessand regularity, ar e actudly intimetely tiedup with theefficacy d the Navier—-Stokes
equations as amodd for fluid turbulence. Whether or nat the equations actualy do
digdlay these pathologies remains an gpan prablem: It's never been proved one wey
or the other.

Thisisan issueof far greater importanceto analytical and computational efforts
than to experimental work of the nature undertaken to support vehicle design.

Advances in computing power have contributed greatly to the capabilities and
cost effectiveness of wind tunnels and other experimental facilities. Even small
wind tunnels today will commonly have a dedicated computer to manage data
gathering and presentation and possibly provide control of the experiment. Thisis
true of all large wind tunnels. The time required to present the corrected data in
graphical and/or tabulated form is typicaly of the order of milliseconds after the
measurement is taken. It is now common to have the analytical and/or analytical
predictions that have been used to design the experimental program available for
direct graphical comparison as the experimental points are obtained. This enables
the aerodynamics engineer both to check the predicted results and, based on the
resultsof onetunnel run, to make an informed choice among the optional parameters
that can be chosen for the next run. The most important parts of the matrix or
conditions to be included in an experiment will be those parts that are most at
variance with the analytical or computationa predictions.

The availability of increased computing power has contributed in other ways to
the effectivenessof wind tunnel programs. The processof model designand construc-
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tion has been affected by the wide use of computer-based design, which provides
numerical geometry specificationsthat are transmitted from designer to mode maker
eectronically instead of by paper drawing. This can shorten the time required to
prepare for an experiment provided the wind tunnel facility is intimately involved
with the model design so that tunnel mounting features are included in theinitial
model redlization.

There are new measurement methods that have been enabled by the availability
of powerful dedicated computersand the potency of old methods has been amplified
gregtly. Many of these will be discussed later in this book.

Emerging communication technology such as the World Wide Web when linked
to the highly computerized wind tunnel of today and tomorrow offers a possibility
of the wind tunnel as a virtual laboratory for people for whom physica presence
IS not convenient or cost effective. This is a role that is likely to become more
important as project teams are increasingly diversified and information must be
deliveredwith the abbsol ute minimum timedel ay to acrosssection of the development
team who may be geographically dispersed.
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Therearetwo basic types of wind tunnelsand two basic test-section configurations.
However, there are amost endless variations on the specific features of various
tunnels. Virtualy every wind tunnel with a test section larger than 2 s ft? is one of
akind. The two basic types are open circuit and closed circuit. The two basic test-
section configurationsare open test section and closed test section, athough these
must now be considered asthetwo endsof a spectrumsince dotted wall test sections
are now in use for low-speed as well as transonic wind tunnels.

The air flowing through an open circuit tunnel follows an essentially straight
path from the entrance through a contraction to the test section, followed by a
diffuser, afan section, and an exhaust of the air. The tunnel may have atest section
with no solid boundaries (open jet or Eiffel type) or solid boundaries (closed jet or
National Physical Laboratory (NPL) type). Figure 2.1 showsa plan view of an open
circuit tunnel with a closed jet.

The air flowing in a closed return wind tunnel, Prandtl, or Gottingen type,
recirculates continuoudly with little or no exchange of air with the exterior. An
example of a closed circuit tunnel is shown in Figure 2.2.

The great mgjority of the closed circuit tunnels have a single return, although
tunnels with both double and annular returns have been built. Again, the closed
circuit tunnel may have either a closed or open test section, and a number have
been built that can be run with either an open or closed test section, as needed
for a particular experimental program. As with any engineering design, there are
advantages and disadvantages with both the open- and closed-circuit-typetunnels
and with both open and closed jets. In genera, the type of tunnel decided upon
depends on funds available and purpose.
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FIGURE 21 Plan view of an open circuit wind tunnd (Diamler-Benz Aerospace Airbus,
Bremen, Germany).
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FIGURE 2.2 A closed circuit wind tunnd, Defense Establishment Research Agency
(DERA), 13 x 9+t tunnd in Bedford, England.
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Open Return Wind Tunnds

The following are advantages and disadvantages of an open return tunnel:

Advantages

1. Construction cost is typicaly much less.
2. If oneintendsto run internal combustion engines or do extensiveflow visual-

Ization viasmoke, thereis no purging problem provided both inlet and exhaust
are open to the atmosphere.

Disadvantages

1.

If located in a room, depending on the size of the tunnd to the room size, it
may require extensive screening at theinlet to get high-quality flow. The same
may be trueif theinlet and/or exhaust is open to the atmosphere, when wind
and cold weather can affect operation.

For a given size and speed the tunnd will require more energy to run. This
is usualy a factor only if used for developmental experiments where the
tunnel has a high utilization rate.

In general, open circuit tunnels tend to be noisy. For larger tunnels (test
sections of 70 ft? and more) noise may cause environmental problems, limit
hours of operations, and/or require extensive noise treatment of the tunnel
and surrounding room.

Because of the low initial cost, an open circuit tunnd is often ideal for schools
and universities where a tunnel is required for classroom work and research and
high utilization are not required. Open circuit designs are also frequently used by
sciencefair participants who build their own wind tunnels.

Closed Return Wi d Tunnels
The following are advantages and disadvantages of a closed return tunnd:

Advantages

1

3.

Through the use of comer turning vanes and screens, the quality of the flow
can be wel controlled and most important will be independent of other
activitiesin the building and weather conditions.

Less energy is required for agiven test-section size and velocity. Thiscan be
important for atunnel usedfor devel opmental experimentswith high utilization
(two or three shifts, five to six days a week).

Thereis less environmental noise when operating.

Disadvantages

1. Theinitia cost is higher due to return ducts and comer vanes.

2.

If used extensively for smoke flow visualization experiments or running of
internal combustion engines, there must be a way to purge tunndl.
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3. If tunnel has high utilization, it may have to have an air exchanger or some
other method of cooling.

Open or Closed Test Section?

An open test section in conjunction with an open circuit tunnel will require an
enclosure around the test section to prevent air being drawn into the tunnel from
the test section rather than the inlet.

For closed return tunnels of large size with an external balance, the open test
section tends to have one solid boundary, since the balance must be shielded from
thewind. Thisis an anomaly for aircraft experiments other than takeoff and landing,
but it is a natural condition for exveriments on automobiles or surface-borne ma-
rine vehicles.

Many open test-section, closed circuit tunnels have experienced severe flow
fluctuation problems that require extensive postconstruction diagnosticsand correc-
tiveactions. Oneof the tunnels currently acknowledged to be one of the most useful
tunnelsin existence neverthelesshas had substantial difficultieswith unsteady flow
and noise when running in the open test-section configuration.

The most common geometry is a closed test section, but a wide range of tunnel
geometries have provided good experimental conditionsonce the tunnel idiosyncra-
sies have become known to the operators and users. Slotted wall test sections are
becoming more common as are test sections that can be converted among two or
more configurations.

It is also noted that in larger size tunnels a rectangular test section is preferable
becauseit is easier to change a model when working off aflat surface. Further, if
automobile or other ground vehicle experiments are to be conducted, aflat floor is
a requirement.

Test-Section Size

In genera it may be expected that the test section should have as large a cross-
sectional area as possible. 1deally, a tunne would be large enough to handle a full-
scale vehicle. In fact, severa tunnels were built in the 1920s through the 1940s to
achievethis goal for aircraft. A number of tunnels are availablein which full-scale
automobiles are routinely used as test articles. However, since the World War 11
era, and presumably in the future, the size of aircraft have become such that wind
tunnels to accommodatefull-scale vehiclesare not practical. If one usesthe rule of
thumb that the mode span should be less than 0.8 of tunnel width, then Howard
Hughes Hercules, or as more popularly known, the " Spruce Goose," which was
designed and built in the 1940s with a 320-ft wing span, would require atest section
400 ft wide. The cost of building and operating a tunnel of this size is staggering
to contemplate. The cost of building a modd, transporting it, and erecting it in the
tunnel, as well as making changes during an experimental program, would also be
an interesting, albeit expensivetask. Thus, it isapparent that for thelarger of modem
aircraft, the concept of a tunnel to accommodate full-size aircraft is out of the
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guestion based on costs. Recalling the earlier discussions of flow samilarity, it is
moreimportant to seek to obtain Reynolds numbersfor the mode experimentsthat
are as near as possible to the full-scale values than to be concerned with size dlone.
Consideration of this god is given in the following. In practice most development
experiments are done in tunnels with widths from 10 to 20 ft.

24 AERONAUTICAL WIND TUNNELS

A large fraction of wind tunnels have been designed and used for aeronautical
purposes. For high-speed tunnels capable of sonic speeds or more, thisis still the
case. There are an increasing number of wind tunnels in use exclusively for other
than aeronautical applications. We provide synopses of a number of specialized
classes of facilities.

High-ReynoldsNumber Tunnels

It is often not practicable to obtain full-scale Reynolds numbers by use of a full-
scale vehicle in an experimental facility; however, there are methods of increasing
the Reynolds number with smaller tunnels and models.

One of the oldest methods is to build a tunnel that can be pressurized. In fact,
some of the earliest definitive work on Reynolds number effects was done in
pressurized tunnels. The NACA variable-density tunnel (VDT)® that began operation
in 1929 and the similar compressed-air tunnel at NPL in England were pressure
tunnels (VDT up to 20 atm) and were used to ssimulate high Reynolds numbers.
These tunnels used an annular return duct, because this design required the mini-
mum amount of steel. The VDT, despite a high level of turbulence, yielded a good
ded of insight into the effect of Reynolds numbers up to about 10 million on the
characteristicsdf 78 airfoils.® The reason for pressurization can be seen by examina-
tion of the equation of statefor a perfect gas and the equation for Reynolds number
[Equation (2.5)]. If one increases the pressure by a factor of 20, the dengity, and
hence the Reynolds number, for a given size and speed is increased by a factor
of 20.

Some basicissuesrelated to cost of construction and cost of operationof pressur-
ized tunnels must be considered. The shell cost for a given size will be greater but
the proper comparison is the shell cost for equal Reynolds number. Necessary
compressor equipment will add to the cost for pressurized tunnels, and for larger
facilities, the provision of accessto the model test area without decompressing the
entire tunnel will add to construction complexity and cost. Operation of pressurized
facilities involves additional time to change the pressure condition and to access
the model, which reduces productivity of thefacility and thereby increases the cost
to users. Despite these problems, there have been many tunnels built that can be
pressurized to obtain higher Reynolds numbers.

A second approach is to change the working fluid. For a given power input the
use of Freon 12 can increase the Mach number by afactor of 2.5 and the Reynolds
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number by a factor of 3.6. Again, many of the problems of a pressure tunnel will
exist, such as initial cost, cost of pumps, cost of the gas, and a method of making
the test section habitable for model changes. The Transonic Dynamics Tunnel at
the National Aeronauticsand Space Administration (NASA) Langley isan example
of a tunnel that used Freon 12 as the working fluid beginning in 1960. Recent
recognition of detrimental effectson the environment from the use of Freon has led
to plansto use a different heavy gas, referred to as R-134a.’

A third gpproach is that of a cryogenic tunnel. NASA has built such a facility
at its Langley Research Center caled the National Transonic Facility (NTF).® Al-
though this tunnd is intended for transonic experiments, the same concept applies
for alow-speed tunnel. The NTF tunnel combinesthe ability to operateat cryogenic
temperatures with the ability to change pressure up to 9 atm. The working fluid is
nitrogen, and by injecting liquid nitrogen upstream of the fan, the gas is cooled.
By this techniqueit is possible to operate over a range of dynamic pressures and
Reynolds numbers at a constant temperature to the tunnel's stagnation pressure
limit, smilar to any pressuretunnd. Or, the tunnel can be run at constant dynamic
pressure, and by changing temperature, the Reynolds number can be changed. The
range of unit Reynolds number and Mach number is impressive, varying from
1 X 10° to over 100 X 10° per foot. Thissort of facility is very expensive both to
build and to operate, but it does show what can be achieved in a wind tunnel. Low
productivity of the NTF due to the long times required to cycle and stabilize the
temperature has prevented it from being useful as a development facility. The
European Transonic Facility at Cologne, Germany, i sanother high-Reynol ds-number
tunnel based on operation at cryogenic temperatures.

V/STOL Wind Tunnels

These tunnels require a much larger test section for a given size model owing to
large downwash angles generated by powered lift systems in the transition flight
region. Flight velocitiesin the transition region are low; thus tunnels with large test
sections used for this purpose do not need high velocities, the maximum being in
the 60-100-mph range, compared to the 200-300-mph range for a conventional
low-speed wind tunndl. Since power varies with the cube of velocity, this reduces
the installed power requirement. There will be, however, ademand to run the tunnel
at higher speeds with conventional models; thus the tunnel will typically be powered
for the higher speeds. This was the solution in both the Boeing Helicopter Co.
tunnel® (test-section area 400 ft?) and the NASA Langley vertical/short takeoff and
landing (V/STOL) tunnel (test-section area 300 ft?).

Another solution to the problem of building V/STOL tunnelsis that taken for
the Lockheed Martin Aeronautical Systems Co. tunnel. A drawing of the circuitis
shown in Figure 2.3. The Lockheed low-speed wind tunnel has tandem test sections
with two contractions. The first, and larger, test section is for V/STOL or powered
lift models and has a cross-sectional area of 780 ft* with speeds from 23 to 115
mph. The second test section has a cross section of 378 ft? and speedsfrom 58 to
253 mph. This design avoids the high installed power required to drive the larger
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test section at high speeds. The length of the tunnel is increased by this solution,
increasing the shell cost.

Another approach to alarger test section at low speedsfor V/STOL and asmaller
test section at higher speedsisto providemultipleinterchangeabl etest sections. This
isattractive, but thetimerequiredtoinstall and removethelargeinserts must betaken
intoaccountintheoperational availability of thetunne facility. TheUnited Technolo-
gies Research Center hasalargewind tunnd withinterchangeabl etest sections.

The most economical approach to providing V/STOL tunnels has been to modify
an existing wind tunnel. One of the least expensive methods of obtaining V/STOL
capability is to use some portion of an existing tunnel return circuit for a V/STOL
test section. Thiscould bethe settling areaahead of the contraction coneor, possibly,
theend of the diffuser. Thesetest sections may suffer from poorer flow quality than
a tunnel built for the purpose, but this can be made acceptable by use of screens
and honeycombs. The speed availablewill aso be determined by the original tunnel
dimensions. However, by using internal balancesand a sting support, one can obtain
V/STOL capabilitiesat an acceptable cost.

Another gpproach to modifying an existing tunnel for V/STOL experimentsis
to add another leg or legs to the tunnel. The McDonnell-Douglas low-speed tunnel
actualy has three legs. With this arrangement, they can operate with an 8 X 12-ft
closed test section up to 200 mph or as a closed return tunnel with an open throat
15 X 20-ft V/STOL test section up to 80 mph. The V/STOL 15 X 20-ft open throat
test section can also be operated as an open return tunnel up to 60 mph.

A second approach to adding another leg is the NASA Ames modification to
the 40 X 80-ft closed throat tunnel, also known as the National Full Scale Fecility.
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The new leg forms basically an open circuit tunnel with aclosed throat test section
with dimensionsof 80 X 120 ft. In this modification the tunnel was also repowered
and new fans were built to increase the speed in both test sections.!”

Another approach to an inexpensive V/STOL tunnel was the modification of an
engine test cell by British Aerospace Aircraft. Again, thisis an open circuit tunnel
with a closed 18 X 18-ft test section. In the design and construction of the tunnel,
many problems associated with large open circuit tunnels, such as the effect of gusts
on the test-section flow and the effect of wesather, were addressed.

These few examples show that there are many ingeniousand practical solutions
to adapting an existing facility for new experiments. The facilities of the SATA
include other V/STOL capable tunnels,

Free-Flight Tunnels

In the 1930s several "'free-flight” tunnels were built. These tunnels were of the open
return type and were arranged so that dimensionally and dynamically scaled models
could be flown under the influence of gravity. The tunnels could be tilted to set the
angle of the air stream to match the glide path of the mode. The dynamic behavior
of the model could be studied in these tunnels, and often control surfaces could be
deflected by command through a trailing wire. At present, none of these tunnels
arein operation as afree-flight tunnel. NASA Langley has performed a considerable
number of free-flight experimentsin the 30 X 60-ft tunnel™ with powered models.
This facility has been used to study V/STOL transition, stalls, and loss of control
of aircraft models."” The simulations in these tunnels are at very low Reynolds
numbers, so care must be exercised in extrapolating the results to much higher
Reynolds number conditions.

Spin Tunnels or Vertica Wind Tunnels

The tendency of some aircraft to enter a spin after a stall and the subsequent need
to determineactions to achieverecovery fromthe spin have been perennial problems
of theaircraft designer. The recovery from a spin is studied in a spin tunnel.”® This
IS, in most cases, a vertical wind tunnel with the air drawn upward by a propeller
near the top of the tunnel. An exampleis shown in Figure 2.4. Some spin tunnels
use an annular return with turning vanes while others are open circuit with the air
drawn in at the bottom and emitted at the top. A dynamically similar model is
inserted into the tunnel by an operator in a spinning attitude. The tunnel air speed
is adjusted to hold the modd at a constant height and the model's motions recorded
by moviesand/or video for later analysis.* Spin tunnels are al so equipped with six-
component rotary balances so that direct force measurementscan be made for the
aircraft over a range of rotation rates at various attitudes. In this way spin modes
can be predicted from the measurements without the restrictive requirement of
dynamicscalingof themodel," and predictionsfor transient motionscan be obtained
by using the datain six-degree-of-freedomsimulation programs. A number of spin
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FIGURE 24 A vaticd tunnel, Bihrle Applied Research Tunnd, Garmany

tunnelshave been built in several countries. Rotary balances have also beeninstalled
in horizontal wind tunnels to carry out similar experimental programs. !¢

Stability Tunnels

In 1941 a stability tunnel was built at NASA Langley. This tunnel had two inter-
changeabl e test sections about 6 ft in size.!” One test section had a set of rotating
vanes that created a swirl in the airstream. The second test section was curved to
simulate turning flight. This tunnel was moved to the Virginia Polytechnic Institute
and State University in 1958 where it continues to serve as both a generd- and a
specia-purposewind tunnel. Similar results are obtained by using oscillating model
techniques or free-flight experimentsin conventional tunnels.

Propeller Tunnels

Propeller tunnels are similar to conventional tunnels with the exception that they
usualy have an open test section and a round cross section (see Chapter 3). One
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of the earliest propeller tunnels was built at Stanford University in 1917 with a 5.5-
ft-diameter test section. The propeller tunnel a& NASA Langley with a 20-ft test
section went into operationin 1922. Besides propeller experiments, thistunnel gave
insight into the advantageouslocation of engine nacelles relative to the wing and the
designof cowls(NASA cowl) for radial enginesto reducedrag and increasecooling.'®

Propulsion Tunnels

Experimenta evaluation of aircraft engines, either reciprocating or jet, requires
smulation of both flight velocity and the variation of atmospheric pressure and
temperature. Since the engine must be operated in the tunnel, the exhaust gases
must be removed from a closed circuit tunnel or an open circuit tunnel must be
used. The altitude requirement necessitates pumps to provide the low density, and
the lower temperatureat atitudes requires arefrigeration system. Among the largest
and most powerful experimenta facilities in existenceisthe propulsion test facility
a the U.S. Air Force's Arnold Engineering Development Center in Tullahouma,
Tennessee.

Icing Tnnnels

TheNASA 6 X 9-ftlcing Research Tunnel at L ewisResearch Center near Cleveland,
Ohio, is a conventiona low-speed closed return tunnel with the addition of a
refrigeration system to reduce the air temperatureto —40°F and atomizers upstream
of the test section to produce water droplets that freeze. The shell of thistunnel is
heavily insulated to help keep the tunnel cold. A novel aspect of thisfacility is that
the fan must be run at idle speed during model changes to prevent it from freezing.
The formation of ice on aircraft continuesto be a serioussafety problemfor aircraft
and helicoptersthat operate at low to medium altitudes.

Low-Turbulence Tunnels

These tunnels usually have a wide-angle diffuser just ahead of the settling chamber
in order toincreasethesize of the settling chamber without a corresponding increase
in the overall circuit dimensions. The large settling chamber has honeycombs and
alarger than usua number of screens to damp out turbulence, and its size allows
for a larger contraction ratio to further reduce turbulence. Some low-turbulence
tunnels of the closed return type have used 180° curved corners rather than the
usua two 90° turns. This type of comer has been used in the NASA Langley low-
turbulence pressuretunnel (LTPT), a two-dimensional tunnel, and the Ames 12-ft
high-speed pressuretunnel. The Langley LTPT uses a wide-anglediffuser ahead of
the settling chamber, a 17.6 : 1 contraction ratio, and 11 screens.

Two-Dimensional Thnnels

Two-dimensiond tunnels are used primarily for evaluation of airfoil sections. They
have been built both as open circuit and closed return types. These tunnels have
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tall narrow test sections with height-to-width ratios of 2 or greater. The tunnels are
usualy of the low-turbulencetypeand may be pressurized to increase the Reynolds
numbers. Anexampleisthe previously mentioned LTPT at Langley Research Center.

25 SMOKE TUNNELS

Smoke tunnels are used primarily for flow visualization. Usualy these tunnels are
of the nonreturn type, as photographsand video recording are the primary methods
of datarecording. Both two- and three-dimensional smoke tunnels have been built.
For smoke sources current practice seems to favor vaporized light oils, kerosene,
or propyleneglycol athough many other substances have been used. Smoketunnels
used for researchrather than demonstration purposestend to have very large contrac-
tion ratios (up to 24 : 1) and a large number of antiturbulence screens a the inlet
to obtain smooth laminar flow.” In general, the speed of smoke tunnelstend to be
low—around 30-60 ft/sec. Smoke has been injected both just before the mode and
at thetunnel inlet. For research tunnels, injecting ahead of theinlet and antiturbulence
screens reduces the turbulence from the smoke-injector rake.

Smoke is used for flow visualization in many general-purpose tunnds, though
rarely are the resultsas spectacular as can be obtained in afacility carefully tailored
for the purpose.

26 AUTOMOBILE WIND TUNNELS

Experiments to obtain aerodynamic parametersthat affect automobile performance,
handling, engine cooling, brake cooling, and wind noise are made with either scale
modelsor at full scalein larger tunnels. Unlikethe caseof aircraft, itisquitefeasible
and is common practice to build tunnels that accommodate the use of full-scale
automobiles. It is also advantageous to use moderate scale such as 0.25-0.4 modes
and conduct experiments at full-scale Reynolds numbers.

External Flows

Thereare two distinct classes of wind tunnelsinvolved in aerodynamicexperiments
on automobiles. The one that is the main focus of this book is concerned first and
foremost with the external aerodynamic flow and'with internal flow to the extent
it hasasignificant interaction with theexternal flow characteristics. All of themajor
automobile manufacturers worldwide either own or have regular access to wind
tunnels for such experiments of both model- and full-scale automobiles. In North
Americatherearesevera windtunnels used extensively for automobil eaerodynamic
experiments. The Lockheed low-speed wind tunnel in Marietta, Georgia, is used
extensively for automobile work by several manufacturers and by a number of
automobile racing teams, as is the National Research Council tunnel in Ottawa,
Ontario. The General Motors Research Laboratory operates both model- and full-
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scale tunnels. The Chrysler Corp. has recently completed a pilot tunnel that is
serving as a working tunnel for experiments using scale models and as a pilot for
a planned full-scale tunndl. The Glenn L. Martin wind tunnel (GLMWT) at the
University of Maryland has worked extensively on automobile aerodynamics as
well as heavy truck aerodynamics beginning in 1953. In Europe, the companies
including Ford of Germany, Porsche, Opel, BMW, Volvo, Mercedes, Audi, Fiat,
Pinninfarina, Volkswagen, and the Motor Industry Research Association (MIRA)
of Great Britain al own and use wind tunnels extensively in aerodynamic develop-
ment of automobiles. The primary manufacturersin Japan, including Nissan, Honda,
Mazda, and Toyota, all have impressiveaerodynamicexperimental facilities. Figure
2.5 shows the Nissan full-scale wind tunndl.
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Climatic Wind Tunnels

The other class of wind tunnels arefacilities that provide the capability to evaluate
the drive systems, air conditioners, door, and window seals under smulated hot-
and cold-weather environmentsand under arbitrarily chosen operating cycles. These
facilities have capability to heat and cool the airstream, to simulate strong sun
radiation conditions, to provide ssimulated rain, and to have the automobilesrunning
on dynamometers around the clock for extended periods of time. An example of
such a wind tunnel is shown in Figure 2.6. The auto industry frequently refers to
thesetunnels as'' climatic” or “environmental”® wind tunnels. There are many more
climaticwind tunnelsin use by theautomotiveindustry than of the classfor externa
aerodynamic studies. Every manufacturer has several climatic wind tunnels, and
there are some independent operators who sell such services. However, they have
seldom been used for external aerodynamic development for several reasons. They
are typically very heavily scheduled for their environmental purposes. The size that
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FIGURE 26 An automative "environmentd" wind tunnd, Ford Maotor Co,, Dearborn,
Michigan.
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IS quite adequate for the environmental work is not large enough to do externa
aerodynamic work on full-scale vehicles. And theflow quality is generally lessthan
IS thought proper for external aerodynamic studies.

Most automobiles are considered to be aerodynamicaly bluff bodies, which
reflects the fact that there are almost always significant regions of separated flow
on an automobile. This leads tointeractions between the flow about the model and
the wind tunnel walls or free jet boundary that are somewhat more complex than
isthe casefor bodieswith fully attached flow. Oneresult is that understanding these
types of flow in wind tunnels continuesto engage research personnel.

A major point concerning wind tunnel experimentson automobilesis thequestion
of ground simulation. To provideastrict ssimulation, thewind tunnel floor must move
withthespeed of theair. A considerableamount of work hasbeencarriedout toaddress
thequesti onof when thisi snecessary and whenthi sconditioncan berel axed. Generally
speaking, it isthe current practiceto useafixed floor with sometreatment to produce
athin boundary layer for production car experimentsand a moving floor for formula
I or Championship Auto Racing Team (CART) race car experiments. The principal
differenceis the clearance between the bottom of the car and the ground. This and
other issueswill be addressed in more detail later in the book.

Wind tunnedls for automotive experiments are increasingly required to have
low-flow noise levels so that wind noise associated with flow around the vehicle
can be measured with sufficient accuracy to alow assessment of proposed design
variations.

2.7 AEROACOUSTIC WNDTUNNELS

Studies of flow-generated noise from submarines, ships, and other types of marine
vehicles and appendages and their wake distributions have long been a problem in
the military world, just as noise suppression for aircraft and land vehicles has been
inthecivilian area. Redlizingthe advantages of holding the model and the measuring
instrumentation still and letting the fluid move, as well as the enormous cost of
running full-scale experiments, and that noise suppression is more easily handled
with air than with water, the David Taylor Research Center designed and built a
unique wind tunnel known as the Anechoic Flow Facility. While basically a single-
return wind tunnel with a closed test section upstream of an open one, its other
features both as a wind tunnd and low-noise facility have made an enormous
contribution to the world of wind tunnels for others to copy.
A sketch of the tunnel is shown in Figure 2.7. Special features include:

1. Theuse of a wide-angle diffuser to permit a contraction ratio of 10: 1 with-
out a long diffuser and return path with corresponding high constructions
COsts.

2. The use of two 100° turns and two 80° turnsinstead of the more customary
four 90" turns. This permitted the length needed for the fan noise suppressors,
again with a shortened passage.
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3. Extremely heavy concrete constructions plus the use of noise suppression
materials on walls, ceilings, and turning vanes.

4. An anechoic chamber surrounding the open test section to yield by far the
lowest noise levels achieved in a wind tunndl.

5. Section isolation is practiced throughout, as well as isolation of the entire
tunnel from the ground through several feet of crushed rock.

Figure 2.8 shows a modd in the anechoic facility of Figure 2.7. The wedges
used for reflection cancellation are evident in the background.

Many general-purposewind tunnels have been modified to include noise absorp-
tion materials and other features to provide quieter environmentsin which some
aeroacousticwork can be carried out. Increased understanding of aeroacousticprinci-
ples, better materia availability, and improved instrumentation that allows useful
measurementsin the presence of higher background noise have come together with
increasing demandsof usersfor quieter vehiclesto stimulatean increasing level of
activity in aeroacoustic studiesin both special - and general -purposewind tunnels. An
exampleof ageneral-purposefacility that hasreceived extensiveacoustictreatmentis
the National Full Scale Facility.
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FIGURE 2.8 Airplaneconfigurationfor arframenoisestudy in the Anechoic How Faclity.
(Courtesy Navd Surface Warfare Center.)

28 WATER TUNNELS

Water tunnels are, of course, not wind tunnels. However, water tunnels are used in
essentially the same way and under the same physical principlesas low-speed wind
tunnels. Water tunnels support direct investigation of cavitation phenomena that
cannot be donein awind tunnel. Water tunnels tend to be physically smaller than
wind tunnels for achieving the same Reynolds numbers. However, this apparent
advantageis more than offset by the greater difficulty in having water asthe working
fluid instead of ar. There are few "large’” water tunnels. Thereis a48-in. tunnel at
the Navy's Applied Physics Laboratory at State College, Pennsylvania. This tunnel
Isused for underwater vehicledevel opment, including considerable work on torpedo
design. Small water tunnels have been widely used for flow visualization studies.
It has been possible to achieve low dispersion of die streaks, which combined
with very low flow speeds has alowed more detailed observation and associated
photographic and video recording than has been achieved in wind tunnels.
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29 GENERAL-PURPOSE WIND TUNNELS

Many wind tunnels that have in practice become generd-purpose facilities were
originally designed based on requirementsof experimentson aircraft of types com-
mon in the World War II era. The most common of these is the 7 X 10-ft class
wind tunnel that have those approximate dimensions of their test sections. All of
the NASA research centers that date from the days of the NACA have or had one
or morecf these: TheU.S. Air Forcehasone, theU.S. Navy hastwo, fiveuniversities
in the United States have tunnels of this class, and numerous other agencies and
companies throughout the world have or had tunnels of this class. Many o these
tunnels have been closed and some have been destroyed as work that had its
origin in these tunnels moved more specialized facilities spawned by increasing
understanding of particular problems. The GLMWT at the University of Maryland,
which entered service in 1949, is one of these. Itslayout is shown in Figure 2.9.

These facilities continue to be very good for a wide range of vehicle-related
experiments and continue to be the best available for a range of special-purpose
experimentsthat have not spawned their own specially designed aerodynamic facili-
ties. For many purposes they are smply the most cost effective at carrying out
exploratory investigations when no fully satisfactory capability is available.

A selection of subjectsof aerodynamic experimentsnot previousy mentionedis
added here to further emphasize the broad range of applicationsthat arise for low-
speed wind tunnels.

People

Attention has been paid to people-drag of the type encountered by bike racers and
skiers. The bicycles should ideally be arranged so that the biker can pedal and with
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a bt so that the front whed rotates along with the back one. Experiments have
shown a change of drag with the number of wheel spokes and other details. Wind
tunnel entries have proven beneficial for showing bike riders their lowest drag
posture. For skiers, the "modd" is mounted in the tunnel and during a run at
approximately 55 mph (which is close to full-scale "flight™) assumes a series of
positions endeavoring to learn Which minimizeshis or her drag or possibly the lift-
to-drag ratio in the case of ski jumpers. The fascinating part of these experiments,
and they are not without hilarity despite the seriousnessof the end results, is that
the mode corrects his or her own drag by watching a drag indicator. Position
changes are shown on frontal and side TV projectors, and coaching suggestions
sent in as needed. A programmed computation in real time can also be presented
so the skier or biker can be shown how much each change helps in terms of race
time or distance results. Substantial improvementsin clothing have resulted from
such programs. In some cases clothing has been evaluated to seek increasesin drag
when it isto be worn by an athlete seekingto increaseload during training. Airborne
troops have been trained in vertical wind tunnels so that they are familiar with the
condition they will experience when jumping from aircraft. Figure 2.10 shows a
skier suspended in a wind tunnel.

Birdsand | nsects

Over the years a number of wind tunnel experiments have been made of natura
fliers, alive, frozen, and smulated. Initially experimenterswere seeking mysterious
and incredibly efficient devices that nature's creatures were supposed to have. No
such things have been found; nor arethey needed to explain natural flight. The high
landing angles of some buds have been duplicated with highly latticed wings, and
bud power has been estimated to be in line with demonstrated performance. Bird
fat turns out to have a similar energy content to jet fuel. Differences that remain
are of small magnitude and are within the uncertainty of experiments to date.
Live insects have been somewhat more cooperative than live birds and have
flown more extensively in tunnels for close observation. In some cases, tunnels
similar in concept to the " sability" tunnels described above have been used.

Wind Power Devices

Currently, and for the foreseeable future, there is a lot of interest in developing
devices that will supply direct energy for pumping water for irrigation, to prevent
pond freezing, or for the generation of eectricity. Experiments are usually run at
low tunnel speeds, but the tunnel engineer should satisfy himself or herself of the
model integrity (and that it has a brake) and that damage to the tunnel is not likely
to occur. Experimentswill probably encompass runs under various power loadings
and at different Reynolds numbers. It would be preferableto evaluate windmillsin
the wind gradient that they will eventually see, but thisis rarely done. The tunnel
engineer should encourage the windmill promoter to have siting experiments
made in an environmental wind tunnel to get the best resultsin the field.** Prior
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FIGURE 210 Sier in wind tunnd. (Courtesy Vedian-Cagpan Operaions)

to siting studies, one may guessthat the winds on a mountain top will run 80-100%
higher than along a local plane. A long-term record cannot be established for the
mountain location, but a ratio can be, and from this 50-100-year probabilities can
be estimated.

At the moment, aside from several exotic but unproven designs, the types of
windmills of most interest are the conventional or horizontal axis windmill, the
Darrieus, and the Savonius, which is a bucket type. For estimating the maximum
power coefficient oneshould use, respectively, 0.4, 0.4, and 0.3. Thelower maximum
power coefficient for the Savoniustypeis offset in practice by itslower manufactur-
ing cost. Measurement of side force is not normally made but should be, as all
types develop small to substantial lateral "'lift" force, as does an airplane propeller.
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Experiments on windmills in a wind tunnel require careful attention to wake-
blocking corrections.

Large installations seem to suffer from making a disturbing buzzing sound,
interrupting TV reception, and having instabilities, which lead to a short mechanical
lifetime. Windmills should never be put on a rooftop, even to get a high loca
velocity. Natural winds have many times the total power needed for the entire
electrical needs of humans, but the energy is very diffuse and therefore requires
considerableingenuity to harness economically. Windmills have, however, been a
source of power that has been used successfully in certain locales for hundreds of
years. It turns out that a maximum of 59.4% of the power as given by the rate of
kineticflowing through an areathe size of thewindmill discistheoretically available.

Solar Collectors

Interest in solar energy has spawned a need for wind loads and moments on the
various solar collectors, usually of parabolic cross section and of various aspect
ratios and arranged in various arrays al the way from being in sheltered ground
installations to being on rooftop locations subjected to al sorts of local wind
concentrations. Since winds come from al directions, loads and moments must be
measured for afull range of yaw. In particular, there isinterest in drag (also called
lateral load) and pitching moment and with the loads along the long axis. Yawing
moments and roll moments are measured but are usually of lesser import. Besides
needing loadsfor strengthand preservationof the proper focal distance, the pitching
moment is needed to size the drive motor that keeps the collector aimed at the sun
and turns it over at night or in hail to reduce damage to the reflecting surface and
reduce the collection of dust. Loads are reduced substantially by being shielded by
anearly solid fencearound thearray or other collectors, and this should be explored.

The experimental program usually consistsof force, moment, and pressure data.
Obviousdly forces and moments are needed from the standpoint of foundation and
structural design. Pressure data are needed for limiting local deflections of the
reflector itself. The collector pitch angleis varied from —180" to +180° and yaw
from 0° to 90°, Array spacing and distance above ground are additional variables.
Runsat severa air speedsusudly establish that thereislittle variation with Reynolds
number. The tunnel speed rangeis chosen based on historical wind records at the
proposed site. An example of an installation to evaluate the effect of wind screens
is shown in Figure 2.11.

Radar Antennas and Satellite Television Receivers

The same type of experiments described above for solar collectors may be made
for radar antennas or other dish-typereceivers. A mgor differenceis that one would
not expect to find them in arrays, and more than likely radars will be placed on
mountain tops where signals may be received from 360". As local winds may be
quite high, it is not unusua to find them protected by radar-transparent domes.
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FIGURE 211 Effectsof wind barriers on solar collectors being Smulated inawind tunnel.

Radar antennas are common on ships that may expect to encounter high-wind
conditions and at those very times may be dependent on the radar for safety.

For wind tunnel experiments on exposed antennas the model should be mounted
in the tunnel on top of the same structure it will see in the field-trailer, antenna
stand, small house, and so on. Measurements of drag, side force, and torque should
be made every 10° or so from —10° to +190°. If thereis any question at al about
structural integrity, pressure measurements should betaken near comers, particularly
on the dome, if oneisto be used.

It is quite common to evaluate the actual hardware in the wind tunnel to obtain
the actual structural integrity and the capability of the drive motors to operate the
antennain the specified wind conditions. Figure 2.12 showsaradar antenna undergo-
ing direct evaluation of performancecapability in asimulated wind condition. Figure
2.13showsan exampleof dataontheforcesand torquefor adifferent shaped antenna.

Sailsand Above-Water Parts of Ships

The performance of sails have been evaluated in wind tunnels in limited numbers
over the years. Marchaj** gives a good treatment of the subject. In general, sail
experiments embrace measurements of side force, drag, yaw, and roll on a model
mounted on the tunnel floor in an atmospheric tunnel where the boundary layer is
properly simulated.

Sail material should be varied during an experiment to see what effect, if any,
arises. Materia roughness and porosity will probably be out of scale, and severa
variations of each should be tried for comparison.

Ship experiments have been somewhat more extensive. These usually embrace
afloor or ground plane model cut off at the waterline, with measurements made of
sideforce and drag only, although yaw and roll would be of interest. Again, awind
gradient should be provided as above.
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FIGURE 212 Air traffic control radar in wind tunnel ssmulation of service conditions.
(Courtesy Glenn L. Martin Wind Tunnel.)

Both sail and ship model experiments should have their data corrected for wake
and solid blockage. The modes should be kept small enough so that at ayaw angle
of 90° bow and stem remain no less than hdf a ship length from the tunndl walls.
Extremecare to duplicate model detail, such as ships' railings, ventilators, and mast
detail, are not warranted in studies to reduce aerodynamic drag.

Experiments on speed boats are primarily to find a body shape that has mini-
mum nose-up characteristics. Here the modd is set at arange of pitch angles about
the stem, and the angle at which the aerodynamic moment overcomes the moment
due to gravity and thrust about the stem is determined. The current wide, flat-
bottomed speedboats can survive only a few degrees of nose up before they be-
come unstable.

A relatively recent problem that arises with tankers carrying liquid natura
gasis ascertaining that the vents needed as the gas boils off do not constituteafire
hazard.

Bridges

The effect of natural winds is important to the proper design of long or even
intermediate bridge spans. There has been at least one case in which aerodynamic
excitation at quite low wind speed led to fatigue cracking of high aspect ratio |
beamsin a bridge superstructure. Two wind instabilities must be studied: (1) vortex
shedding, which causes|limited vertical movement or torsional oscillationsat gener-
aly low wind speeds; or (2) flutter instability, which can result in both vertical
movement and torsional oscillation. Four types of experiments have been tried:
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1 full modelsin smooth ar,

2. section models in smooth air,

3. section models mounted on taut wiresin smooth air, and
4. full elastic models in turbulent air.

Section models would of course be desirable for ease of construction, especialy
sincethe"fina" design isfrequently not available until well into the study, and the
construction time (and cost) of a full elastic model are to be undertaken only if
lesser cost methods are determined to be inadequate. When evauated in smooth
air, the section model doesindicatechangesthat would reduce undesirable motions,
and the section model datado agreefairly well with the full bridge moddl, both in
smooth air, but they both have been found to give conservativeresults. Full models
in turbulent air are the best. To be most useful, the turbulence properties must be
scaed to the moddl size, and such red-air turbulence is very large. Whereas a
typica general-purposetunnel might have a u'/U of 0.5%, thereal air might have
avaued 10%or more[u' istheroot-mean-square(RMS) variationin the horizontal
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wind velocity, and U is the mean horizontal wind measured over a long time]
Wardlaw? considers scaling laws for bridge experiments.

210 ENVIRONMENTAL WIND TUNNELS

These are tunnels designed to simulate Earth's natural boundary layer, which typi-
cally has a thickness of 1000—2000 ft. They are used to determine wind loads on
buildings, air pollution dispersion patterns, soil erosion, snow drifts, flow patterns
in the vicinity of building complexes, and so on. These are sometimes referred to
as ""meteorological wind tunnels."" In contrast to most tunnels intended for vehicle
development studies, the airstream in an environmental wind tunnel is not expected
to be straight and smooth. Instead it is manipulated to obtain a flow distribution
that is nonuniformin time and space to represent the atmospheric boundary layer.”
Thefeaturesof the atmospheric boundary layer are very different for variousterrain
characteristics so the tunnels must have ability to adjust the flow to smulate a
variety of circumstances. This is accomplished by having adjustable roughness
elements along the floor of the tunnd for as much as 10-15 test-section widths
upstream of the zone in which the model is positioned. The Boundary Layer Wind
Tunnel Facility at the University of Western Ontario even has an extended water
pool to hel pin simulatingflow inthe marineboundary layer. Fortunately, therequired
flow speedsaretypically quitelow so the power requirementsfor environmental wind
tunnels are not so high as for vehicle development wind tunnels.

The material in this section is complementary to material in Chapter 16 on
wind engineering.

Experimental methods for environmental studies were done first in general-
purpose wind tunnels, with considerableeffort going into methodsto devel op appro-
priatesimulationof the planetary boundary layer in the minimum possi blestreamwise
distance. However, the methods have developed over the last two to three decades
into quite specialized and sophisticated procedures that are required to deal with
the highly nonuniformand unsteady flows and their effects. A new term has entered
the technological lexicon. It is wind engineering. Wind engineering combines the
fields of meteorology, fluid dynamics, structural mechanics, and statistical anaysis
to minimize the unfavorableeffects of the wind and maximize the favorable ones.
In general four separate areas are studied:

1. Wind Forces on Buildingsand Structures. These problems are concerned with
forces, moments, deflections, local pressures, and velocities.

2. Dynamics of Structures. This area includes buffet, flutter, swaying, and
breathing.

3. Local Winds. These problemsrequire measuring mean wind velocities, turbu-
lence, and turbulence energy and scales.

4. Mass Transport by Winds This covers soil erosion, pollution, blowing soil,
efflux from smokestacks, and diffusion.
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Research and practicein thefield are very activeand arereflected by the publica-
tionsin the Journal & Wind Engineering, which was first published under the title
of Journal d Industrial Aerodynamics.

Cermak™® and Plate and Cermak® describe five requirementsfor experiments
in meteorologica or environmental wind tunnels:

1. proper scaling of buildings and topographic features;

2. matching Reynolds numbers, pVw/p;

3. matching Rossby numbers, V/LL);

4. kinematic ssimulation of air flow, boundary layer velocity distribution, and
turbulence; and

5. matching the zero pressure gradient found in the real world.

Reynolds number effects are usually small due to the sharp edges of most objects
under study, but check runs should be made at varying speeds to make sure. If
problems show up, they may usually be cured through the use of trip strips, as
discussed in a later chapter. Reynolds numbersfor buildings are commonly based
on width w.

The Rossby number is concerned with the effect of the rotation of Earth on its
winds. It accountsfor a change of wind direction of perhaps 5" in 600 ft. Thisis
o little significanceand would be hard to smulate if it were necessary.

The velocity distributions in the natural boundary layer should be smulated as
completely as possible. For example, at a scale 1 : 450 a 900-ft building will be 2
ft high. The boundary layer must be matched to at least 3 ft high, and preferably
al the way to the test-section ceiling. The boundary layer velocity distribution and
turbulence can be well duplicated by an installation of spiresin the entrance cone
followed by a roughness run of 10-15 test-section heights often made with small
cubes on thefloor. The building or localeto be evaluated and its environs are placed
on a turntable, and rotations are then made such that the test area is subjected to
winds from all directions. There is a small error in that the boundary layer and
turbulence in the real world may be different according to the approach direction.
Sometimes, especially when a buildingis on a lakeshore, adifferent wind structure
is employed.

The longitudinal pressure gradient normally found in a wind tunnel and exacer-
bated by the very thick boundary layer needed can be made negligible by providing
an adjustable test-section roof that may be adjusted to provide the extra cross-
sectional area needed.

Whileit is necessary to provide cooled or heated air and test-section floor areas
for some types of experiments on pollution, the tunnel engineer gets a break for
force, pressure, and dynamic experiments, because when the wind blows bard, it is
so well mixed that temperaturegradientsdo not occur. For theseexperimentss mulat-
ing the boundary layer structure and turbulence is adequate. Ground conditions
influencethe boundary layer [see Eq. (©.1)] and so no single boundary layer works
for all experiments. Nor does the atmosphere have only one temperature gradient
as both daily and seasonal changes occur.
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There is an advantage in having a straight-through tunnel in this type of work
(or aclosed circuit tunnel that may be converted to open circuit) because tests are
often made that could damage a closed circuit type. These include smoke, **snow
materid,"” erosion experiments with sand, when model failureis part of the experi-
ment (roofing materia or gravel), or when a water trough or structural failure may
damage or rust balance compomnents.

Air pollution experiments sometimes require that the tunnel be run at very low
velocities. A direct-current drive motor plus a variable-pitch propeller is the best
arrangement for this, but an alternating-current motor with a variable-pitch propeller
is cheaper and usualy adequate. Adjusting tunnel speed by rpm is less necessary
with thick boundary layer flow because the flow pattern is adjusted by the spires
and roughness. Atmospherictest engineersliketo hold flow speedsto within 1-2%,
which is on the high side for uncertainty for vehicle experimental work but is a
challenge in the lower speed and unsteady environment of atmospheric boundary
layer smulation.

Static Loads and Associated Experimentson Buildings

Wind tunnel engineers may be called upon to help correct buildings aready built
and in trouble or to guide the architect in a new design. "Trouble" can mean any
of along line of complaints, including building swaying, losing glass or cladding,
losing roofing, people getting knocked down by wind,*® whistling noises, smoke or
other fumes coming in the ventilation system, and so on. These experiments are
more tense than those on proposed buildings because the architect is usually very
defensive. On proposed designsit is less costly to make changes. A full building
experiment program encompasses the following:

1. Prliminary smoke experiments to search for possible trouble spots where
pressure ports are needed.

2. Static wind loads, which may lead to dynamic experiments later.

3. Ventilation intake studies with smoke being emitted by nearby factories or
efflux from the proposed building itself. (The high wind velocities near the
top of abuildingresultinahigher total pressurenear the top and wind blowing
downward. This can lead to a variety of unexpected intake problems.)

Locd high-velocity areas that might cause problems for people.

Detailed smokestudiesafter force experimentshave been made and the model
painted a dull red to make the smoke show up better are used to convince
the architect and his or her backers that the suggested changes are needed.
Sometimesalocationproblemisidentified so that s mply movingthe proposed
building will solve the problem.*

o >

Pressure measurements are needed in order to ensure the integrity of cladding and
windows, and this requires high-bandwidthinstrumentation to obtainin very turbu-
lent flow. Current practiceis to use transducersthat have a flat frequency response
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to say 150 Hz and then to average samples taken at rates of 50-150 s™! for say
20 s. Locations for pressure ports are from item 1 above and from the tunnel
engineer's experience.

A specia case o wind loading occurs when one tall building is adjacent to
another. Usually this produces shielding from winds in some directions and more
serious buffeting in others. Buffeting from adjacent cylindrical or hexagona struc-
tures can be reduced by fixing transition through added roughness.*

If the actual boundary layer is known at the location of a proposed site, the same
boundary layer should be simulated. If not, the maximum speed at 30 ft altitudeis
measured or estimated and the boundary layer is structured according to the general
properties of the local topology.

The dynamic pressure used for reducing the forces and moments to coefficient
form may be taken as an average value over the modd, the value noted at the
middle of the model, or free stream @. It must be defined or the data are useless.

Dynamic Loadson Buildings

Buildingswith morethan a6 : 1ratioof heightto width are apt to develop accelera-
tions that are quite discomforting to the occupants. There are two approaches to
solving this problem:

1. Thebuilding structural engineer knows the natural frequenciesof the building,
but not the buffet frequenciesexpected. Experimentsusing arigid model on a high-
response balance can obtain the needed information, and added stiffening can then
be incorporated into the design.

2. An dagtic mode can be built and actual accelerations and displacements
measuredfor thevariouswind speedsand wind directions, but anumber of uncertain-
ties remain. For example, the reference velocity is unknown, and there are some
uncertaintiesas to the dynamic characteristics that should be built into the modd.
Dalgliesch, Cooper,and Templin®* and the referencestherein consider the comparison
between a modd and a building that has already been built, noting afair agreement
with dynamic data from each but acknowledging that the experimental program
was helped by having a building already constructed from which coefficient ranges
could be determined. The moded had 21 degrees of freedom, sensors that measured
three displacements, and 15 accelerometers. Of interest was finding that torsional
motion resulted in accelerationsin some parts of the building that were 40% higher
than in others.

Unsteady Aerodynamicsin Wind Engineering

The wind can produce structural oscillationsand other phenomenain several ways.
Some typical cases are indicated.here.

Simple Oscillations  All natural and man-made structures have one or more natural
frequencies at which they will readily oscillate unless critically or over damped.
The natural frequencies of many items (trees, Signposts, etc.) are close enough to
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those of wind puffs that it is not unusua for afailure to result from successive
puffs arriving in such a way as to amplify the motion to a failure condition. These
are cases of forced response at a resonant frequency.

Aeolian Vibrations Long, simply supported structures such as smokestacks and
towers have a tendency to oscillate in a direction normal to a relatively smooth
steady wind and at their natura frequency. This phenomena is a result of the
combination of the structural tendency to vibrateat a natural frequency and aerody-
namic phenomenacof dender bodies shedding vortex streets. Vortex shedding from
circular cylindersis one of the most studied problems in fluid dynamics. There is
a range of Reynolds numbers over which there is an aternating shedding with
corresponding unsteady side force and drag. Over a wide range of conditions the
shedding frequency corresponds to a Strouhal number, f2/V, of about 0.2. As can
be seen, thereis likely to be some wind speed at which the shedding frequency and
thus the side-forcefrequency will be equal to a natural frequency of the structure.
When such a coincidence occurs, thereis likely to be a significant vibration. Such
an oscillation is called Aeolian, athough sometimes the term is restricted to the
case when the structure has a high natural frequency (10—100 Hz) and displacements
aresmall. Such oscillationsare the sourceof thetonesin an* Aeolian Harp'* produced
by the wind.* Structures that are noncircufar and elements of structures such as
the individual beams in a tower or bridge may experience periodic shedding and
corresponding aerodynamic excitation that can be damagingif any forcing frequency
approaches a lowly damped natural frequency of the structure.

Galloping A second type of motion arises when a body has a negative slope of
the lift curve, and motion across the wind then produces aforce in the direction of
the wind. Thisis not unusud for buff bodies whosein-wind side becomesunstalled
with a small angle of attack, and Bernoulli-typeflow then is able to act. Galloping
oscillations are usualy violent and must be eliminated through design changes. For
Instance, twisting stranded wires or adding spiral wrappingshas been found effective
in many cases.

Breathing Sometimes large-diameter stacks and other structures will distort at
some natural frequency such that theflow pattern is changed toward that frequency.
This is different from motion of the body in the absence of distortion.

Transmissionlines exhibit both Aeolian and galloping oscillations. The Aeolian
singingisunderstood, usually occursat from10to 100Hzfull scale, andissuppressed
by dampers. Galloping produced by wind loads is reasonably well understood, but
unfortunately very large deflections (of say 100 diameters) are not uncommon and
are hard to accommodate in a tunnel. Experiments have been made on spring-
mounted sectionsemploying a bare wire, stranded wire, and wires with simulated
ice accretion. Here some galloping has been developed, but apparently only small
deflections have occurred.
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Agricultural/Windbreaks

Windbresks can be used in connection with reducing the loads on structures. A
second and important useisto reduce winter heating loads by reducingtheconvective
cooling of a house, and a third is to increase the yield from some types of whesat
that do not like being blown about. Instrumentation downstream of the windbreak
should continue for at least Sx times its height, and data averaging should be
employed to determine the windbreak efficiency.

Agricultural/Agronomy

Pollination for many agricultural productsis by thewind, and thus plant distribution
and planting patterns must be properly employed. Trees near the edge of thefields
may need to be cut to improve the natural winds. On the other hand, some plants
do better without a lot of buffering by the wind, and these need special attention.
The area of wind engineering as applied to agricultureis only in its infancy.

Agricultural/Soil Eroson

Sail erosion caused by wind is of interest to the agronomist from the standpoint of
losing topsoil. The road engineer, on the other hand, would like to see his or her
roads stay clear. Another facet of soil erosion isthe damage done to car windshields
and paint by windbome particles.

The mechanism of natura soil pick-upis beginning to be understood.” Submi-
crometer particles will not erodefrom a smooth surfacein awind of gale velocities,
but mixed with 5- to 50-pm grains they become highly erodible. Fundamental
studiesof large-scalegrain loads have been made using strain-gage-mountedgrains.
Much o the correlation with full scale is encouraging.

Another type of erosion is the determination of the wind speed at which gravel
beginsto be eroded from the roof of a building,* damaging the roof, nearby parked

cars, and passersby.

Snhow Drifting

Many people in warmer regions do not realize the yearly cost of snow removal,
and many in colder areas do not realize the savings possible by wind tunndl studies
of ameliorating changes (preferably before but sometimes after construction) that
reduce local drifting about access areas.

Drifting snow can block doorways and roads and may even inactivate afacility
completely. Fortunately, the problem can be studied in atunnel with good correlation
to full scale. Snow patternsthat might take years (in the Arctic) to accumulate may
be duplicated in a few hours.

Kabayashi,”” Strom et al.,*® and Kind* present thorough discussionscovering the
snow-drifting phenomena. The basic parameters of snowdrift and erosion problems
are discussed below.
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When a stream of wind flows over a bed of loose particles, those higher than
the others produce more drag until finaly they roll and bump in the wind direction.
This process is caled "sdtation™ and is responsible for most of the motion (and
end deposits) that form snowdrifts or soil erosion. When the wind velocity exceeds
about five times the threshold speed, the particles bump hard enough to bounce into
the stream when they are then said to be"'in suspension." Saltation and suspension
can occur at much lower speeds in the presence of falling particles. Modeling to
match this phenomenon is by the following ratios:

Scalefactor d/L, where d is the diameter of ssmulated snow particleand L is the
length of a full-scale reference dimension.

Coefficient of restitution e. Thisconcernsthe rebound distancel drop distance and
IS 0.555 for ice.

Particle velocity V,/V, whereV, is the velocity of simulated snow particleand V
is the velocity of real snow particle.

Fall velocity V,/V, where V;is the free-fall velocity of smulated snow particle.
Here we have one of the rare instances where we may ''scale gravity" —at
least to the extent that the fall velocity may be varied by changes in the
particle dengity.

Particle Froude number V¥gd, whereg is acceleration of gravity.

Selecting amodel scaleof 15, we find that the experiment vel ocity becomes0.316
full-scalevelocity. Thefall ratio may be maintained by using borax (Na,B,05), whose
density providentially yields the right value and whose coefficient of restitution is
0.334—-lower than ice but possibly close to snow—and whose diameter may be
controlled to be one-tenth that of snowflakes.

In a tunnel saltation has been found (for the above-smulated snow) to occur at
11 mph without snow falling and at lower velocities when snow is falling.

Datafor snow experimentsare obtained in the form of photographs and depth
contours. One substantial contribution from tunnel experimentsis the technique of
reducing drifting by erecting a building on piles with a free space beneath. This
has been applied in Arctic buildingswith good results. Figure 2.14 is afrom a wind
tunnel study of snow drifting.

Evaporation and Related Issues

The growing need for studying transpirationfrom plants and evaporationfrom open
bodiesaf water has resulted intheconstruction of wind tunnelsin whichthemoisture
content of the air and its temperature may be controlled. Tunnels of this type are
inJapan, at theUniversity of Nottinghamin England, at theCol orado State University
in the United States, and elsewhere. They are al low-speed tunnels employing
controlled air exchange.

Transpiration experiments are full scale in that the weight of moisture removed
from actual plantsis studied. Electric lights or other heaters are used for tempera-
ture control.
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FIGURE 214 Snowdrift Sudy for lodge, neer building in photo, & a ki resort. Nate the
effect d tower at | eft rear, which providessdf-removd d sow from entrance with prevailing
wind from left.

Evaporation is of interest both to agronomists who are concerned with the loss
of water from storage areas and channelsand to process engineerswho havedrying
problems. Both types of experiments have been explored in wind tunnels.

Evaporation experimentsemploy open bodies of water, and the surroundings are
changed to study the increase or decreaseof evaporation. Evaporation, as one might
guess, depends on the surface area, the relative dryness of the air, and the effective
wind veocity. This last term is the "'catch,” since the effective velocity may vary
from afraction of 1% to perhapsafew percent of the nominal velocity, depending
on the type of boundary layer formed by the air over the water.

Pollution Digpersion

For al of the varioustypesof pollutantsbeing dischargedintotheair, it isimportant
to know not only wherethey will go but also how far they must go before diffusion
reduces their concentration sufficiently to render them harmless. The number and
types of pollution problems are astounding. They include industrial smoke, throw-
away gasesfrom chemical processes, efflux from nuclear power plant holding tanks,
usingwind tocarry silveriodidealoft toincreasethe probability of rain, the necessary
distance from a liquefied petroleum gas (LPG) spill to obtain a noncombustible
mixture, getting rid of hydrogen sulfide smell from a geothermal power plant, the
dispersal of pesticides through trees, and so on. Furthermore, it iS necessary to
consider the wide range of ‘weather conditions and assess the worst circumstance
that is"'likely" to occur.

Skinner and Ludwig** made agreat contribution to methodsfor experimenting
on dispersal in wind tunnels. They argue that (1) the dominant feature of plume
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mixing is turbulent exchange and (2) fluid viscosity is not important. They also
note that thereis a minimum Reynolds number below which there will be alaminar
sublayer in the tunnel that cannot be tolerated, or conversely, when experimentsare
done above that speed, a greater area can be examined by going to larger model-
scaleratiosaslong asthe tunnel speedisincreased proportionately. Their conclusion,
provided the stack flow is " reasonably turbulent,” isthat by exaggerating the buoy-
ancy of the exit momentum of the stack effluent and compensating with an increase
of tunnel speed, the same dispersion is obtained as when modeling the ratio of stack
exit density to ambient density. Thus hot stack gases are not necessary for this type
of experiment, permitting larger ground areas to be simulated by a model of fixed
diameter. Having the plumein the tunnel, its dispersion rate may be measured, or
a program of changes may be studied to move its location away from certain areas.
Another type of pollution experiment employs a pollutant distributed at various
locations to see how the dispersd is affected by changing conditions.

A few examples are given of smoke visualizations from pollution dispersal
studies. Figure 2.15 and Figure 2.16 show the effect of a nearby building on plume
height. Figure 2-17 shows how smoke (or pollutants) can blanket an entire fac-
tory under inversion conditions. Figure 2.18 shows the path of stack gases for a
container ship. The objectiveis to keep the stack gasesfrom impinging on the con-
tainers.

In addition to aneed for studiesof the above problemsfor engineering purposes,
there is now a legal reason in the United States in that the Clean Air Act (Public
Law 95-95) describes ""good engineering practice’™ as including pollution effects,
and the U.S. Environmental Protection Agency reserves the right to require fluid
modeling or field experimentsfor proposed installations.

FIGURE215 Efflux vdodty isequal to wind Soeed ad dack height is 1.5 times building
height. Building is downdream of stack. (Courtesy Nationd Physcd Laboratory.)
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FIGURE 2.16 Same conditions as for Figure 2.10 except building is upstream or stack.
(Courtesy National Physical Laboratory.)

FIGURE 2.17 Smoke covering factory during an inversion simulation. (Courtesy Verdian-
Calspan Operations.)
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FIGURE 218 Measuring stack gas path. (Courtesy Colorado State University.)
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A consderable variety of wind tunnels have been designed and constructed to
perform a wide range of aerodynamic tests. A number of specia-purpose wind

tunnels were mentioned in Chapter 2. These included spin tunnels, icing tunnels,

meteorological tunnels, tunnels designed for the testing of buildings, and others.
Many low-speed tunnels, however, can be classified as genera-purpose tunnels.

These tunnels are equipped with mounting systems and instrumentation that can be
readily adapted for many types of testsof air, ground, and marine vehicles, vehicle
components, plus many other items including buildings, flutter, store separations,
windmills, skiers, skydivers, and dynamic tests. A few o these tunnels have suffi-
ciently largetest sectionsto accommodateful l-scalesmaller aircraft and automobiles
and arewd | suited for V/STOL testing. A growing number of tunnels have multiple
test areas s0 that a wider range of tests can be readily accommodated. This type of

arrangement | eadsto somecompromisesbut isbeing foundto be an overall advantage
in some cases. In the medium-size tunnels with test-section area around 100 ft?
large amounts of both research and vehicle devel opment testing are accomplished.

Tunnelswith smaller sizetest sectionsare mostly used for research and instructiona

purposes. |dedly, the size of the tunnel is determined by its purpose. It is axiomatic
that economicsindicatesthat any given project should be carried out in the smallest
size tunnel that will provide the needed simulation with the proviso that data from
an improper and misunderstood simulation can be much worse than no data at all.

In this chapter, we present an approach to wind tunnel design that is appropriate
for genera-purpose wind tunnels. The principles are the same for other types of
tunnels. A study of the basic aspects of wind tunnel design is useful to those who
may be users or potential users of wind tunnelsas well as those who may consider
acquiring awind tunnel. The material in this chapter will assist readersto gain an
understanding of principal features of wind tunnels.

Thefirst step in the design of a tunnel is to determine the size and shape of the
test section based on the intended usesof the facility. A major part of the following
discussionsaddresstunnelsfor which the primary useis vehicleand vehiclecompo-
nent testing, since many tunnelsare built for this purpose. It is aso assumed that
amgor pat o the testing will be force testing, where information is sought for
performance, fuel efficiency, stability, or control of a vehiclethat may be an aircraft,
an automobile, asubmarine, aracing yacht, or possibly others. Sectionsof this book
addressing instrumentation will, however, consider a full range of measurement
techniques for pressures, flow field variables, and other parameters.

The cross-sectional area of the test section basically determines the overall size
o thefacility. The test-section size, speed, and design will determine the required
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power. Thesizeof the facil ity will be the primary factor in determiningthe structural
or shell costs, and the power and operating hours will determine the energy portion
of the operational cost. Although the major cost of operation is the salaries of the
tunnel personnel, the electrical energy cost to run the tunnel and its auxiliariesis
not an insignificant cost, and it is doubtful that this cost will decrease in the long
term. Thus, in thedesign there is a balance between initial costs and operating costs.
In the past many tunnels have been built with short diffusers and related featuresto
allowshort circuitlengthtoheld down initial costswhileacceptinghigher energy costs
of operation. Thistrade-off should becarefully examinedwithdueconsiderationgiven
to anticipated energy costs. The costissues will not be treated further asthey aretoo
dependent on local circumstances both geographically and in time.

31 OVERALL AERODYNAMIC OBJECTIVE

The overall aerodynamic objectivefor most wind tunnelsis to obtain a flow in the
test section that is as near as possible to a parallel steady flow with uniform speed
throughout the test section. Perfection is not possible so every design is bounded
by constraints that include maximum cost, available space, available time, and
available knowledge. It is amost aways desired to obtain the largest size of the
test section and the highest speed for the availablefunds. High speed and large size
are of course competing demands.

Aeroacoustic evaluations and experiments have become of great importancein
low-speed aerodynamicsfor a number of applications. Therequirement for afacility
to be a useful aeroacousticfacility is that the background noiselevel be sufficiently
low. One very specialized tunnel for this purpose was described in the previous
chapter. However, there are now many tunnels that have been modified to various
degrees to reduce the background noise level. The specifications for many new
tunnelsinclude the requirementson background noise. It is also the case that more
sophisticated measurement techniques and instrumentation are making it possible
to obtain useful acoustic measurements in environments with higher background
noise. We will not give abasic quantitativetreatment of design for acoustic purposes
aswe will for aerodynamic performance. Wewill provide some descriptiveinforma
tion on the treatments that have been applied to some facilities.

There are some wind tunnelsfor which nonuniformand unsteady flow is desired.
For such tunnels specificationson the spatial and time variationsin the test section
are given. The design of these tunnelsis not treated here explicitly, athough they
will have many of the features of more conventional tunnels.

3.2 BASIC DECISIONS

Unit Reynolds Number

From the discussionsin Chapters 1 and 2, it can be concluded'that a central issue
in the sizing of a low-speed wind tunne will be the achievable Reynolds number
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for the models that can be accommodated. The same question arises for vehicle
developers who must select from available wind tunnels one in which to carry out
the testsin a development program. The equation for Reynolds number as given in
both Chapters 1 and 2 is R, = p.V.i/jL.. We will choose a Mach number of 0.3 as
the upper limit of Mach number for the free stream beyond which we may be
concerned about the effect of Mach number on a typical sudy. Considering sea
level standard atmospheric conditions,” the maximum for V.. will be —330 f{t/sec,
or —100 m/s, and the "unit Reynolds number* will be —2.13 x 10° ft™!, or 6.98
X 10° m~'. These numbersand the appropriatecharacteristiclength of thetest article
give a good approximation to the available Reynolds number in an atmospheric
wind tunnel.

For vehiclesincluding aircraft and racing automobilesthat can operate at speeds
of Mach 0.3 or greater in the aimosphere, test articleswould have to be at least full
scaleto achieve operational Reynoldsnumbersin an aimospheric wind tunndl. This
iseitherimpossibleor very costly for many vehicles. Asaconsequencetherehasbeen
and continues to be much attention focused on obtaining effective results with less
than full-scaletest articles or with various separate component tests. An important
exampled thecontributionof component testingisthedevel opmentof airfoil profiles
for various purposesthat are then incorporated into three-dimensiona wing designs.
Another widely used method is to test haf modelssince many vehicleshave a plane
of symmetry. Mostimportant of al isthecareful study of aerodynamic phenomenaas
they are affected by variation of Reynoldsnumber so that useful conclusionscan be
obtained from teststhat do not duplicatethe operating Reynol dsnumber.'

For many studiesit is not necessary to produce the full-scale Reynolds number,
but it must be of a ''reasonable” vaue. Much low-speed testing involves aircraft
takeoff and landing configurations where the Mach number is typicaly in the
0.15-0.3 range. Both the lift curve slope and maximum lift coefficient are affected
by Mach numbers aslow as0.2. Thistendsto requirea tunnel speed gpproximately
equal to thefull-scalelanding speed. In an unpressurizedtunneg using air, this means
that the Reynolds number ratio of mode to full scaleis approximately equa to the
Sze ratio between the scale model and the aircraft.

A primary decisionis the choice of the minimum acceptable vaue of Reynolds
number. Because much of low-gpeed testing is at high-lift conditions, the effect of
Reynolds number on airfoilsat high lift must be considered. Maximum lift and lift
curve shape near stall for single-element airfoils vary considerably with Reynolds
number up to at least one million. For multielement airfoils this range is much
greater. Thecontinuing need for testing facilitiesthat allow near-full-scale Reynolds
number testing of transport aircraft high-lift systems is a primary reason that the
United States in the mid-1990s serioudly considered construction of maor new
wind tunnels.?

In any case, the lower boundary for testing airfoils and wings for vehiclesthat
will operate a higher full scale values is a Reynolds number in the range o
1,000,000-1,500,000 based on chord. At these values of Reynolds number, the
modd is likely to have an extensive region of laminar flow, and the possibility
existsof poor simulation owing to separationof the model's laminar boundary layer.
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It is assumed that laminar separations are unlikely to occur at full scalein the normal
operating conditions. Therefore, flow similar to full scale is more likely to be
achieved by fixing the transition location on the model? If the Mach number is
taken as 0.2, then the tunnel velocity is about 150 mph. For this speed the unit
Reynoldsnumber isalittlelessthan 1,500,000 ft™!. Althoughthe minimum Reynolds
number cannot be rigidly defined, the above rationale has been used to define a
minimum Reynolds number of between 1,500,000 and 2,500,000 based on wing
chord for low-speed tunnels to be usad for aeronautical development testing. There
are some flight vehicles that operate at lower Reynolds numbers. There is, in fact,
awhole series of airfoilsfor soaring glidersthat are especially designed to operate
a Reynolds numbers below 1,000,000. There are aso an increasing number of
small low-speed unmanned vehicles. Operational Reynoldsnumbersfor theseaircraft
are often obtainable in a medium-sized wind tunnel.

For vehicles that operatein the atmosphereat speeds such that the Mach number
islessthan 0.3, the operational Reynoldsnumber can beduplicated in an atmospheric
wind tunnel with a scaled moddl. Consider a production automobile operating at
60 mph. The operating Reynolds number can be obtained using a three-eighths-
scale model with an atmospheric tunnel test speed of 160 mph.

For marine vehicle testing, it is necessary to compare the properties of water
and air and consider the differencesin typical vehicle speeds. The ratio of the
kinematic viscosity of air to the kinematic viscosity of water at a temperature of
15°C is about 13. A test of a marine vehiclein air at equal size would require an
air flow speed 13 times greater than water flow speed to obtain equal Reynolds
numbers. Or if a one-third-scale model is used, the air flow speed required would
be 39 times the operational speed in water. In such a case the Reynolds number for
an operational speed of 5 knots would be duplicated with an air flow speed of 195
knots. This approximate combination has proved to be quite useful in the develop-
ment of keelsfor racing yachts. As with aircraft, the achievable Reynolds numbers
are not as high as thedevelopment engineer would like. Great diligencein assessing
the effect of Reynolds number is required. The kinematic viscosities of air and
water vary significantly with temperature so the above ratio, taken at 15°C, must
be adjusted according to expected operationa conditions.

As reflected in the above discussions, it is not possible to give a rigid rule for
the minimum acceptable Reynolds number. It has been suggested by Bradshaw and
Pankhurst® that the laminar boundary layer momentum thickness Reynolds number,
pV8,/p, at the minimum pressure point on the test body should be at least 320. This
has been given by Preston® as the minimum at which a fully developed turbulent
boundary layer can exist.

Test-Section Size

Thisis commonly the starting point in the design of a wind tunnel. The choice will
follow from considerations of the desired Reynolds number capability, the budget
for tunnel construction, and the costs for tunnel operation and tunnel users as
reflected particularly in required model characteristics.
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Airplane Models For a mean geometric chord of 1 ft and aspects ratio of 8-9 for
an aircraft wing, the span is between 8 and 9 ft. The maximum span should be less
than about 0.8 of the tunnel width due to effects of tunnel walls on theflor, which
leads to a width of 10-11.25 ft. For rectangular solid-wall tunnels, wall correction
factors given in Chapter 10 show that for a small wing the wall correction factor
will be minimum for a width-to-height ratio of about 1.5. The above considerations
indicate why so many tunnels have been built in the 7 X 10- to 8 x 12-ft size
range with maximum speed in the range of 200-300 knots. In addition to the
consideration of flow properties, a model for atunnel of this sizeis large enough
so that the smaller parts are relatively easy to build.

Test-section lengths based on transport type aircraft testing or even fighter types
of the World War II era were chosen to be —1-1.5 times the width based on the
fact that span-to-length ratios tended to be greater than 1. Fighter aircraft and others
for operation at transonic and higher speeds have much lower aspect ratios. Optimum
test sections for these vehicles have greater lengths, perhaps on the order of 2 times
the width.

V/STOL Aircraft For V/STOL modelsin a STOL descent case the speed will be
near 70 knots due to model power limits or tip Mach number on propellers and
rotors. Thereduction in test speed will require alarger model to maintain reasonable
Reynolds numbers. To minimize the wall corrections due to large downwash angles
from these models, the model -span-to-tunnel-width ratio must be smaller, typically
between 0.3 and 0.5. Thus the V/STOL. tunnels built in the 1960s have test sections
that are 20-30 ft wide.

Automobiles A key issue for automobile tunnels is the blockage based on frontal
area. The flow around automobiles is often more characteristic of "bluff bodies"
than of "' streamlined bodies." This means that there isalmost always asizableregion
of separated flow. The wind tunnel test section needs to be sufficiently long so that
these separated flow regions "' close™ before encountering the end of the test section
and the entry of the diffuser. Otherwise the pressure in the separated region will
not be correct and a large influence on drag will exist. In addition, the length-
to-width ratio of automobiles is greater than for aircraft while the width-to-height
ratio is much less. A wind tunnel test section sized for automobiles is therefore
typically longer than a test section sized for aircraft and the width-to-height ratio
approximates thewidth-to-height ratio of standard automobiles. Ideally the blockage,
the ratio of model frontal area to test-section area, will be —5% or less. This is
based on confidence (or rather lack of confidence) in blockage correction methods.
Sufficient progress in correction methods has been made in recent years so that
higher blockage factors are increasingly accepted as a trade against cost. At the
same time, slotted-wall test sections have been found to provide good results with
larger blockage than either completely open or completely closed test sections.

Kedls, Submarines, and Sails Submarines and surface ships obviously havelarge
length-to-width ratios. In addition, their operational range for "'leeway" is smaller
than that for angle of attack or sideslip for aircraft. A test section chosen for testing



66 WIND TUNNEL DESIGN

these vehicles would have a length-to-width ratio of 2 or greater. Yacht keels are
sufficiently ssimilar to aircraft wings that they fit comfortably into conventional
aircraft test sections. Test configurationsthat include both keels and rudders would
be better accommodated in test sections with higher values of length-to-width ratio.

Sail testing for both main sails and spinnakers has difficulties associated with
the variability of the shapes under load. There are no currently available *“rules of
the road" to guide such tests.

Instructional and Other Small Tunnels For small research tunnels and student
tunnelsat universitiesand el sewhere, the prospect of achieving or even approaching
operational Reynolds numbers is usualy beyond the available budget. In many
instancesthe problem of building mode s accurately may beacritical factor. Assum-
ing that students can hold an airfoil dimension to 0.01 in. and that it is sufficient
to hold the model to 1-2% tolerance, the following results can be reached. For a
12% thick airfoil with 2% tolerance the minimum thickness equals 0.50 in., and
the chord is 4.16 in. Using a mean chord of 4.0 in. and aspect ratio of 8, the span
Is 32.0 in. As the maximum span is 0.8 of the tunnel width, the width is 40 in.
Using awidth-to-height ratio of 1.5 for aminimum wall correction factor, the height
iS26.7 in. The cross-sectional areaisthen —7.5 ft2. A minimum test velocity would
be about 100 ft/sec or a dynamic pressure of 12 Ib/ft?> because lower speeds and
corresponding dynamic pressures would require instrumentation sensitivities that
either are not readily available or are more costly than necessary.

Many demonstration tunnels and calibration tunnels have test-section areas of
1 ft? or less. These are very useful for observation of basic flow phenomenaand
calibrationof instrumentation probes. However, they are of littleusefor doing vehicle
component studies except in cases for which Reynolds numbers are quite low?

For a rectangular tunnel the width determines the model size and the Reynolds
number at a fixed speed. The cost of the tunnel shell and its required power tend
to vary with the square of the test-section width. Sincefundsfor atunnel are usually
fixed, the largest tunnel that the funds will buy is generaly built.

The size of smaller tunnelsis frequently determinedin the final analysis by the
size of the room that will house the tunnel.

TheReynolds number per foot for agivensizetunnel can beincreased by building
either a pressure tunnel or a cryogenic tunnel using a cold gas such as nitrogen.
Other working fluids such as Freon and sulfur hexafluoride have been used to obtain
desired conditions. These are specia-purpose tunnels, and the need for their specid
capabilities must justify the cost as with any other tunnel. The time required for
model changes will be long unless specia provisions are made because the test
section must be isolated before workers can enter to work on the model. Test
productivity, as well as flow characteristics, is an important characteristic of a
wind tunnel.

Open or Closed Return

Another basi c design cons derationiswhether thetunnel will beof returnor nonreturn
(open circuit) type. Almost dl of the small research tunnels are of the nonretum
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type, usualy because of the lower construction costs. Power consumption for such
tunnelsis usually not asignificant factor in overall cost. Although there exist some
larger tunnels of nonreturn design, most o the larger tunnels are of the return type,
the majority being single return. A few of the earlier tunnelswere of double-return
type. However, it has been more than 50 years since the double-return design has
been chosen for a new wind tunnel.

Open or Closed Test Section

Open jet tunnels will have alower energy ratio than aclosed jet wind tunnel owing
to the jet entraining stagnant air as it passes from the contraction cone exit to the
collector inlet. If the tunnel has an externa balance, the balance usually has to be
shielded from the air jet and one of the boundaries tends to be closed. Open throats
do not work for an open circuit tunnel with a propeller in the diffuser unless the
test-section region is enclosed in an air-tight plenum or room. Open throat tunnels
often suffer from pulsations smilar to vibrations in organ pipes. An open throat
gives easy access to the model in small tunnels. In large tunnels scaffold of some
type is required to gain access to the model. The setting up and remova of the
scaffold requires additional model change time. Since the jet length is usually kept
short to reduce losses, there is the possibility that high-lift models may deflect the
wake enough to miss the collector or that the wake of a bluff body will interact
with the collector. An open jet provides easier accessfor traversing devicesto move
instrumentation to any point in the flow.

In generd, the advantagesappear to be with the closed throat tunnel for aeronauti-
cal testing. However, considerations of bluff body aerodynamics and overal size
requirements have led to a number of open, partially open or dotted wall, and
convertible jet tunnels built by automobile companies and others who engage in
automobile test work or V/STOL development. These arrangements provide greater
flexibility in usesof atunnel provided the staff are sufficiently knowledgeable about
the variety of wall effects that must be understood.

Closed throat tunnels that are vented to the atmosphere not at the test section
but at another location will have the test section below atmospheric pressure. Thus
they can suffer from leaks either through holes cut in wallsfor probes, wires, pipes,
and so on, or through the struts required to mount the model. These tunnels usually
have a sealed room or plenum around the test section. When running, the plenum
will be at the same static pressure as the test section. Most small open circuit tunnels
are not built this way and suffer from leaks. This makes wood an ideal material for
such tunnels because it is easy to patch.

Aeroacoudtic testing has become an important area of work in the development
of a number of vehicles. Although such tests are donein both open and closed test-
section facilities, an open test section provides the possibility for more complete
test cell antireflection or anechoic treatment.

General Layout: Closed Return

Thegenera layoutfor closed return tunnelshas reached aformgenerally agreed upon
for reasons of constructioneconomy and tunnel efficiency. A thorough discussion of
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design issues is given by Bradshaw and Pankhurst.® Starting with the test section
and going downstream the common configuration includes the following elements:

() The test section, which may be closed, open, partially open or convertible.
The test-section-length-io-hydraulic-diameter” ratio may typically bechosen
to be 2 or more, in contrast to the shorter test sections of earlier eratunnels.

(b) Adiffuser of at least three or four test-sectionlengths. Thetypical equivalent
cone angle is in the range of 2-3.5° with the smaller angles being more
desirable. Thearearatioistypically 2—3, again with the smaller valuesbeing
more desirable.

(c) "First comer" incorporating turning vanes.

(d) Second leg that may continue the diffuser or may be constant area.

(e) Safety screen to prevent parts of failed models or other unintended flying
objects from reaching the fan. Thisscreenisusuallyjust ahead of the second-
comer turning vanes.

{f) "Second comer™ incorporating tuming vanesthat may be essentially copies
of the first comer vanes solely to gain a small engineering and construction
cost reduction.

(9) Transition from rectangular tocircular cross sectionto take flow into the fan.

(h) Fanand straightener section. Other drive devicessuch as gjectors have also
been used.

(i) Return or second diffuse] : Thiswill commonly incorporatea transition back
to rectangular from the circular cross section at the fan. The transition will
likely have begun in the straightener section. The second diffuser should
follow similar design guides as the first diffuser.

(J) "Third corner" incorporating furning vanes.
(k) Third leg that may be constant area.
() Heat exchanger.

(m) "Fourth comer" incorporating turning vanes that may be copies of the
third-corner vanes.

(n) Wide-angle diffuser with separation control screens. Typical properties are
angles of about 45° and arearatios of 2—4.

(0) Settling area.

(p) Flow conditioners typically including jlow straighteners and turbulence
control screens.

(9) Contractionor nozzle. Typicd arearatios arein therange of 7-12, although
lower and higher values are not uncommon.

The plane of the return passage is amost always horizontal to save cost and
make the return passage easier to access. A vertical return is justified only when
spaceis at a premium and has only been used for small-sized tunnels.



3.2 BASIC DECISIONS 69

- j ; h

2% L g 1D
kfr/{'e \-1\3—-9

IHF\
[ITITITITTT I d
ST b,
s ! 5
S|l A7 e
iLAp
n-o

FIGURE 3.1 Layout of adaosed snglereturn wind tunnd.

A representative layout of a closed return tunnel with notation for our analyses
IS given as Figure 3.1.

Ewald and co-authors'® have presented a concept for obtaining economiesin
wind tunnel construction by producing a seriesof various sizesfor which there are
many common components. The first- and second-comer assemblies for one size
would be the same as the third- and fourth-comer assemblies for the next larger
sizetunnd. The fan diffuser for one size would be the test-section diffuser for the
next larger size. The engineering and construction drawings would be the samefor
all sizes except for the specified scale for each instance.

There are many very innovative configurations to accommodate particular
needsthat arequitedifferent fromthetypical circuit described above. Plannersof new
facilitiesshould consult more specialized literaturefor descriptionsand discussions.

General Layout: Open Circuit

A typica layout of an open circuit tunnd isgivenin Figure 3.2, again wth notation
for referencein the analyses.

Thistypeadf tunnel iswiddly used for instructional purposesand for investigations
of fundamenta flow phenomena.

General Layout: Blower Tunné

Another typeof open circuit flow facility isthe ' blower tunnel" or "'free-jet™ facility.
These are also widely used for instructional purposes and for calibration of flow

FIGURE 3.2 Elevaion crass section of a typica small open crcuit wind tunnd.



70 WIND TUNNEL DESIGN

Centrifugal
Blower

\

Y

ELLLLY LT L]

4

FIGURE 3.3 Typicd layout o a blower driven free je.

devices. A characteristic design problem for these facilitiesis choice of details of
a wide-angle diffuser between the fan or blower and the settling area prior to the
contraction. Mehta' gives a very useful discussion of the design of this class of
flow facility. A typical facility layout is shown in Figure 3.3. The design guidesfor
the wide-angle diffuser of afacility of this type are also applicable to a wide-angle
diffuser to be a part of a closed return wind tunnel.

3.3 POWER CONSDERATIONS

A measureof merit with regard to energy consumptionand aframework for consider-
ation of the energy consumption of various elementsof awind tunnel are developed
in this section. All of the analyses given hereare ""one dimensiona* in nature. The
conditions at any cross section of awind tunnel circuit are considered to be repre-
sented by the area-weighted average value of the flow parametersover the section.
Consider the static pressure p at location ¢ in a wind tunnel circuit that has cross-
sectiona areaA,. The static pressurep. at ¢ is characterized by the weighted average
given by the equation

5 &
p¢=;4—cfj;pdA @3.1)

Some ambiguity and inaccuracy is introduced by the assumption of one dimen-
sionality, but the results are quite valuable in gaining an understanding of the
behavior of flow in awind tunnel circuit. It islikely that most existing wind tunnels
have been configured using this assumption for the design calculations.

Jet Power

Itisinstructiveto consider the power in aflowing jet to get an ideaof the magnitudes
involved. The power in a flowing jet, for example the flow in a wind tunnel test
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FIGURE34 Jet power per unitareaas afunction of air speed for standard sealevel density.

section, can beexpressedin termsof density, test-section area, and test-sectionflow
velocity as given in the equation

=LY = dp AN (3.2)

Figure 34 shows a plot of jet power per unit area for standard sea level ar

density as afunction of jet speed.
Table 3.1 gives some specific values. The jet power for a tunnel with a test
section of 100 ft? running at 200 mph is 5456 hp. Vaues are taken from the graph.

The values of jet power are proportiona to density so jet power at a given speed

TABLE 3.1. Jet Power per Unit Areaat Sdected Speeds

V (mph) V (m/s) Mach Number hp/ft? kW/m?

20 8.94 0.026 0.055 0.44

50 22.35 ) 0.066 0.85 6.88

100 44.7 0.131 6.82 54.72
200 894 0.263 54.56 437.3
300 134.1 0.394 184.15 1476.2

400 178.8 0.525 436.51 3499.9
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would vary accordingly if the density in the jet is different from the standard sea
level vaue of 0.002378 slug/ft’.

The data shown in Figure 3.4 and Table 3.1 are a good indication of the upper
limits on flow speed obtainable from a known power source in a blower tunnel
where all of the energy in the open jet is simply-dissipated in the surrounding air.
Thisisalso characteristic of smple heating and ventilating fans or blowers such as
leaf blowers. Both closed return and open circuit configurationswith diffusers can
sustain test-section or jet flows with power greater than that of the power source,
as will be developed in the following.

Energy Ratio

The ratio of the power in the test-section flow to the rate of "flow losses™ around
the circuitis a measure of the energy efficiency of a wind tunnel, althoughitis by
no means a measure of the value of the tunnel for research and development. Other
denominators in the definition of energy ratio are sometimes used. For example,
the denominator might be chosen as the electrical power input to the motor or the
mechanical power applied to theshaft of thefan. Thedefinitionchosen here provides
a focus on the aerodynamic aspects of the energy budget and serves to separate
clearly the circuit flow properties from the efficiency of the driving fan and the
electrical or other driving equipment.

If we denotetherateof "flow losses" in thecircuit by P,, then the " energy ratio"
can be expressed by

E = {33]

il
P,

The energy ratio for closed return wind tunnels and open circuit tunnels other
than free-jet facilitiesis nearly aways greater than unity. It istypically in the range
37 for closed throat tunnels. The energy ratio for a free-jet facility is always less
than 1, whichis an important reason there are no large-sizefacilities using the free-
jet configuration. We now turn to methods for estimating the energy balance in
various parts of a wind tunnel so that the energy ratio for various wind tunnel
configurations can be estimated.

Wind Tunnd Component Energy L osses

Wattendorf? considered the losses in a return-type wind tunnel by splitting the
tunnel into component parts and analyzing the losses in each component in succes-
sion. Typical componentsare considered as (1) cylindrical sections, (2) corners, (3)
expanding sections or diffusers, (4) contracting sections, (5) annular sections, (6)
straightener section, and (7) fan. Thefan is exceptional since energy is supplied to
the airstream at that location. Wallis® provides a similar but much more extensive
discussion. Eckert, Mort, and Jope!* use the same approach and give an early
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FORTRAN computer code along with results for severa existing wind tunnels.
These breakdowns can be compared to the typical layout given earlier for the closed
return wind tunnel configuration.

In each of the sections except for the propeller or fan, it is commonly said that
alossof energy occurs. Actualy there is an energy transformationfrom mechanical
form to heat that results in raising the temperature of the flowing gas and the solid
materials with which it isin contact. The energy transformation comes about due
to the viscous action between the flowing gas and the solid boundaries.

We will refer to this transformation from mechanical energy to heat as a''loss"
in the following discussion. Although the treatment later includes compressibility,
the discussion given here is for incompressible flow.

If Bernoulli's equation, pyasc + %p V? = p.a = const, were written between two
locationsin aduct, it would apply only if there were no losses between the sections.
Naturaly, in practice, there are aways |osses, and one or the other of the two terms
a the second section must show a diminution corresponding to the loss in head.
The law of continuity for an incompressiblefluid, AV, = A,V,, where A and V are
areas and vel ocitiesat the two stations, constrainsthevel ocity, and hencethe vel ocity
head or dynamic pressure at the second location cannot decrease. But there will be
equal drops in static head and in total head corresponding to the friction loss.
Throughout the wind tunnel the losses that occur appear as successive pressure
drops to be balanced by the pressure rise through the fan. The total pressure drop
AH will be the pressure rise required of the fan.

Thelossin a section is defined as the mean loss of total pressure sustained by
the stream in passing through the particular section. The loss in a section is given
in dimensionless form by theratio of the pressurelossin the section to the dynamic
pressure at the entrance to the section. For atypical "'loca™ section thisis given by

__AH, _ AH,
(1/2)[3'1%2 qi

(3.4)

K,

This definition of loss coefficient is both important and convenient. It is con-
venient becausethetotal pressurelossand thedynamic pressureareeasily measurable
quantities. We now consider further its importance. The time rate of energy lossin
a section can be expressed as the product of the tota pressureloss timesthe volume
rate of flow through the section, AE, = A,V; AH,, which with AH; from Equation
(3.4) gives AE, = AViKq,, and finaly

AE, = K, @V} (3.5)

Equation (3.5) shows that the loss coefficient defined by Equation (3.4) on the
basis of total pressure loss and dynamic pressure adso is the ratio of the rate of
energy loss to the rate of flow of kinetic energy into the section.

Following Wattendorf these local losses are referred to the test-section dynamic
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pressure, defining the coefficient of loss of the local section referred to the test-
section dynamic pressure as

AH,
K, =24 - g4 (3.6)
q q 4q;

Using the definition of P, as given by Equation (3.3) with Equations (3.5) and (3.6)
provides a test-section referenced result:

AE, = K, GmV?) = K,P, (3.7)

The tota rate of loss in the circuit is obtained by summing the rate of section
losses for each of the individua sections:

Py="> AE=NKP (3.8)
! !

The energy ratio as defined by Equation (3.3) can be expressed in terms of the loss
coefficientsof the various sections as

1

ER = EJKH

(3.9)

As noted previoudy, this definition of energy ratio excludes the energy losses
associated with the fan and the motor. The total rate of loss in the circuit as
represented by Equation (3.8) is the net power that the tunnel drive device must
deliver to the airstream to maintain steady conditions.

Lossesin a Condant-Area Section

Here wediscuss an gpproximation for thelossin a constant-areasection. It isusually
the case that even the test section has a small variation in cross-sectional area
with streamwise coordinate. But the relations for constant-area sections with fully
developed flow are the basis for a number of loss estimates so that treatment is
given here rather than in connection with a particular section analysis.

In the literature on hydraulics, there is a long history of expressing the flow
losses in constant-area pipes in the form

|

dp_ LU
=i (3.10)

o

h

where Ap is the pressure drop over the length L of pipe of hydraulic diameter Dy,
U is the mean speed of flow, and f is the "'friction factor' or "'friction coefficient.
The parameter p is the dengity of the fluid as usual. The hydraulic diameter is
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related to areaby D, = 2\/A/w. Comparing Equation (3.10) to Equation (3.4) shows
that the local section loss coefficient is related to the friction factor by

L
K=fp (3.11)

A relation to the wall shear stress can be given for constant-area sections. In a
constant-area section the pressure drop is entirely balanced by the skin friction 7.,
on the walls. In this case L.,7,C.. = A, X Ap., Where L, is the length, C., is the
circumference, and the overbar indicates an average of the wall shear stress. We
obtain Equation (3.12) for a circular pipe with fully developed flow so that the wall
shear stressis constant:

T, = 1 fGpU? (3.12)

Thelossin asectionisclearly dependent oncross-secti onal shapesi nceshapesother
thancircularwill havecircumferentiallyvaryingwall shear stress. Thecircumferential
variation will be dependent on the geometricshape. That dependencewill not be con-
Sdered hereastherange of cross sections that are suitablefor wind tunnelsisrather
limited. Somedi scussion of crosssectionsisgivenby Shames.'* Here thecrosssection
will be consdered to the characterized by the hydraulic diameter, which is defined
above. For smooth pipesat high Reynoldsnumber Shames'* givesthe Prandtl univer-
sal | aw offriction relating the Reynoldsnumber and thefriction factor:

1
Vi 2 logi(RAN/F) — 0.8 (3.13)
where
Re — pvcaDh
w

where V,, is the mean speed in the section. Thefriction factor f decreases with R..
Here, f rangesfrom 0.013 at R, = 500,000 to 0.010 at R, = 2,500,000 to 0.007 at
R, = 30,000,000.

A convenient form of Equation (3.13) for an iterative solution agorithm is
given by

f = [2logi(RN/F) — 0.8]7 (3.14)

A starting value asfar away asf = 1 will lead to convergence to four significant
figures or better within four to six iterations.

Friction Factor and Skin Friction Coefficient

The skin friction coefficient for a flat plate in a uniform stream is defined by the
relation 1, = 3pV2c. The analogous expression for flow in a circular pipe would
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be 7, = 3pUlucr éomparing this last expression to Equation (3.12) shows that
Uuer = U Sf, or

A
) Al

Vi (3.15)

Cy

These relations providea framework within which to apply available theory and
experimental datain an approximate way. Thereis no part of a wind tunnel circuit
where the flow is actualy close to fully developed pipe flow.

Dynamic Pressure Ratios and Reynolds Numbers

The task of finding the power required to drive a wind tunnel with a given P, is
now broken down into the subtasks of evaluating the X,’s for all subsectionsaf the
wind tunnel. In turn from Equation (3.6) it is seen that this task for each section
can be subdivided into the evaluation of a loss coefficient based on local entry
conditions and the ratio of local dynamic pressure to test-section dynamic pressure,
/g, which in turn can be rewritten as

a _ AV,
5 A (3.16)

Thefactor represented by Equation (3.16) isevaluated using either an assumption
of incompressibleflow or an assumption of one-dimensional isentropic compressible
flow. If the flow is assumed to be incompressible, then the condition of constant
mass flow rate at each section yields

%:% (3.17)
‘ ]

The application of mass conservation including consideration of compressibility
yields Equation (3.18), in which M is the Mach number at the location indicated
by the subscript. In this equation, the areas and the test-section Mach number would
be given but the local Mach number would not be known and must be determined:

g _AMVIYI((y - DRIM (3.18)
a AMA/T+[(y— DRIM '

The local Mach number is a function of the test-section Mach number and the
ratio of thelocal areato the test-section area. The equation is transcendental, which
preventsthe functional relation from being explicitly written down. The area—Mach
number relation is often givenin termsof the area A* for choked flow and is shown
here as Equation (3.19) (see Anderson'® for development of these relations):
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. 1 (y+Dy—1)
Y~ 2
YT (] + 3 M)] (3.19)
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If the ratio of Equation (3.19) applied to the test section is taken to the same
equation applied to a local section, Equation (3.20)is obtained:

2 (y+1(y—1)
(- (=
A, M) \1+ [(y - D21M? '

In the case of air as the working fluid for which the ratio of specific heats is
1.4, Equation (3.21)is obtained:

3
A M, (1 + 0.2M,2)

= S 221
A, M \1+ 02M? ©-21)
This can be put in the form of Equation {3.22), which is convenient for an
iterativeal gorithm to obtain thelocal Mach number when test-section Mach number,
test-section area, and local area are given. A starting value of M; = 0 can be used

for subsonic wind tunndls;

M, A,

M,

After obtaining the local Mach number, Equation (3.18) can then be used to
obtain the ratio of local dynamic pressure to test-section dynamic pressure.

In thefollowing discussion of lossesin the various sections, the Reynolds number
will be a needed parameter for each section. The test-section Reynolds number
would usually be assumed given, which is R,, = (p,V.D,)/w.,, where the test-section
reference length is taken as the test-section hydraulic diameter. The local Reynolds
number is related to the test-section Reynolds number by

0.76

R, =R, LoVin _ o LA (1 ull 0 1)/21M%)

HDI pi“ftm - R’EA_[ 1 + [(,Y _ I)IZ]M% (323)

34 SECTION LOSS COEFFICIENTS

Thelossesin various sections and componentswill not be considered. The treatment
will be based on a typical closed return wind tunnel. Discussionsof considerations
in thedesign of typical wind tunnel sectionswill be given followed in each instance
by the development of the loss analyses. We begin with the test section and proceed
in the flow direction around the circuit. Three example wind tunnel designs are
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considered at theend of the chapter. Figure 3.1 and the related description provides
nomenclaturefor the various sections.

Tes Section {a)”’

Over the years many shapes have been used for test sections, including round,
elliptical, square, rectangular,hexagonal, octagonal, rectangular withfilleted comers,
flat ceiling, and floor with haf round ends. The cost and power are directly deter-
mined by the cross-sectional area and the length. The differencein losses in the
test section due to the cross-sectional shape are negligible. Therefore, the shape of
the test section should be based on the utility and considerationsof the aerodynamics
of the models to be tested.

For easein installing model s, changing model s, installing ground planes, calibrat-
ing external balances,installingsplitter platesfor half models, or other modifications
for nonstandard tests, no aternative can match a test section with flat walls. The
flat ceiling and floor simplify the installation of yaw turn tables for a three-strut
mounting system and itsimage. A flat floor isa major advantageif surfacevehicles
areto be tested. The walls, ceiling, and floor allow easy installation of windows to
view and photograph the mode when flow visualization is used. Some early wind
tunnels had circular or elliptic shaped test sections due to availability of functional
mathematical expressionsfor certain types of wall correctionsfor wings. This was
of considerable importance when calculationswere done by slide rule and by hand,
but the currently available and growing computational power makes such considera-
tions of little consequence today.

As the air proceeds along the test section, the boundary layer thickens. This
action reduces the effective area of the jet from that of the geometric dimensions
and causes an increase in the flow speed outside the wall boundary layers. If the
geometric areais constant, the speed increasein turn producesadrop in local static
pressure, tending to draw the modd downstream. This added drag is commonly
called " horizontal buoyancy™'® asits action is analogous to the buoyancy due to the
vertical pressure gradient in the atmosphere and the ocean. If the cross-sectional
area of the jet is increased enough to dlow for the thickening boundary layer, a
constant value of the static pressure may be maintained throughout the test section.
No exact design method is available that ensures the development of a constant
static pressure. For a first approximation the walls of a closed jet should diverge
about 3° each; finer adjustments may be necessary after the tunnel is built and the
longitudinal static pressure is measured. Some tunnels whose test sections have
comer fillets have these fillets altered until a constant static pressure is obtained.
The advantages of such a flow are enough to justify a moderate amount of work
in obtaining it.

To minimize secondary flow problemsin the comersof rectangular contractions,
a 45° fillet is often installed at the dart of the contraction to form an octagonal
shape. Thesefilletsare, in many tunnels, carried through the test section to prevent
boundary layer growth in the comers of the test section and down the diffuser
tapering out at the end of the diffuser.
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The length of the test section in tunnels designed with aeronautical work as the
primary focus varies from one to two times the mgor dimension of the section.
The power losses in the test section are sizable, as will be seen shortly owing to
the high speed; thus power can be saved by keeping it short. However, contractions
do not deliver a uniform velocity distribution to the beginning of the test section.
Therefore, a constant-area duct before the test section is usualy employed. The
lengths of test sections of wind tunnels that are expected to be used to test articles
with large volumesof separated flow need to be sufficiently long so that all separated
flow zones will close before the beginning of the diffuser.

A practical detail inthetest-sectiondesignistheinstallationof sufficientwindows
for viewing the model. In the course of testing it will become necessary to see all
parts of the modd: top, sides, bottom, and as much of the front as is reasonably
practical. For safety reasons, windows in the test section should be made of shatter
resstant materia. For many years the material of choice was plate safety glass.
There are now plastics that can be used with lasers about as well as any glass short
of optical flats. If propellersand rotors are to be tested, the manufacturers of the
window material chosen should be consulted to determine the energy absorption
capability and large safety factors should be applied. What used to be called bullet-
proof glass (which never was bulletproof) is no longer sold under that name owing
to product liability laws. Itis a peculiar and interesting fact that despite the hazards
of testing, more windows have been broken or otherwise damaged by overhesting
with photographer's lights than by model fallure.

Adequate lighting is needed both to work on the model and for photographic
purposes. It is very useful in tunnels with fillets in the test section to have lights
built into them. Current developments in measurement methods such as pressure-
sengitive paint and shear-sengitive liquid crystals will make the optical access of
test sections even more critical than has been the case in the past.

Solid-Wall Jets As mentioned above, test sections will normally have a dight
divergence in an effort to obtain a constant static pressure. The analysis given
here, however, is based on the relations for a constant-areaduct given earlier. The
subsequent section on the diffuser gives atreatment that can be adopted for the test
section as well. Equations (3.11) and (3.14) are used to evaluate the test-section
loss coefficient for a specified Reynolds number.

It is seen from the range of values given for f along with Equation (3.11) that
the power loss in the test section of a closed-wall tunnd is of the order of 1% to
severa percent of the jet power with the test-section length that is chosen having
an important part since the loss will be directly proportiona to the length. Test
sections for wind tunnels over many decades have tended to grow longer. Many
tunnels built prior to 1960 have relatively short test sections of the order of 1-15
times the hydraulic diameter. The major test articles were expected to be high-
aspect-ratio airplanes. In more recent times, tunnels tend to have somewhat longer
test sections to accommodate many other test articles.
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FIGURE 35 Diffuser geometry and notation.

Open Jets For open cylindrical sections such as an open jet, a reasonable value
for friction factor isf = 0.08. Thisis nearly an order of magnitude larger than the
friction factor for a solid wall. Thisis a rather large penalty and will influence
decisions for tunnels in which power consumption will be a significant factor in
operating costs.

Diffusers (b), (d), and (i)

The diffuser'* of areturn wind tunnel typically extendsfrom the downstream end
of the test section to the third comer of the tunnel. It is divided into two parts by
the tunnel fan. The second diffuser and fan section is often called the return duct
or passage. The first diffuser usually extends to the first comer. Since the power
lossesat any point in thetunnel are expectedto vary as the speed cubed, the purpose
of thediffuser isto reducethe speed with aslittleenergy | oss as possible. Minimum
energy loss correspondsto maximum pressure recovery. It is generaly desirableto
reduce the speed in the shortest possibledistance without incurring flow separation.
This will obtain good efficiency and will help to reduce construction costs by
reducing the overall size of the tunnel shell. Obtaining good performancefrom the
diffuser is critical to the success of the tunnd. Diffusers are sensitive to design
errorsthat may causeeitherintermittent separation or steady separation. Such separa-
tions can be hard to localize but can cause vibrations, oscillating fan loading,
oscillationsin test-section velocities (often called surging), and increased losses in
the tunnel downstream of their origin.

The primary parametersfor a diffuser are the equivalent conical expansion angle
and the arearatio. Consider aconical diffuser with aradiusR, at the entrance, radius
R, at the exit, and length L as indicated in Figure 3.5. Most wind tunnel diffusers
are not conical.

Commonly used cross sections are rectangular or nearly rectangular with reasons
closdly paraleling the reasons given for choosing test sections with plane walls.
The equivalent conical angle is defined as follows. Let R, be one-half the entrance
hydraulic diameter D,. Let R, be one-haf the exit hydraulic diameter D, and Az be
Ay/A;. Then the equivalent conical expansion angle is given by
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_ Rg - R] o l \/ AR N 1
6, = arctan(—L ) = arctan (2 D 7 (3.24)

Some discussions of diffuser angles use twice the equivalent angle defined here
so care should be taken when reviewing data on diffuser performance.

Diffusers are common elements in fluid flow devices, and in many applications
the equivalent cone angle can be quite large. The principal constraint on the angle
isthat it be sufficiently small so that the turbulent boundary layer does not separate.
Relatively large angles are possible for the case of uniform flow entering the up-
stream end of the diffuser. The flow leaving a wind tunnel test section, however,
Isanything but uniform. There can be wakesfrom model mounting struts and ground
plane support struts; deflected wakes from the model, both laterally and vertically;
large separated wakes when a model is stalled in pitch and yaw; or simply a large
wakefrom bluff body models such as automobilesor parachutes. Also, theinfluence
of the corner vanes in the first comer may have adverse effects. Current practice
calls for an equivaent cone angle of 3.0° or less in conjunction with typical area
ratios of around 3. The pressure recovery and pressure gradients and therefore the
risk of separation are dependent on both the cone angle and the area ratio.'® Thick
boundary layers at the diffuser entrance will increase the risk of separation. If a
very long 2.5" diffuser is used to obtain alarge contraction ratio, thereis danger of
separation. Therefore, the total (both halves of the diffuser) tends to be limited to
arearatiosof 5:1 or 6: 1, half of the arearatio in each half of the diffuser. This
area ratio limits the tunnel contraction ratio. To achieve larger contraction ratios, a
wide-angle diffuser is used before the settling chamber. These are typically diffusers
with an area ratio in the range of 2-4 and an equivalent 225" cone angle. Screens
may be used to smooth out the velocity variations and maintain satisfactory flow.
More will be said about large angle diffusers in a subsequent subsection. In the
present section, relations will be given for typical conditions for the first and
second diffusers.

The return passage will need access doors and windows, usually near the fan.
The doors and windows should be sealed and of adequate size to allow for instal-
lation and remova of the fan blades and the drive motor if it is placed in the
fan nacelle. Built-in lights near the fan are most useful. Provisions for pressure
rakes about a half-tunnel diameter ahead of the fan are very useful. The rake will
be used to adjust the first- and second-comer vanes to obtain a uniform velocity
front at the fan. Drains at the lowest point in the tunnel are also needed since
the tunnel will have to be either washed or steam cleaned at intervals during its
lifetime.

Diffuser | oss Coefficients |n the divergent or diffuser sections, both wall friction
and expansion losses occur. The fluid mechanics of diffusersis quite complex since
the flow can depend on the details of theincoming flow profiles, which in turn will
vary with the specific test model setupsin a wind tunnel. For preliminary design
purposes several assumptions are commonly made. The first is that the loss coeffi-
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cient can be decomposed as a sum of afriction loss coefficient and an expansion
loss coefficient, as indicated by

K,= K + K, (3.25)

Assuming the skin friction coefficient and density are constant along with the
"one-dimensiona treatment yields a relation between thefriction loss coefficient,
conical angle, and diffuser area ratio. The result is given by Equation (3.26).The
frictionfactor is evaluated asin the case of the constant-area section using the entry
Reynolds number:

1yof
=11 —— 3.26
i (1 A};)S sin 0 I2b)

Theexpansionlossismoredifficultandisobtained presently only by experimental
correlation. The expansionloss coefficientis represented as a product of twofactors.
Onefactor is afunction of the equivalent conical angle and the other is a function
of diffuser arearatio. The result is

2

K. = K.(0) (A" A; 1) (3.27)

The factor K,(8) depends significantly on the diffuser cross-sectional shape. The
forms, based on experimental data and taken from Eckert et al.," for circular and
sguare cross sections are given here as Equations (3.28) and (3.29), respectively:

(0.1033 — 0.023890 for0 < 0 < 15"

0.1709 — 0.11700 + 0.032606* + 0.0010786*

Ko = 4 —0.00090768* — 0.000013316° + 0.000013456°  (3.28)
for1.5°=0= 5°

~0.09661 T 0.046728 for 5° < 6

\

(0.09623 — 0.0041520 for 0 < 0 < 1.5°

0.1222 — 0.045900 t 0.022036% + 0.0032696°

Koy = 4 —0.00061456* — 0.000028008° + 0.0000233765  (3.29)
for 158 =8 < 5°

~0.01322 + 0.058660 for5° <0

Equations (3.25)-(3.29) may be used to estimate the Iocal loss coefficient for
circular and sgquare cross-sectional diffusers.

Smaller expansions yield smaller losses up to the point where the skin friction
of the added area becomes excessive. For reasonablevalues of A the most efficient
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divergenceis about 5'. However, as discussed elsewhere, space limitationsfor the
tunnel aswdl asthe cost of constructionmay dictate that adlightly larger divergence
be employed at an increase in cost of operation.

It is found that the losses in a divergent section are two to three times greater
than the corresponding losses in a cylindrical tube, athough the progressively
decreasing velocity would seem to indicate losses between that of a cylindrical
section with the diameter of the smaller section and that of one with the diameter
of the larger section. The reason for the added lossis that the energy exchange near
the walls is of such a nature that the thrust expected from the walls is not fully
redized. Effectively, a pressure force is thereby added to the skin friction forces.

The adverse pressure gradient in a diffuser will lead to separation if it is made
too large. Since the return passage downstream of the fan will usually have amore
uniformflow than thefirst diffuser just downstream of thetest section, theexpansion
angleis sometimes larger. An additional argument for thistype of designisthat the
disturbance caused by a modd in the test section may limit satisfactory diffuser
angles below smooth flow values. This is certainly the case for models that are
bluff rather than streamlined.

Corners(c), (£, (j), and (m)

To avoid large losses and to maintain relatively straight flow throughout the circuit,
the comers are equipped with turning vanes. Comers are usually, but not aways, of
constant area. The shapeof turning vanes variesfrom bent platesto highly cambered
airfoils. Provisionsshould bemadeto adjustthe vaneseither by pivotingthe vanesor
by trailing-edge tabs. If tabs are used, there should be some method of locking them
to prevent their movement after theflow is acceptable. Intheinitial startup of atunnel
the vanes should be adjusted to ensure that the air is neither over- nor underturned.
Thefirsttwo cornersarethe most critical intermsaf losses (owingtohigher dynamic
pressure) and the need for a uniform vel ocity entering the fan.

Thelossesin the comer vanes can be made small by selecting an efficient cross-
sectional shapeand by using an appropriatechord-to-gapratio. Vanesusing cambered
airfoils and relatively blunt leading edges will be less sensitiveto approaching air
flow angularities than sharp leading-edge vanes.

The vane camber lines can be designed by cascade theory with good results. The
geometry of acomer isindicated by Figure 3.6, which showsthe flow between two.
typica vanes. It is usually assumed that this flow can be adequately approximated
astwo dimensiona. Theexit velocity angleis exaggerated in the figure. The desired
angleis usualy ¢ = jm, that is, 6 = 0. The mass flow per passage per unit depth
ispU;h. Thelocal comer loss coefficient is denoted by

_AH,
q.

K. (3.30)

where g. = 1pU% AH, = p; T q. — (po T q0), and go = 1pU? with all quantities
being evaluated far enough away from the vanes so that the dividing streamlines
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FIGURE 36 Geometry of cascade flow with area change from entrance to exit.

are straight and the flow is uniform. Measurements must actually be made much
too closefor these conditionsto pertain, and therefore the quantities must be taken
as area averages.

A comer without vanes may show aloss of 100% of the velocity head or more,
that is, K. = 1.00. With carefully designed vanesa K, of 0.10 or lessis achievable.

For a right-angle turn the component perpendicular to the incoming velocity of
the rate of change of momentum through a constant-area comer is p/UU. This
may be equated to the vane lift coefficient spcU?C,, where h is the vane gap and ¢
IS the vane chord, to determine that the vane lift coefficientis 2A;/c. Accordingly,
to employ a reasonable C,, the gap-to-chord ratio should be 1: 3 or smaller. The
drag coefficient is equal to the lift coefficient for the constant-areaand 90° turn.
For the more general case of an expanding comer and general turn angle the
expressions for "lift" and "'drag" based on momentum relations are the following:

L= pU,'h,'Uo oS8 e = pU?h[ Coes-e (331)
e gl 608 9 (3.32)
C e
in @
D = pUh(U; + Uy sin §) = pU,?h[-(l + ?—1%—) (3.33)
Cs= 2&(1 , sin 9) (3.34)
C €

Several vane profiles are shown in Figure 3.7, and each is labeled with the loss
experienced under test conditions by various early experimenters®* g Reynolds
numbers of about 40,000. Since these data are limited and are for relatively low
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FIGURE 37 Turning vare profiles.

Reynolds number, the data should be verified for large chord vanes, but it is felt
that an increaseis justified for the usual installations. Salter* gives results of tests
a R, = 500,000for 90° circular-arc vanes with a gap—chord ratio of 1 : 4, aleading-
edge angle of 4°-5°, and a trailing-edge angle of 0° that show aloss coefficient of
0.06. This was certainly a good value. Winters™ obtained additional data for the
type of comer vane illustrated in Figure 3.76 indicating that it probably has a
lower loss coefficient than the value given from the earlier data. Walls'® provides
adiscussion of comer treatment with some additional data correlation. Sahlin and
Johansson® provide adesign of turning vanesfor constant-area comersthat are very
efficient with loss coefficient aslow as0.036 at chord Reynolds number of 154,000.
Lindgren, Osterlund, and Johansson* extended that design to expanding comers
and obtained a loss coefficient of 0.054 at a chord Reynolds number of 200,000
and an expansion ratio e = 3 Their results for ¢ = 3 and Reynolds number of
200,000 give aloss coefficient as low as 0.08 and for e = 2 aslow as0.14. These
results point to new design possibilities for more compact circuits andfor Smpler
geometries for the diffuser walls with possibleimprovementsin circuit efficiencies.
We do not explore such possibilitiesin this book.

Estimating Corner Loss Coefficients Early experiments at Gottingen'? produced
local loss coefficientsof the order of 0.15 at a Reynolds number of about 500,000.
It was concluded there that skin friction on the vanes accounted for about one-third
of the loss and that the remaining two-thirds is probably due to the creation of
longitudinal vortices or eddies arising when three-dimensional flow is diverted
around a comer. Wattendorf'? made the assumption that thelocal comer loss coeffi-
cient could be decomposed into two parts. K; due to skin friction and X, due to
flow rotation. The part due to skin friction was assumed to vary with the Reynolds
number in amanner similar to skin friction on aflat plate. Based on these arguments
and results, Equation (3.35)was used as areasonableestimatedf local |osscoefficient
for comers of the type shown in Figure 3.7. The Reynolds number to be used is
the local comer value based on the vane chord:

4.55
(Iongec)Z.SS

Equation (3.35) is clearly a conservative estimate with regard to what is obtainable
using the recent work on comer designs cited above.

K. =010 + (3.35)
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Screens (e) and (m)

The safety screen is chosen to provide the necessary protection for the fan. It
represents a significant loss element due to the fact that it is located in arelatively
high speed part of the circuit. The other screens serve other purposes, including
separation control for screens in-the wide-angle diffuser and turbulence control for
the flow conditioning screensat the nozzle entrance. Only the energy |oss aspects
of ascreen will be discussed in this section.

Eckert et al." give a relation for screen loss coefficient based on data given by
Idel’chik.” Two basic parametersare used to characterizea screen. These are the
"porosty" B, and the wire Reynolds number R,, = pVd, /. A third parameter, the
"mesh factor K. IS used to differentiate anong smooth and rough wire (or
whatever the screen material may be).

Porosity is a function of wire diameter and weave density. It is aso dependent
on geometric factors, but it is rare for other than a square weave to be used. Let d,,
be the wire diameter and w,, the width of one square mesh cell. Then the mesh
density p, = 1/W,, and the porosity is related to these by

B:= (1 — dwpw)® (3.36)

The complement of screen porosity, screen solidity o, = 1 — B,, is sometimes
used in the literature. Porosity would be zero for a solidly packed weave and one
in the limit of avanishing screen. Typical valuesfor wind tunnel screens are in the
range of 0.5-0.80. More discussions on details will follow in the later section on
turbulence control screens.

The wire Reynolds number is typically very low compared to other Reynolds
numbersencountered in wind tunnel work. For standard conditionsin air, Reynolds
number per foot at aflow speed of 1 ft/sec 1S538 or Reynolds number per millimeter
at 1 m/s is 69.1. Wire Reynolds numbers for safety screens may be up to a few
thousand. For the turbulence control screens, values are likely to be only up to a
few hundred.

Mesh factors are given by Idel’chik® as 1.0 for new metal wire, 1.3 for average
circular metal wire, and 2.1 for silk thread. We will assume 1.3 for all example
work here.

The expressions to approximate the local loss coefficient for a screen are

2

Ko = KuenKer 0, + o5 (3.37)
where the reference!* gives, for 0 = R,,. < 400,
K —07851——&1)+101 (3.38)
i 354 : '

and, for R, = 400,
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Kz = 1.0 (3.39)

Other expressions are given in the literature for the screen Reynolds number
sensitivity. Idel’chik® gives a plot that is only roughly matched by Equation (3.38).
A much better fit to the given plot is obtained by Equation (3.40). The accuracy of
predictions of screen loss coefficientsis not good except on the basis of data taken
on screens very nearly of the type to be used and in a very similar environment.
More will be said in the next section on theoretical treatments of the effect of
screenson flow passing through:

-4

. Ro
Ken = 0.785(2 = 1.0) + 1.01 (3.40)

Congider an expression for the drag of the wire screen and its implied loss
coefficient. We might represent the drag as the product of the dynamic pressure of
the incoming flow, the drag coefficient of the screen, and the area of the solid
cylinders of wire. If this is done per unit area, we have

D,
_A_ = %pvzcﬂgs

and observing that the drag per unit area may be equated to the total pressure drop
across the screen, this would give

K, = Ch0, (341)

For screensused as safety screens, the porosity is quite high (and solidity corres-
pondingly low), the wireReynoldsnumberislarge, and thedrag coefficientisnearly
the same as an isolated wire cylinder. For more dense screens such as are used for
turbulence management and similar purposes, the typical Reynolds numbers are
lower and the interactionsamong the elementsof the screen are much greater. These
effects are reflected by the functions in Equations (3.37)-(3.39), which could be
manipulated to obtain expressions for the drag coefficient of Equation (3.41).

Power Input Section

The most common devicefor driving the flow in subsonic wind tunnelsis an axial
flow fan. Axia flow fans, or propellers, will produce swirl in the flow they induce
unless some combination of prerotation vanes and straightening vanes are provided.
Thefan itsalf isthe source of power input while the vanes absorb some energy in
the process of carrying out their function. However, in the present treatment, the
fan and straightenersare considered together as the power input unit. Their combined
function isto providearise in pressure as the flow passes through the section. The
increase in pressure provided must be equal to the pressure losses throughout all



88 WIND TUNNEL DESIGN

Redlidic Satic Pressure
Didribution
Fan Location
|dedl Sttic Pressure / |
Didribution . "
,Tﬁﬁ;-i\ﬁ___’_"-— -, —— -
i E : )
/ ‘ i :
/ | ‘ ; /,
/ | ‘ ! Iy
/] : : AN :
/x ‘ : (N4 i
7 1 : 4 :
: : i f '
W '
N /0
N / !
; o :
: i - - 1 :
(] - L]
] 1 \ P / 1
Fit \\ 27 -
P 1. E How Direction
\—— Test Saction

FIGURE 38 Schamdic pressure variaionsaround a circuit.

other sectionsof thetunnel at any given steady flow operating condition. A notional
sketchis given as Figure 3.8 on which the variation of static pressureis shown as
a function of location around a typical wind tunnel circuit. Two distributions are
shown. The dashed lineis the variation that would exist if there were no losses as
is postulated for "ided" nonviscous fluids. The solid line is an indication of the
variation with losses. The scale of changes is exaggerated. The variation is taken
from the pressure at the end of the test section, where many tunnels have their
"bregthers” which set the pressure there at ambient pressure. Some details of fan
design will be addressed in a later section.

W de- Angl e Diffusers (m)

Wide-angle diffusersare used to obtain ahigher overall arearatiofor agivencircuit
lengthrather thanfor pressurerecovery. Of coursethe pressureloss istobeminimized
to the extent possible while achieving the other objectives. A diffuseris classed as
"wide angle€" when its cross section increases so quickly with axial distance that
separation can be avoided only by use of boundary layer control. Thereare several
means of boundary layer control, including suction, blowing, and insertion of fine
mesh screens. Thelatter isthemost common sinceit isusually the most economical.
Mehta and Bradshaw? have given guidelines for wide-angle diffusers in terms of
four parameters. arearatio A, diffuser angle 26, number of screensn, and total loss
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FIGURE39 Deagn boundariesfor diffuserswith screens (Bassdon Fgures 3 and 4 from
Mehta and Bradshaw.”)

coefficient K,,». For a tunnel that will be outfitted with a heat exchanger, it could
be used as a loss element in the wide-angle diffuser. Figure 3.9 gives boundaries
for number of screensas afunction of diffuser arearatio and divergenceangle. The
total loss coefficient required of the screensislarger as the arearatio increases. The
boundary is given as Equation (3.42), where K., = 2 Ap/qg:

AR_I

1.14 Sae

KSBH’I >

Itis best if the screens are made perpendicular to the walls at their intersections so
that the tendency of the screensto turn the flow toward the screen normal will not
itself tend to induce separation.



90  WIND TUNNEL DESIGN

N~
LA™ AT
'-./:-..gf
/\’V o
\’\n’/

SN LA
<4<k
j aat

a b c 7 d
FIGURE 3.10 Four typesof honeycomb.

Honeycombsand Turbulence Screens (o)

The objective of obtaining a spatially uniform steady stream of ar throughout the
volume of a wind tunnel test section has been pursued for nearly a century. Over
that time, as aready indicated, a genera arrangement of elements has been settled
upon, but there remain problems in many details and the result is still not viewed
astruly optimized. One areathat continuesto resist fully rational quantitativedesign
treatment is the management and control of "turbulence’ in the flow. To be sure,
there exist some""design rules but they have been obtained through observations
of many arrangementsand the corresponding theoretical basesrest on aconsiderable
bed of assumptionsthat may or may not be applicablein a particular wind tunnel
application. The problemisof such complexity, however, that all rational theoretical
guidance, even though imprecise, is of very great value.

The story here will be started from Prandtl’s discussion® of obtaining stream
uniformity more than 60 years ago. The approach then, as now, was to use "honey-
combs'” to force theflow to all go in essentially the same direction and screensto
bring the various parts of the flow closer to a constant speed.

Honeycombs According to Prandtl,* ""a honeycombis a guiding device through
which theindividua air filamentsare rendered parald.” (p. 11) Figure 3.10 shows
some streamwiseviews of typical implementations of honeycomb as mentioned by
Prandt]l and that encompass the mgjority of honeycomb types in use today. The
design parametersfor honeycombsare theratio of streamwise |length to single-cell
hydraulic diameter and the porosity or solidity defined asfor screens. The operating
state parameter i s the Reynolds number with the characteristiclength scale typically
chosen to be the cell hydraulic diameter. Typica length-to-cell-diameter ratios are
in the range of 6-8 and porosity istypicdly in thevicinity of 0.8. Such valueslead
to honeycomb loss coefficients of about 0.5. Aswill be seen, this means that such
honeycombs, while effective as flow straighteners, are not so effective as typical
screens in smoothing nonuniformitiesin flow speed.

Honeycomb Loss Coeefficients An expressionfor losses through honeycombsis
given by Eckert, Mort, and Jope.™ It is given here as

Ky = M(% 63 3) (El;) «fs (El’: s 1) (3.43)
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where
A 04
0.375(—) R forR, = 275
D,
Ay = 04
A
0.214(—) for R,y > 275
D,

The parameters in these expressions are hydraulic diameter of a honeycomb
cell, D,; Reynolds number based on honeycomb material roughness and incom-
ing flow speed, R.s; honeycomb porosity, B, and honeycomb thickness in flow
direction, L.

Some specificdatafor lossesin honeycombsaregiven by Scheiman and Brooks'
by Loehrke and Nagib,* and by Roberts.** For honeycombs of the types shown in
Figure 3.10 with L/D;, = 6.0 and equal tube areas, the values of K, are found to
be 0.30, 0.22, and 0.20 for a, b, and ¢, respectively. Loehrke and Nagib* give data
specifically for flow straighteners made from packing ordinary drinking straws,
which have the attraction of low cost and ready availability, although they are not
suitablefor large tunnels due to strength and long-term stability. Their cross section
corresponds to Figure 3.10a. Roughly speaking, the loss in the honeycomb in a
wind tunnel is usualy less than 5% of the total tunnel loss.

Mehta and Bradshaw® indicate that about 150 honeycomb cells per settling
chamber diameter, or about 25,000 total cells, are adequate. This would lead to
larger cells than are used in many of the larger tunnels.

TurbulenceScreens There seems no better introduction to screensfor flow control
than that of Prandt!®® (p. 14):

A dandard reference velocity is not obtained with the honeycomb, but can be achieved
with screens. The flow resstance o a wire screen is gpproximately proportiona to
the squareaf the speed. Consequently, the resstancein aflow which localy manifests
different speeds, is grester a the points o higher speed than a the points of lower
speed. Together with the fact that the final pressure drop is aout the same for dl
gream filaments the result is that the speedier filament expands upon striking the
screen, the dower one contracts, and so the speeds become comparable upon passing
through the screen. But this comparableness is dways obtained a the expense of
a great pressure drop in the screen. Putting the pressure drop in the screen a Ap, =
K, . g, where* K, is atypica screen dendty factor, a previoudy existent moderate
velocity differenceis gpproximately lowered to T _|_1 %

closely spaced, one behind the other, the pressure drop is #K,g, and the discrepancies

. Digposing n screens, not too

are reduced in theratio of (i—-%?) . It is readily proved tha such an arrangement of

n screenswith moderate X, factors, say with K, = 1, is more promisng than onesingle
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FIGURE 311 How pasing through a screen.

sreend vay dose mesh ad aresgancefigured K, = »K,. For reasons of energy
conservation, the screens are as far as possble mounted in a section in which the
dream manifests lower spead.

The above account by Prandtl has been elaborated by subsequent efforts, but his
discussionis still asound starting point. In the same article Prandtl went on to give
a basic statement of the effect of contractions on flow nonuniformities. Those
concepts will be included in a later section.

Batchelor® gives a theory of the effect of a screen modeled as an actuator sheet
on the passage of an arbitrary velocity field subject to the assumption that the
nonuniformities are small compared to the mean flow speed. The action of the
screen is modeled by two parameters, the resistance coefficient and the deflection
coefficient. Both parameters are in principle functions of the angle the incoming
flow makes to the normal line to the screen. The notation is indicated in Figure
3.11. Although the basic theory assumed that X; and a could be functions of the
incoming angle 6, these parameters are taken to be constants viewed as thefunction
vaues at & = 0. So the first two equationsin Figure 311 are the assumed action
rulesfor the screen at each point for all time. Thethird equation is aresult obtained
by Schubauer, Spangenberg, and Klebanoff* from experimental data. The results
of Batchelor's theoretical analysis gives

g AL e nkt.,
U = (__—1 e +‘ K_x )ul (344)

and

Aamatsiome 1+ TRglSs 55| !
Va7 LVy _—"__m; Vi

where the primed quantities are the deviation of the flow components from the
mean valuesin their respective regions. The turbulencefactors are defined by

(3.45)
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u, = f. (3.46)

v = f (3.47)

where the subscript # denotes the component normal to the screen and the subscript
| denotes a component parallel to the plane of the screen. Many experiments have
been conducted to measure the turbulencefactors. A basic deficiency of the theory
cited is that it does not take into account the fact that the screen itself generates
turbulence. It is not Ssimply a passive operator on the incoming nonuniform flow.
Nevertheless, the trends predicted by the theory are representative of much of the
available data. Note that the loss coefficientis an input parameter to this theory. It
must be obtained by additional theory or by experiment. We have previoudy given
one gpproximation in Equation (3.37). The turbulencereduction factor f is defined
for experimental purposes as the turbulence with manipulatorsinstalled divided by
the turbulence without manipulators.

There are a number of papers in the literature that give summariesof work on
flow through screens and other "“turbulence manipulators.” In addition to those
aready cited, useful discussions and results are given by Laws and Livesey,” by
Bradshaw and Pankhurst,’ by Loehrke and Nagib,* and others.

Scheiman and Brooks™ conducted a study in which they compared results of
experimentsand the available theories. The study included both screens and honey-
combs. The porosity of the screensvaried between 59 and 67%for mesh sizesfrom
4 10 42. The honeycombs had cell sizesfrom +tozin. and the length—cell sizeratio
varied between 6 and 8.

For the screens the values of loss coefficient calculated from theory differed
from the experimental values by up to 50%.

The turbulence reductionfactors (f) for both axia and lateral turbulence showed
data scatter but no consistent pattern with velocity (i.e., screen Reynolds numbey).
The range of screen Reynolds number based on wire diameter varied from 70 to
300. Asthere was no trend of f with speed, the average value over the speed range
was used.

The upstream turbulence for the screens was close to isentropic. The average
measured values of f, showed good agreement for axial turbulence with Prandtl’s
eguation, which is obtained from Batchelor's result, Equation (3.44), by setting
a = 0, and in the lateral direction with Dryden and Schubauer's result given
previoudy as Equation (3.45).

When multiple screens are used, the turbul ence reduction factors are the product
of the individual screens. The pressuredrop is the sum of the pressuredrops of the
individual screens. For two screens with spacing beyond the minimum either dou-
bling the spacing or at the initial spacing, rotating one screen 45° had little effect
on the turbulence reduction factor. Multiple screens must have a finite distance
between them so that the turbulence induced by the first decays to a significant
degree before the next screen is encountered. Spacing values based on mesh size
of greater than 30 have been suggested as well as spacing based on a wire diameter
o about 500.
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When a honeycomb was used (data for the i-in. cell), the axial reduction was
the same as the 20-mesh screen. The lateral reduction was equal to three 20-mesh
screens. The pressure drop for the honeycomb at 50 ft/sec was dlightly less than
the calculated value at 50 ft/sec for the 20-mesh screen. The honeycomb plus one
20-mesh screen is equa to three 20-mesh screensfor axial reduction and is about
twice as effective in the lateral direction. The honeycomb was installed upstream
o the screens, as suggested by various previous investigators.

The flow behind the honeycomb was not isentropic (see Loeherke and Nagib®
for adiscussion of upstream turbulence effects). When the screen turbulence reduc-
tion factors were based on the turbulence behind the honeycomb, the turbulence
reduction predicted by Equation (3.44) with the value of « from Equation (3.45)
gave the best match.

Scheiman and Brooks® data for pairs of screens with different honeycombs
illustrate an important problem that occurs when using hot-wire anemometers. Some
of their data was taken with a 2-Hz bypassfilter and other data was taken with a
100-Hz filter. The results of hot-wire anemometers depend strongly on the lower
frequencies; thus the effect of the frequency cutoff should be determined and the
cutoff frequency should be stated when the turbulence level is given. The likely
variationaf low-frequency cutoff filterschosen may explain some of theinconsisten-
cies in published turbulence reduction data.

Thislow-frequency cutoff problem with hot wires makesit attractive to include
parallel measurements using the classical turbulence sphere and critical Reynolds
number as a method of comparing the turbulence of various flows. If sphereswith
different diameters are used, one has a measure of the relative scales of turbulence
and turbulence intensity with tunnel speed.

Selection of honeycomb and screensfor a wind tunnel is very much dependent
on the purposes to which the tunnel is intended. It is also somewhat artful since
some means of making adjustments after the tunnel is in operation is needed but
very difficult to arrange for a large tunnel.

Screens used for turbulence reduction should have porosity greater than 0.57.
Screens with smaller porosity suffer from a flow instability that appears in the
test section.’

Most theoretical treatmentsof turbulence assume that the initial flow has isen-
tropic turbulence. Most data for turbulence reduction are taken in flows that are
either isentropic or very close to isentropic. This is done by inserting turbulence
generators well upstream into a uniform flow (screens, an array of bars, or porous
plates). After passing through this turbulence generator the turbulence approaches
an isentropic state. In most cases the actual turbulent flow in a wind tunnel is not
isentropic. In general, the mechanism of turbulence and its manipulation is very
complex and not completely understood. These facts often lead to the unpleasant
result that the predicted reduction of turbulence by screens or honeycombsdoes not
agree with the measured results. Nonetheless, the theory combined with data can
be used to compare various turbulence reduction schemesin a preliminary design
trade-off. The difficulty is primarily related to obtaining an economic result. If a
designer is not constrained by either construction cost or operating cost, then very
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low levelsaf turbulencecan readily be achieved by including sufficient straighteners
and a large enough number of properly chosen screens. Bradshaw and Pankhurst®
give a very concise and useful set of guidelines.

Practical Issues An operational problem with screensis their amazing ability to
accumulate dust. The dust al ways has a nonuniform distribution. Thus the screen's
porosity and pressure drop will change, which in turn will change the velocity and
angularity distribution in the test section in an unpredictable way with time. This
problem will be aggravated when the tunnel is used for flow visualization studies
using chinaclay, oil flow, or vaporized oil for smoke or when oil is used for seeding
lasers. When screens are used, they must be installed so that they can be cleaned,
and the qudlity of the test-section flow must be monitored.

For larger tunnelsiit is difficult to obtain either screensor honeycombsin widths
adequate to span the tunnel ahead of the contraction cone. This means that screens
must be spliced together. The splice is often accomplished by brazing widths of
screens together, which must be done with extreme care. The individual screen
mesh must be on top of each other and should not befilled with the brazing material.
If the spliceis semisolid, it will introduceturbulence. A poor splice can be detected
in the test section as a band of higher turbulence and possibly lower velocity. The
same problem can occur with cables across the screen's face, with tension cables
to thefourth comer to carry part of the screen load. Honeycombs are often mounted
in a shadow-box-type structure and this also can give the same effect.

Idedlly a tunnel should be designed with screens in mind: with dots ahead o
the contraction cone for mounting screens. Then the screens are mounted on a
support frame and did into the tunnel. This also facilitates cleaning the screens.
The dot must be sedled, of course.

If screens are added to an existing tunnel, the screenscan be brazed to a support
ring that has radial screws to pull the screen tight. For multiple screens this type
of installation can be difficult. Screens also have been attached to cables that are
then attached to the tunnel walls. It is not unknown for a screen to tear loose from
atunnd.

The radia force per foot of perimeter due to the pressuredrop will be Cqd*/38,
whered isthe screen sag in feet, and the wiretensile strength may then be computed
using the total wire cross-sectional area per foot of perimeter.

Contraction " Cone' or Nozzle

The contraction *'cone' or nozzle takes the flow from the settling chamber to the
test section whileincreasing the average speed by factors up to 20 or more, athough
typica values arein therange of 6-10. The nozzleisin fact never conical in shape
in spite of the term sometimes being used to refer to this section of a wind tunnel.
A sketchindicating atypical arrangementisgivenin Figure3.12. A one-dimensional
anaysisof theflow for such a segment actually misses entirely the main problems
of design of anozzle. The application of Bernoulli's equation and mass conservation
in a one-dimensional sense indicates a continuoudly falling pressure as the flow
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movesfrom the entranceto theexit of the nozzle. If apressurecoefficientisdefined
asC, = (p = p)/(1/2)pVi, then the™ one-dimensiond" relation for pressure coeffi-
cient is

2
As
G, =l m} (3.48)
where A, is the area of the test section and A(x) is the area as a function of the
streamwise coordinate. The pressure coefficient is near 1 in the settling chamber
andfalsto 0 in thetest section. At thisleve of analysistherewould be no indicated
problem of likely boundary layer instability sincethe pressure gradient would appear
to be favorable throughout the nozzle.

However, a potentia flow calculationfor an axisymmetric nozzle showsthat the
flow aong the wall at both the entrance and the exit to a typical smooth shape is
sdower (and the pressure higher) than the one-dimensiona approximation. Morel®
reports a study of axisymmetric nozzlesin which these problems are discussed. If
either of the adverse gradients at the beginning or the exit of the nozzle becomes
severe enough for the boundary layer to separate, there will be degradation of the
quality of the test-sectionflow, an increase in the power required, and an increase
in the acoustic noise.

An additional problem arisesfor non-axisymmetric nozzles. For rectangular cross
sections the surface streamlines intersect the side walls. This leads to secondary
flow in the comers with attendant lower velocities and possibility of separation.
This tendency has been alleviated in many tunnels by making the nozzle octagonal.
This is done by beginning a 45° fillet at the start of the nozzle and carrying the
fillet through the test section and first diffuser.

Until theadvent of thedigital computer there was no wholly satisfactory method
of designing nozzles. The nozzle was designed either by eye or by adaptations of
approximate methods. Experience has shown the radius of curvature should be less
at the exit than at the entrance. Most of the early work on nozzles was based on
potential theory.** Once the wall shape was determined, the regions of adverse
pressure gradient were checked to make sure that they were not too sharp. The
following paragraphs give brief discussions of nozzle design studies that reflect
application of substantial computational effort.
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Nozzle Design  Chmielewski*! specified adistribution for astreamwiseacceleration
for aquasi-one-dimensional flow. Long constant-area ducts were used, one on each
side of the nozzle, to ensure parallel flow. The velocities obtained from potential
theory were checked by Stratford's separation criteria.*” A characteristic feature of
the velocity distribution was a velocity peak on the centerline of the constant-area
inlet that persists well into the nozzle, where the velocity then decreases, ending in
a centerline velocity deficit. The velocity deficit continues for about one radius
beyond the nozzle exit. The wall velocity decreases at theinlet and increases at the
exit. Thisleads to a cup-shaped velocity profile in the constant-area exit duct. This
type of velocity profile has been measured in wind tunnels. The rapid growth in
the boundary layer thickness in the constant-area inlet makes an inlet separation a
possibility. For the contours used, the length of the nozzle decreased as the inlet
radius was decreased and the exit radius increased. If, however, the area reduction
istoo gradual, the boundary layer will be subjected to a mild pressure gradient over
a long distance, increasing the risk of separation.

Morel* considered uniform flow at the exit as being the basic requirement for
anozzle. He also pointed out that as the nozzle ratio decreases beyond 4 the length
will decrease for fixed exit requirements. Borger* recommended a slight expansion
near the nozzle exit to improve the exit flow uniformity.

Mikhail and Rainbird* were able to control the wall pressuresand gradients and
flow uniformity at the exit by controlling the distribution of wall curvature. The
length of the exit section was defined on the basis of 0.25% flow uniformity at the
centerline at oneradiusfrom the exit. Thenozzleexitlength (fromthewall inflection
point to constant-area duct) is sensitive to the required length in the test section for
auniform velocity profile. For an arearatio of 8 theinlet section length varied from
0.15to 1.00 times the inlet radius, while the test-section settling length varied from
1.5t0 0.5 of the exit radius.

It is desirableto keep thelength of the nozzle as short as possible, the length of
the nozzle being defined as the sum of the settling chamber length plus the nozzle
plus the settling length of the exit section. The settling chamber length is required
for honeycombs and/or screens to reduce turbulence, if they are to be used. A
settling chamber length of 0.5 times the inlet diameter is often used.

Quite often, for a new tunnel, either a complete model or models of parts of the
tunnel are built to check the design. Although the model tunnel can duplicate the
velocities of thefull-scaletunnel, the Reynolds number will be reduced by the scale
factor. Thus, the boundary layer will be thicker in the model tunnel than in the full-
scale tunnel. Despite this problem, those facilities that have models of their tunnels
have found them to be invaluable, both as a check of modifications to the full-scale
tunnel and as afacility for experiments that would be too expensive to run in the
large tunnel.

If a complete model tunnel is not built, often parts of the full-scale tunnel are
simulated. Because the nozzlesectioniscritical totheflow quality inthetest section,
quite often models of this part are built. The model may include the fourth comer.
Thismodel will need a bellmouth at its entrance and should include the test section
to thefirst diffuser. The flow should be sucked through the model. This model type
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can be used to check the test-section settling length. The nozzle's sensitivity to
nonuniform flow can be checked aso. The effect of honeycombs and/or screensin
the settling chamber or turbulence both at the entrance to the nozzleand in the test
section can be determined.

Nozzle Loss Coefficient \We give herearudimentary method to estimatethe nozzle
loss coefficient. Thislevel of analysisis sufficient for energy considerations since
the nozzle will consume a small part of the drive power. The losses in the nozzle
are considered to be from friction only so that the pressure drop is obtained by
integrating the standard pipe friction law:

B ;
K= f fg%zdx (3.49)
0 n

whereZ, is thelength of the nozzle, D, = D,(x) thelocal nozzle hydraulicdiameter,
4

. . D .
and V, the local section mean speed. Continuitygives Vi = Vﬁc(b—”) where V.. is

the speed in the settling chamber and therefore at the entrance to the nozzle. The
nozzlelosscoefficientisX, = Ap,/q.., which, using Equation (3.4%9), can bewritten as

1
LY| DL ipx
& = g [ 2Z) 60

Since K,, = K,(q./q.), we adso have

Ly lDé X

K,= fu D. O B_E-d(Ln) (3.51)
Since the integrand of Equation (3.51) is aways less than 1, it is seen that the
nozzle loss coefficient based on test-section dynamic pressureis less than the test-
section loss coefficient for equal length-to-hydraulic-diameterratios. For a typical
nozzle shape, the integral of Equation (3.51) has been found to be approximately
0.32. Thefriction factor can be retained insidetheintegral if a numerical integration
IS being evaluated. It is reasonableto take the friction factor as the average of the
valuesfor nozzleentrance and exit Reynolds numbers. A reasonabl e approximation
for nozzle loss coefficient that was originally given by Wattendorf'? is

K., = 0.32fa,—gﬁ- (3:32)
ts

Since thelossin the nozzleis typicaly of the order of 3% of total lossesin the
circuit, errors in estimating nozzle loss coefficient are much less important than
errors in estimating losses in the high-speed part of the circuit.
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FIGURE 313 Example badc single-return Circuit.

35 ENERGY RATIOSOF SOME TYPICAL CIRCUITS

We give results for selected wind tunnel circuit designs in this section. The first
exampleisfor acircuit of very conventional design, as shown in Figure 3.13. The
details of the geometry are given for this example along with tabulated results. We
then give a synopsis of resultsfor several circuits by Eckert.™

Thelossescalculatedfor the single-returntunnel of Figure 3.13 based on atunnel
temperature of 100°F (p/p. = 5560) and a test-section speed of 100 mph (44.7
m/s) are shown in Table 3.2.

TABLE 32. Section Loss Calculationsfor Example Cir cuit

Saction K; Ky Totd Loss (%)
H — 0.0093 5.10
Divergence — 0.0391 213
Come _ 0.0460 25.0
Cylinder _ 0.0026 140
Comg _ 0.0460 25.0
Cylinder - 0.0020 1.10
Divergence _ 0.0160 8.90
Comne _ 0.0087 4.70
Cone — 0.0087 4.70
Cylinder — 0.0002 0.10
Cone — 0.0048 2.70
Tad — 0.1834 100.0

Ex = 142K, = 545
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This energy ratio estimate should probably be reduced about 10% for leaks
and joints.

Theeffect of varying the angle of divergenceor the contractionratiofor afamily
of tunnels similar to the one of Figure 3.13 may be seen in Figures 3.14 and 3.15.
The overall size of the tunnels is changing as the divergence angle varies with
constant contraction ratio or as contraction ratio varies with constant divergence
angle. There are severd possibilitiesfor attaining higher energy ratios. One funda-
mental effect isthat an increaseof efficiency accompanieslarger Reynoldsnumbers.
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That is, alarge tunne similar to a small tunnel will have the greater efficiency of
the two. Reduction of the losses in the divergent passage is limited, as previoudy
stated, to a certain minimum angle between oppositewalls. The use df this minimum
angle would, however, yield smaller |osses than are customarily encountered. Corner
losses might be reduced through the use of two relatively untried innovations. The
first is to bresk the four 90" turns into several vaned turns of less than 90°, as
described by Darrius.* The second is to employ potentia elbowsfor the turns, as
described by Harper.* | ncreasing the contractionratio through use of alonger return
passage will alsoincreasetheenergy ratio but at an added cost in tunnel construction.
Increased length before the first turn is particularly effective.

An entirely different approach, particularly useful for high-speed tunnels, is to
reduce the power required for a given speed by reducing the air density by partly
evacuating the entire tunnel. This procedure greatly complicates model changes,
sincethetunnel pressure must berelieved before the tunnel crew can enter. (Pressure
doors that sea off the test section from the rest of the tunnel can be used; this
reduces the pumping between runs.) Since the power requiredis a function of pV?,
by reducing the pressure to one-fourthits former value, the speed may be increased
by the ratio 1/4 to 1 for the same power input. Stated differently, a 59% higher
Mach number will be attained with the lower pressure.

When estimating power requirementsfor a proposed design, consideration must
aso be given to (@) the power required to overcome model drag under the most
extreme cases and (b) the power required to overcome the increased tunnel losses
due to stalling of parts of the diffuser from the effects of the model wake.

For (a) the power required to fly a model whose span is 0.8 tunne diameter,
AR =5 and €, = 1.00 is probably sufficient. Item (b) for conventional tests is
covered in (a) above, but for wingtip mounting or section tests as much as 150%
nor e power may be needed if the diffuser is serioudy stalled and large rotationa
and diffusion losses are created. Bluff bodies such as truck models or parachutes
can increase the tunnel power required by sizable factors.

The methods given in the preceding were applied by Eckert, Mort, and Jope'
to seven tunnels, and comparisons were given to available measurements for the
seven tunnels. The program implementing the methods is based on the assump-
tion that all component parts of the tunnel being analyzed are properly designed.
If there are design errors, it does not predict them or their effects on other parts of
the tunnel, including test-section flow quaity. Table 3.3 gives a summary o the
results. Considering the rather low level of detail of the input parameters used in
describing the tunnels to the methods, the results are quite good for the conven-
tional designs.

A point made earlier is reemphasized here. The energy ratio achieved by atunnel
design is significant, but it is never nearly so important as other factors such as
appropriate quality of flow for purposes intended, efficiency of available support
equipment and people, quality and efficiency of instrumentationfor acquiring data,
and the effectiveness of the integrated environment in assisting users to plan and
execute focused experimental programs.
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TABLE 33 Measured and Computed Energy Ratiosfor Selected Facilities

Tes-Sadtion Energy Raio

Facility Soed (mis)  Acud® Computed  Difference (%)
NASA Ames, 40 X 80 ft 1073 7.88 7.96 10
NASA Ames 7 X 10 ft — 1330 7.85 807 28
Lockheed Matin

low-gpesd wind tunnd 523 110 112 18
Indian Indituted Science,

14 x 91t 9.3 6.85 6.83 -03
Hawder Sdodey

Aviation, 15t V/STOL 457 2.38 397 66.8
Univergty of Washington,

8 x 12 ft 177 83 720 -133
NASA Langley, 30 X 60ft 52.7 371 473 274

"The quoted energy ratios are the best available and the best reported for each facility.

36 FANSTRAIGHTENER SECTION

This section will dea with the fan nacelle, the fan, prerotation vanes, and flow—
straightener vanes as a unit. The purpose of the fan—straightener combination is to
taketheincoming stream, usually assumed uniform, and produce an outgoing stream
that is uniform with an increased total pressure. Theincreasein total pressure must
match the integrated loss of total pressure throughout the other parts of the wind
tunnel. Fan design will be considered in some detail in the next section.

There is now general agreement that the wind tunnel fan should be located
downstream of the second comer. A fan position between the first and second
comersisrarely used and afan position between the test section and thefirst comer
is even more rarely considered. Let usfirst rule out the positions that we may say
are definitely undesirable. Thefan developsits highest efficiency if it islocated in
astream of afairly high velocity, and itscost is at |least partially proportional to its
diameter squared. These two itemsrule out afan in a very large part of the retum
passage or in the settling chamber. Damage from a failing model and poor flow
distribution make a position in the diffuser moderately risky. Attenuation of fan
noise requiresthat the fan be as far from the test section as possible. This consider-
ation eliminates at least the settling chamber and the diffuser to the first corner.
The argument for a position just downstream of the second tum is that the flow has
by then been in a section of constant or nearly constant areafor aconsiderabletime
and therefore should be relatively smooth when it meets the fan, and at this location
the velocity is desirably high. In addition, thelocationis as good as one can choose
for noise considerations since the fan noise must propagate around two comers in
either direction to reach the test section.

A number of configurationsarein current use. Three basic systemsare (1) afan
with straightener vanes behind it (see Figure 3.16); (2) a fan with prerotating vanes
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B

FIGURE 3.16 Nacelle-fan ingdlation. The atitwig vanes are batween us ad the fan.
(Courtesy d Gemn L. Matin Wind Tunnd.)

ahead of it as well as straightener vanes behind it; and (3) counterrotating fans in
which thesecond fan removestherotationimparted by thefirst. A fourth arrangement
is to have multiple fans, each of which passes a part of the flow. Among more
recent tunnels, 1 and 2 are by far the most prevalent.

The counterrotatingfan can remove all the twist for all tunnels speeds and power
inputs. Since two fans can obvioudy be designed to develop more thrust than one,
counterrotatingfans may become more competitivein high-power installations. The
drive is more complicated, however, as equa torque needs to be applied to the
airstream by both fans.

For tunnelsof moderate size and power asinglefan is usually quite satisfactory.
If it is properly designed, a straightener system can be devised that will remove
the twist for al power inputs and speeds. Such straighteners are discussed in the
following paragraphs.

A variable-pitchfanisof great valueeven when avariable-rpm driveisavailable,
since it gives much quicker speed control than varying the drive rpm. In tunnels
with large contraction ratios the change in velocity distribution in the test section
with change in fan-blade angle does not seem to be measurable. Also, when the
the drive motor is of the synchronous type, the fan can be put in flat pitch for low
pull-in torque and then opened out to develop the tunnel speed. This action may
lead to greater power outputs from this type of motor, since the pull-in torque is
often thelimitingfactor. For thosetunnel sthat may be operated withtwo-dimensiond
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inserts, the variable-pitch fan is definitely advantageous in achieving optimum
operation.

The area ratio between the fan and the test section is usualy between 2: 1 or
3: 1. If theratio is made larger, thereis the risk of a poor velocity profile before
the fan and an increasein cost due to size. If the arearatio is smaller, the incoming
velocity will be higher and the fan rpm will be larger to maintain reasonable blade
angles. However, the tip speed is limited by the practice of keeping the tip Mach
number low enough to avoid formation of shock waves. The fan—nacelle diameter
in large tunnels is about 30-50% of the fan section diameter.

The fan motor is either mounted in the nacelle or outside the tunnel.

When the motor is in the nacelle, this usually requires cooling for the motor.
The cooling air can often be ducted through the nacelle supports. If the motor is
outside the tunndl, it can drive the fan either through a gear box in the nacelle or
the more usua method of along shaft passing through the second comer. This shaft
will have to be held in careful alignment by bearings and may or may not be
enclosed in afairing to reducelosses and the effects on the flow between the outside
wall and second-comer turning vanes.

The fan may or may not have prerotation vanes upstream of thefan. The prerota-
tion vanes are designed to produce a swirl opposite to the fan's swirl and hence
zero swirl after the fan. This may not occur at all rpm. Thus, in most cases flow
straighteners or antiswirl vanes are installed after the fan as a safety factor. The
prerotation vanes are a stator and the fan spinner is attached to their inner end.
These stators increase the velocity of the fan blade relative to the airstream. To
avoid vibration between the prerotation vanes and the fan for N fan blades, do not
use N, 3N/2, or 2N prerotation blades. Similar constraints should be used between
thefan bladesand the nacelle supports. If prerotation vanesare not used, straightener
vanes must be used downstream of the fan.

There are mgjor structural design problemsin the fan and nacelle regions, and
the location of the motor will have a strong influence. As an example, if the motor
isin the nacelle, then the nacelle struts must carry the torque and thrust of the fan
to the tunnel shell, rather than only the thrust.

The nacelle should have a length-to-diameter ratio of about 3 with 30-40% of
its length of constant diameter. The equivalent closing cone angle should be 5° or
less. An excessive adverse pressure gradient over the rear portion will lead to
separation and a persistent wake that may show its shadow in the test sec-
tion. Expansion of the walls over the rear of the nacelle should be avoided. The
effective duct areas may yield an expansion angle of 10°-12° for short nacdlles. If
the nacelle does separate, a vortex generator installation may help. Their angle of
attack should be relative to the local flow direction, which may change with fan
speed. Extending the aft nacelle fairing may also help if flow problems occur in
this area.

The wind tunnel fan is quite different from an airplane propeller. It is a ducted
fan, and becauseit operatesin aconstant-areaduct, continuity considerationsenforce
the condition that thereis no increasein axial velocity acrossthefan. Thefanin a
wind tunnel "merely" replaces the total pressure losses of the tunnel and model.
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Fan—Straightener Design

Collar*’ has given a considerable discussion of the design of wind tunnel fans.
However, amethod proposed by Patterson* and subsequently evolvedand el aborated
by Wallis” is presented here because it considers the fan—straightener system as a
unit and does not concern itself merely with the fan. It uses assumptions referred
to as the "'free-vortex theory" for fan design. The assumptions will be elaborated
in the following sections. The treatment is most advantageous for design studiesin
which the fan geometry is being sought for given flow conditions rather than
addressing the problem of computing the performance of a given fan with given
geometry and given rotational speed. The theory presented here assumes there is
no radial flow and that there isaradial baance that correspondsto this assumption.
Treatments that consider more general cases are given by Lewis” and others. It
would be possible to do extremely detailed computational analyses today if the
resources were availablefor a particular design project. Such high-cost approaches
are not judtified and are not needed to obtain quite good design results for most
wind tunnel fan applications.

The present treatment neglects|osses associated with the necessary tip clearance
a the tunnd wall and is based on assumptions that lead to no radia flow. There
are small tip clearance losses that contribute to efficiencies dightly lower than
indicated by this theory. The loss due to tip clearance adds to both the friction and
the expansion losses that occur at the walls of a wind tunnel and indicates that
instead of constant thrust the wind tunnel fan should perhaps have a graded thrust
loading curve, greatest at the wallsin order to best develop a uniformvelocity front.
This refinement is beyond the scope of this presentation.

Flow Geometry As detailed in the preceding sections, the losses that occur
throughout the wind tunnel circuit appear as successive pressure drops to be bal-
anced by the pressure rise through the fan. The total pressure drop Ah must be
known for any desired operating condition to proceed with a design of thefan. The
methods previously given may be used to obtain the needed results. Alternatively,
if a physica modd of the tunnel is available or can be produced, the necessary
pressure rise may be measured across the fan and extrapolated to full-scale Rey-
nolds number.

A schematic of afan—gtraightener unit is shown in Figure 3.17. The incoming
flow speed isu;, defined as the test section speed timestheratio of test section area
to fan area. Typicaly u, is of the order of one-third of the test-section speed for
low-speed wind tunnels. The flow is anayzed based on the assumption that it
proceeds in annuli, each of which can be treated independent of the others except
that there is a balance of the radia pressure gradient and the centrifugal forces
consistent with the assumption of no radia flow. A cut through a typica annulus
Is shown in Figure 3.17 aong which three planes perpendicular to the tunnd axis
are indicated. The flow variables a plane 1 are the incoming values. At plane 2
the flow values are the result of the fan acting on the incoming flow. At plane 3
the flow values are those resulting from the action of the straighteners on the flow
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HGURE 317 Schemdic of fan-draightener unit.

with the properties at plane 2. The incoming stream at plane 1 is assumed to
be uniform with no tangential (swirl v) component. The fan acts on this incom-
ing stream and produces a flow assumed to have a constant total pressure H, at
every point in plane 2, and the values of u,, p, are such that the radial static pres-
sure variation and centrifugal acceleration associated with v, are balanced. This
Is the assumed "' free-vortex' condition. The straightenersacting on the flow are as-
sumed to remove the swirl component so that the flow at plane 3 is uniform and
axial. Fan design by the present method consists of finding relations so that the
fan geometry at a chosen operating condition is consistent with the above set
of assumptions.
At each plane the standard Bernoulli relations are vaid:

H, = p, + ipu} (3.53)
H, = p, + p(ud + Vi) (3.54)
H, = p, + 1pu} (3.55)

The total pressurerise through the fan—straightener unit can be considered to be
the "'ided" value minus the losses as the flow passes through the fan and then the
straightener, with concepts being the same asthe earlier analyses of various sections
of the tunnd circuit. This can be expressed first dimensionally and then nondimen-
sionally asfollows. The subscript on u has been dropped since the axial component
is constant under the assumptions of the analysis:

Hy, — H, = AH, — Ah; — Ah, (3.56)

H - H
e A (3.57)
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Anaogous relations can be written between planes 2 and 1. Introducing the
definition of swirl coefficient as used by Wallis,” &, = v,/u, the static pressurerise
across the fan, which will vary with radius, can be expressed as

pr— p1 = p® (K, — k— € (3.58)

where the subscript on the swirl coefficient has been dropped since it is non-
zero only at plane 2. The subscript on the swirl component of velocity will ssm-
ilarly be dropped. The thrust that the fan must deliver to the flow in the eementa
annulus is

dT; = 2%r dr(p;, — p)) (3.59)

The power that the fan must deliver to the flow in the elemental annulusis
related to total pressure rise and flow rate by

dP; = 2nr dryu(H, — H, + Ah; + Ah) = 2nr dr)u(AH) (3.60)

The torque that the fan must apply to the flow in the elemental annulusis given
by the rate of change of angular momentum:

dG; = p(2mr druvr (3.61)
The power and torque are related by the angular velocity of the fan:
dP; = Q) dG; (3.62)

We define the "flow coefficient™' as A = u/{r (dso as used by Wallis*) and
obtain the following relation between ideal total pressure rise coefficient, flow
coefficient, and swirl coefficient:

K, =— (3.63)

Equation (3.63) shows that the swirl coefficient and the swirl component of
velocity will be inversely proportional to the radiusif theidea total pressure rise
is uniform over the fan. Thisis assumed to be the case.

The useful power output from the fan—straightener unit in the elemental annulus
may be expressed as

dPy, = 2mr dru(H, — H) (3.64)
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The efficiency of the fan—straightener unit can usefully be defined as the ratio
of the useful power output divided by the power input. We have two expres-
sions for the power input: Equations (3.60) and (3.62). The efficiency expressions
are

dpP, _ (2mr d?lu(AH Ahy — Ah) _ MK, - kz - k) )\Kf,

W= P T p(2mr dryiur (3.65)

where the overall pressure rise coefficient X, = K; — k — k; has been introduced.
An expression for fan efficiency can be immediately produced in a similar way:

_ K — k) _ MK, + k)

26 2¢ (3:56)
and we also immediately obtain
=5 + M, (3.67)
and
Ky = 2K, (3.68)
and
- BKL" (3.69)
fs

which will be key relations as they will be used in the fan design procedure to be
outlined later.

It is very useful to consider another view of the fan operation and an alternative
expression for the useful power output. Thefan power output can be written as dPy,
= 2wr drju(H, — H,) = Cmr dr)u AH, The total pressurerise across thefanis
the sum of the static pressure rise and the dynamic pressure associated with the
swirl component of the flow just downstream of the fan indicated by plane 2 in
Figure 3.17. This amounts to a rearrangement of Equation (3.58), yielding

= wat, + 2 %G, (3.70)

1
dPs, = 2mr dr)u|(p, — p1) +§pv2 37

The fan power input is as given by Equation (3.62), which combined with
Equation (3.70) gives

_u dT; + (1/2)(v/r) dGl dT, l
4G, “”I;f, 5 € (3.71)
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FI QURE 318 Typical fan blade element with velodty and force components,

The thrust and torque factors are now converted to coefficient form with the
following conventions in which V is the resultant relative fluid speed at the fan
plang, ¢ is the blade chord, and N is the number of blades:

dT; = (c dr)GpV?NC; (3.72)
dG; = (c dr(3pV?)rNC; (3.73)

in terms of which Equation (3.71) becomes

= x% + lex (3.74)

The required torque and power must be delivered to the flow through a finite
number of blades. A typical low-speed wind tunnel will haveardatively low solidity
fan sothe present treatment will not consider cascadeeffects. A typical bladeelement
is shown in Figure 3.18. The swirl component of velocity is taken as the average
of the valuesincoming and the value at plane 2.

The thrust and torque coefficients appearing in Equations (3.72) and (3.73) can
be written in terms of conventional airfoil parameters by reference to Figure 3.18:

Cr=ccosd —c,Snd (8.73)
Co=csnd ¢ cosd (3.76)

Equations (3.74)—(3.76) can be combined to give

_ (C;/Cd — tan (b) -+ l
VA F L) 2 L
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which aong with
tan ¢ = Qr— 12w 1= (1/2)er \78)
gives
W= (efey) — N + (112)e[1 — (1/2)eA] (3.79)

(cleoh + 1 — (1/2)en

This equation is an important equation becauseit provides the sensitivity of fan
efficiency to thelift-to-drag ratio of the fan airfoil sections. The other variablesare
theflow coefficient and theswirl coefficient. Thesearerelatedto thefan—straightener
pressure rise coefficient and fan—straightener system efficiency by Equation (3.65)
for our assumed free-vortex design case. This can be used to obtain an alternative
relation giving fan efficiency as a function of section lift-to-drag ratio, flow coeffi-
cient, fan—straightener system efficiency, and fan—straightener pressure rise coeffi-
cient. Thereault is

i )\[c,/cd — X + (K;MAna)(1 — KhY4m,))
(clfeah + 1 — K hH4my,

(3.80)

The fan—draightener pressure rise coefficient can be related to the circuit losses
by noting that we must have

g 1 q:
K, =*—-—=%32K, (3.81)
5T gEy g

which is the sum of circuit loss coefficients based on the fan dynamic pressure.
This shows that the required value of K, is determined by the circuit properties.
The value obtained from circuit analysiscan be used in Equation (3.80) along with
assumed values of efficienciesto obtain relationships between the flow coefficient
and the section lii-to-drag ratios. For typical circuits the ratio of the test-section
dynamic pressure to the dynamic pressure at the fan will be in the range of 2-10.
For energy ratiosin the range of 4-8, the resulting fan—straightener system pressure
rise coefficientwill bein therangedf 0.25-2.5. Theflow coefficientvariesinversaly
with radius since the incoming flow is assumed to be uniform. It is largest at the
fan root sections and smallest a the fan tip. It may range over 0.12-1.5 although
this is not likely over that full range for a single fan. Figures 3.19 and 3.20 are
based on Equation (3.80). The fan—draightener pressure rise coefficient has been
chosen as 2.0 for these plots. The result is not very dependent on this choice. It is
seen that increasing the section lift-to-drag ratio will increase the fan efficiency but
not nearly in proportion to changesin the lift-to-drag ratio.
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It will be seen from Figures 3.19 and 3.20 that high fan efficiencies are largely
determined by proper selection of the flow coefficient and utilization of section
lift-to-drag ratios in the range of 60 and upward. The required pressure rise coeffi-
cient followsfrom thecircuit properties and thelocation within the circuit at which
the fan is located. It remains to demonstrate the methods for satisfying the
criteria
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Equation (3.80) can aso be put into the forms

(1= my

] (I = meca) (1 — mpedes)

Cd
a___ Wy 1 — (1 + n)(Kpdm) (Kl4mp)’ |, 5
c,,—(l—nf))\Jr[ =% A+ I—n,-h (3.83)

These forms are useful depending on whether we assume we know the lift-
to-drag ratio or the flow coefficient. Equation (3.82) can be used to solve for
the flow coefficient in an iterative fashion when the section lift-to-drag ratio is
assumed known.

Fan BladeSections Thedesigndf airfoilshasreceived alargeamount of attention
since the beginning of aviation and has been advanced to substantial levels of
rationality in thelast 20 years. Eppler* has been a pioneer in airfoil design methods,
and hiswork providesagood basi sfor studying the many others who havecontributed
to the area. Section lift-to-drag ratios of 60 and higher are readily obtainable. In
fact, values of well over 100 have been demonstrated with modem airfoil design
for carefully controlled conditions. A wind tunnel fan is likely to be required to
operate over a range of conditions so it is probably not wise to choose a blade
design that performs well only in a very narrow range of conditions.

In this presentation we consider a specific airfoil and its propertiesto illustrate
the manner of doing a fan design. Type E of the RAF propeller sections has been
found satisfactory, as hasthe dightly thicker type D (see Figure3.21). The ordinates
of these airfoilsare shown in Table 34.

A set of data for RAF section D is given in Figure 3.22. Lift, drag, and lift-
to-drag ratio are given as functions of chord angle of attack with Reynolds number

0.4 f
03 | —
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of ;
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FI QURE321 Typical early arfals for fan sections.
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TABLE 34. Ordinatesdf Fan ProfilesD and E

Haght above Hat Undarsurfece

Digancefrom Leading Edge" D E

0 0.0135 0.0115
0.0125 0.0370 0.0319
0.0250 0.0538 0.0442
0.0500 0.0780 0.0610
0.0750 0.0925 0.0724
0.1000 0.1030 0.0809
0.1500 0.1174 0.0928
0.2000 0.1250 0.0990
0.3000 0.1290 0.1030
0.4000 0.1269 0.1022
0.5000 0.1220 0.0980
0.6000 0.1120 0.0898
0.7000 0.0960 0.0770
0.8000 0.0740 0.0591
0.9000 0.0470 0.0379
0.9500 0.0326 0.0258
1.0000 0.0100 0.0076
L.E. rad 0.0135 0.0115
TE rad 0.0100 0.0076

"T.E. means Trailing Edge. L .E. means L eading Edge.

as a parameter. The effect of Mach number will also be significant for fan design
and analysis. Application of the Prandtl—Glauert transformation will be satisfactory
for preliminary designs.

Inspection of Figure 3.22 shows that the maximum values of lift-to-drag ratio
occur for chord angle of attack of about 53° for the entirerange of Reynoldsnumbers
for which data are shown. The maximum lift-to-drag ratios range from 65 to 80
depending on the Reynolds number. Thevariationin life-to-dragratio with Reynolds
number comes mostly from the variation of drag with Reynolds number. The lift
coefficient at 5° angle of attack varies only about 5% with the changesin Reynolds
number from 0.31 to 6.5 X 10° but the drag varies by about 80%.

A few additional steps are required to obtain the set of relations that allow the
determination of theactual fan geometry. For convenienceweintroducethe definition
7. = T/I(1/2)pu, which differs from the definition of C; introduction in Equation
(3.72). Using this definition along with x = #/R and Equations (3.58), (3.59), and
(3.66), we obtain

dr;
= 2Ky + k — &) (3.84)
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FIGURE 3.22 Characterigtics of fan airfoil O infinite aspect ratio.

If there are N blades, then each blade must carry 1/N of the required thrust,

torque, and power. Let the following definitions be chosen for " sector length s; and
solidity o

sfz%'"r and afsz%cﬁé (3.85)
wherec isthechord. Note that the sector lengthis determined smply by the number
of blades and the radius of the annulus. The solidity depends on a detail of the

blade, the chord. From Equation (3.72), Equation (3.75), and definitions of the
variables, we can obtain

@ " 2U'fCT . CNCT
dx  x(sin ) x*(sin b)*mR

(3.86)

Equation (3.86) will be solved for ¢ and used to compute the chord after the
other variables have been determined.
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Thestraightener vanelosses must be estimated beforethe fan—straightener design
procedure can be completed.

Straightener Vanes Experimentsat the NPL have shown that satisfactory antitwist
or straightener vanes can be made by using the NACA symmetrical airfoilsset with
their chords parallel to the tunnel centerline provided that the amount of swirl to
be removed is not too large compared with the axial velocity. The limiting swirl is
that required to stall the vanes; that is, ¢ = tan =, where + = angle of swirl in the
dipstream must correspond to an angle less than oy, of a symmetrical section at
infinite aspect ratio, including multiplaneinterference. Theinterferenceis an advan-
tage here because, with the type of straighteners to be employed, it decreases the
lift curve dlope by afactor of 0.75. That is, oy, With interferenceis 33% above the
free-air stall angle, as shown in Figure 3.23 for an NACA 0015 section. The chord
for the proposed straightener may be found from

bt 27Tr
N,

(3.87)

¢

where N, is the number of straightener vanes and ¢; is the chord of the vane at
radius r.

If a constant-thickness ratio is assumed for the straightener vanes, the actual
thickness at the wall wouldbelargeowing tothelargechord. Henceit i sadvantageous
to select a constant thickness (not thickness ratio). A reasonable value is that ¢,/c,
= 015 at x = /R = 0.8 (R = tunne radius at propeller section). Hence from
Equation (3.87),

. Na (3.88)

E; ~ 2mRx

The number of blades and number of vanes should be relatively prime. This
avoids simultaneous multiple blade wakes striking straighteners, which will hap-
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pen if there isa common multiplier between number of blades and number of
vanes.

There will be a loss through the straightener, of course, and this loss will
be greater than the skin friction of the vanes in free ar, since the straightener
is a diffuser, changing the swirl to static head. The pressure loss coefficient of a
straightener composed of symmetrical NASA airfoil sections has been empirically
determined as

k, = 0.045 (’—) + 0.003 (3.89)

LY

Substituting from Equation (3.87), we have

k= (9-'0;45){“.}\’5 + 0.003 (3.90)
21rr

Factors influencing the General Layout Large advance ratios (i.e., higher flow
coefficients) imply lowered speeds of fan rotation, necessitating a drive motor of
low rpm or a geared driving system. The size and cost of electric motors are more
dependent on torque than on power so that a motor of specified power will be lower
in cost for a higher specified rotation rate. The desirefor higher rpm for thedriving
motor indicates that the higher speed regions of the wind tunnel are best suited for
the location of the fan. Balancing that against the increase of nacelle drag as the
local speed is increased, the best compromise usually locates the fan downstream
of the second comer after the test section. If the fan is to be driven by a motor
outside the tunnel, the comer location offers a short shaft length.

Maintaining a small tip clearance isimportant to prevent the development of tip
losses. A small tip clearance leads to possibilities for structural damage from a
small hard object, such as screws or bolts getting jammed between the blade tip
and the tunnel wall. This can be prevented by making the blade ends frangible and
easily repairable.

A large nacelleis advantageousfrom a number of considerations. By decreasing
the tunnel cross-sectional area at the propeller, a higher velocity is achieved, and
higher motor speeds are possible at the same advance ratio or flow coefficient. A
large boss also encloses the fan root sections that must be thicker for structural
reasons, leaving only thinner, more efficient sections exposed to the airstream.
Frequently it ispossibleto usean airfoil of constant thicknessin the exposed portion,
thus facilitating the design. Relatively small gains are to be found from utilizing
section lift-to-drag ratios greater than 60, so that the airfoil selection can accommo-
date some compromise with structural considerations. Although the optimum boss
diameter increases with advance ratio and may be as large as 0.6-0.7 times the fan
diameter, smaller vauesof 0.3-0.5 arefrequently more practical for low-speed wind
tunnel use. A larger bossrequiresalarger and longer nacellefor proper streamlining,
which in tum involves increased cost, construction difficulties, and greater power
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losses from the diffusing action as the area of the passage is increased. It would be
possible to prevent the diffusing losses by shaping the tunnel so that the area
throughout the fan nacelle region remains constant. This is sometimes done despite
the added expense. Certainly the equivalent conical diffusion angle should be kept
to 7° or less.

The number of blades on the fan is somewhat arbitrary from the point of view
of aerodynamic performance, for the product of the number of blades and their
chord represents the total area and must be aligned with the thrust requirements.
Severa factors influence the selection of the number of blades. The minimum
number probably is 4, as the amplitude of pulsation at blade passage frequency
increasesasthe number of bladesisdecreased. Aeroacousticconsiderations therefore
cal for a large number of blades. The maximum number of blades will doubtless
be limited by strength considerations. The maximum value of the sum of the blade
chords Nec should not exceed thelocal circumference at the root if excessiveinterfer-
ence is to be avoided. The Reynolds number of the blade chord should be above
700,000 in order to keep the section drag low, and the tip speed should be low
enough to avoid compressibility problems. This means that the blade tips should
not come too near the criticad Mach number. Since the number of blades is not
critical, a reasonable procedure is to estimate the number needed and examine the
final design to see whether alterations are in order.

Dedgn Procedure

Fan design is an iterative procedure, as is the case with all engineering systems.
The starting point is some set of assumptions about the configuration and assumed
values for a set of parameters. Other pertinent parameters can be determined from
relations based on physical principles where possible or other considerationsif there
are no usable physically based relations available to the designer. The example that
follows outlines a procedure.

Example Fan Design A fanisrequired for a wind tunnel whose circuit has been
analyzed and found to have an energy ratio equal to 5.0. The area of the test section
is56.4 ft*, and the design test-section speed is 193 mph, or 283 ft/sec. The density
and viscosity aretaken to be standard sea level atmospheric values of p = 0.002378
slag/ft* and p. = 3.74 X 1077 Ib-sec/ft®. The wind tunnel duct diameter at the fan
has been chosen to be 13 ft. A boss diameter of 0.60 and N = 12 blades are values
selected for preliminary calculations. The airfoil section for the blade is chosen as
the RAF section D, whose shape has been given in Table 3.4. The flow area is A,
— A, = 133 — 47.8 = 85.2 ft’, and u = 284 X 56.4/85.2 = 188 ft/sec. Theratio
of dynamic pressure in the test section to dynamic pressure at the fan is 2.27 and
the overall fan—straightener pressure coefficient must be K, = 0.454.

Step 0. We assume we can achieve a fan-straightener system efficiency v, = 0.93.
This gives an ideal pressure rise coefficient X; = 0.488.
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Step 1. We assume a thickness-to-chordratio for the straightener vanes of 0.12 a
the tip and obtain &, using Equation (3.89) and then obtain m, = 0.0172 using
Equation (3.69).Finally we obtain m; = 0.947 using Equation (3.67).

Step 2. If we assume a vaue for section lift-to-drag ratio, we can evaluate the
coefficientsin Equation (3.82).In the present example we choose /D = 45 and
obtain A = 0.470 as the solution. Note that the variation of the flow coefficient
must be inversely proportional to radius so onceit is chosen for any annulus, it
is determined for all radii by the 1/r relation. We have computed it for the tip
radius here. Also note that the assumed L/D will hold only at the tip. The
assumptions of the free-vortex design procedure lead to a varying L/D with
radius. The values of U D for the other radii will be calculated later. Calculate
the flow coefficient for the various radii.

Step 3. We can now obtain the fan notation rate as 2 = (2u/{2D)) {60/2w) = 587
rpm and the rotational component of tip speed as (AR = 400 ft/sec. This gives
a tip Mach number of about 0.38, which is high enough to warrant applying a
Prandtl-Glauert correction-to-liftcurve, but thisis not done in this example.

Step 4. The swirl coefficient at the tip is nhow computed using Equation (3.65).
obtaining e;, = 0.115. As with the flow coefficient, the swirl coefficient varies
inversely with radius so the values at other radii can be obtained. We check the
value at the blade root to see if the straighteners will be stalled. The result is
Ewot = Eip(Dy/Dy) = 0.191 or v = 10.8° which is well below the stall limit, as
indicated by Figure 3.23for any reasonable Reynolds number. Calcul atethe swirl
coefficient for the various radii.

Step 5. The straightener vane chords are summed to be given by Equation (3.87)
and to have constant thickness. Equation (3.90)is used to calculate straightener
pressurelosscoefficient asafunction of radius. Then the" straightener efficiency"™
for all radii can be calculated using Equation (3.69).

The values of al other parametersare to be calculated for the various radii
assuming unchanging vauesfor the fan—straightener pressure rise coefficient £
and the overall fan—straightener system efficiency mj.

Step 6. Calculate the resulting fan efficiency values at the various radii.

Step 7. Calculate theU D values at the various radii using Equation (3.83).

Step 8. Calculate the inflow angle ¢ at the various radii using Equation (3.78).

Step 9. Calculate the approximatechord using Equation (3.86) with Cr = ¢;..cos ¢
where ¢, IS an estimated value for the section lift coefficient. This would be
chosen consistent with the L/D values from step 6.

Step 10. Calculate the approximate Reynolds number using the approximate chord
from step 8 and the known relative air speed as a function of radius.

Step 11. Using the approximate Reynolds numbers and theW D values from steps
6 and 9 along with the airfoil section data as given by Figure 3.22, find the
angles of attack, the section lift coefficients, and the section drag coefficients.

Step 12. Using the inflow angles and the angles of attack, calculate the blade pitch
distribution: B = ¢ +a

Step 13. Calculate the chord values using Equation (3.86).
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A program that implements the above in the data processing language IDL is
availablefromthe authors.
A sample output for the exampleis:

F %ok ok ok kok ok ok ok ok k ok Input Parameters hdhkhkhkhkhkhkokkhkk

Test -secti on ar ea - 56.400 sqg ft
Test - secti on speed - 283.067 ft/sec
Grcuit energy ratio - 5.000

Fan di anet er - 13.000 ft
Boss di anet er - 7.800 ft
Nunber of bl ades - 13

Nunber of strai ghtener vanes _ 7
Straightener tip-thickness-to-chord ratio = 0.120
Section lift-to-dragratio - 45.000
Fan-strai ghtener target efficiency - 0.930

tr+++rt+r+e+ CONpUted RESUI LS ++++++4445+

Fan-strai ghtener pressure rise coefficient 0.4537
I deal pressure rise coefficient - 0.4878

St rai ghtener | oss - 0.01721
Fan effici ency - 0.9472
H ow coeffi ci ent - 0.4700
Fan rotation rate - 587.4 rpm
Tip speed due to rotation - 399.8 ft/sec
Snirl coefficient at tip - 0.1146
Snrl angle a tip - 6.540 deg
Ti p Mach nunber - 0.3785
Swirl coefficient at root - 0.1910
Shrl angle a root - 10.81 deg

--------------- Radial D stributions ---------------

X = 0. 60 0. 68 0.76 0.84 0.92 1.000
¥S = 0. 01200 0.01090 0.0101 0.00943 0.00887 0.00841
ETAF = 0. 9545 0. 9524  0.9507 0.9493 0.9481 0.9472
LaMd = 0. 7833 0. 6912 0. 6184 0. 5595 0. 5108 0. 4700
Qutput LoD = 40. 1 40. 140. 8 41.9 43. 3 45. 0
PH (degrees) = 40.25  36.27 32.97 30.18 27.82  25.78
dTcdx - 0. 5150 0. 5932 0. 6704 0. 7467 0.8225 0. 8979
yCt = 0. 2150 0.2077 0.1985 0.1888 0.1791 0. 1698
cl approx = 0. 5017 0. 5017 0. 5102 0. 5243 0. 5421 0. 5625
Vapprox = 0. 5617 0. 513 50. 4638 0.416 60.3736 0.3353
capprox = 0. 9558 0. 8739 0. 7892 0. 7089 0. 6358 0. 5707
RNaprx = 1.685e+6 1.694e+6 1.673e+6 1.635e+6 1.586e+6 1.532e+6
al pha - 0.1643 0.1622 0.2464 0.3858 0.5633 0. 7681
cl = 0. 5316 0.5314 0. 5395 0. 5530 0. 5702 0. 5899
cd = 0.01323 0.01322 0.01320 0.01316 0.01312 0.01309
cl/cd = 40. 18 40. 18 40. 89 42. 04 43. 47 45, 07
beta - 40. 42 36. 44 33.21 30. 57 28. 38 26. 55
chord = 0.92 10. 840 0. 758 0. 68 10. 612 0. 550
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The usual requirement that propeller blade sections be thin (especidly at the
tips) does not rigidly hold in wind tunnel fans. The reasons are two: The air speed
at the fan is often sufficiently low so that compressibility effects are not serious,
and high enough L/D ratiosare obtained easily so that strainingfor small increments
through the use of thin sections is unnecessary. The thicker sections are stronger,
too, but peculiar high-frequency vibrationsthat occur in many wind tunnel fans and
the possibility of the propeller being struck by airborne objects make it advisable
to incorporate margins of safety of the order of 5.0into their design. An advantage
accruesfrom having removable blades, since a damaged blade may then bereplaced
without rebuilding the entire fan. However, the replacement blade must be mass
balanced to match the first moment of the other blades, as a minimum.

Tests of fansdesigned by the above method indicate that actual efficiencieswill
be from 3 to 5% less than theoretical, owing to tip clearance and boundary layer
effects at the boss and tip.

If changes are made to the tunnel after it has been built, it may be necessary to
make a fan revison. Though an entirely new fan would be best, flaps have been
installed in severa tunnels with satisfactory results and, of course, at much less
cost than a whole new fan. The procedure is to rivet or screw a flat sheet at the
desired flap angle until the chord is satisfactory to meet the new condition.

It isinteresting to note that modified aircraft propellers have been used success-
fully in many tunnels. The remote-control variable-pitch feature that most of these
have is most desirable.

37 RETURN (OR SECOND) DIFFUSER

The second diffuser usualy extends from the fan section to the third comer. As
indicated in the earlier discussion, in many tunnels this diffuser continues the
expansion to the desired total area ratio. Again, the equivalent cone angle should
be 5° or less. A favored design in recent facilitiesis to have a wide-angle diffuser
followingthethird comer so thesecond diffuser may not providethefina expansion.
The fan at the entrance gives an amost constant total pressure profile.

There are two likely sources of troublein the second diffuser. Thefirst is flow
separation on the aft portion of the nacelle. The second in many rectangular tunnels
is that the flow downstream of the fan may have nonuniform velocity distribution.
In a flow improvement program at the University of Washington® model tunnel
studies showed very low velocitiesin the comers. The flow at the third comer was
higher on theinside of the turn. However, the upflow-cross-flow distribution prior
to the turn did not exhibit a discernable flow pattern similar to the test section.
After the tum there were two distinct rotations in the upper and lower haf of the
duct. A modd tunnel test section exhibited a similar cross-flow gradient to that
present in thefull-scaletunnel. Although this problem soundslike a secondary flow
produced by the velocity gradients prior to the turn, in all cases the sense of the
rotation was reversed.
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It was discovered that when the antiswirl vanes were uniformly deflected either
positively to reduce fan swirl or negatively to increase fan swirl the comers were
filled and the cross-flow gradient was reduced but not eliminated. In thefinal tunnel
modification the antiswirl vanes, which originally weressimple flat plates hinged to
the nacellesupports, wereredesigned. Thechord of theantiswirl vaneswasincreased.
They were made into cambered airfoil sections using the nacelle strutsfor aleading
edge. Thismodification filled the comersof the second diffuser and eliminated flow
separation regions on the original flat-plate vanes. The new cambered vanes were
deflected to 12° and resulted in a much more uniform velocity distribution with all
four comersfilled with higher energy flow. This flow improvement in the second
diffuser and fourth comer also reduced the power consumption at al speeds by
about 2.0%.

38 COOLING

All the energy supplied to the propeller driving a wind tunnel finally emerges as
an increase of heat energy in the airstream. This increases the temperature of the
tunnel air until heat |osses balancetheinput. For low-power tunnels (and particularly
those with open jets) this balance is redlized at reasonable temperatures, the hest
transfer through surface cooling and air exchange being sufficient. For tunnelswith
high-power inputs and high jet velocities this low-temperature balance no longer
occurs. For example, the heat rise incurred by bringing air to rest at 450 mph is
about 36°F. With an energy ratio of 8.0, the heat rise in the airstream would be
4.5°F per circuit, leading very shortly to prohibitivetemperatures. Obvioudy, tunnels
in this class require cooling arrangements to augment the inherent heat losses. It
should be readily realized that steady-state operation with no net air temperature
increase above ambient would require that there be a cooling apparatus absorbing
energy a the same rate at which the fan is applying energy to the airstream.

Additiona cooling may be accomplished by four means. (1) an increase in
transfer of heat through the tunnel shell by externa surface cooling, which at some
facilitiesis obtained by running water over the tunnel exterior, (2) interior cooling
by the addition of chilled turning vanes, (3) a heat exchanger in the largest tunnel
section, or (4) a continual replacement of the heated tunndl air with cooler outside
air by means of an air exchanger.

Some tunnels use an air exchanger to replace the lower energy boundary layer
with cool outside air, having exchangetowers to ensure adequate dispersion of the
heated air and fresh air that is free from surface contamination. Assuming the
previoudy mentioned rise of 4.5°F per circuit, a 10% exchange would limit therise
to 45°F, excluding heat losses elsewhere. (Ten percent is a lower than average
amount of exchange.)

Onedifficulty associated with an air exchanger isthat it putsthe highest pressure
section of the tunnel at atmospheric pressure, and hence the jet pressure is beow
amospheric. This leads to troublesome but by no means insoluble problems of
sealing off the balance room. (The same lower than ambient static pressure at the
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test section is present in open circuit tunnels) Another difficulty that must be
considered is the possible effects of weather conditions on a tunnel with a large
amount of air being exchanged.

It should be mentioned that a breather slot at the downstream end of the test
section can be used in conjunction with the air exchanger to get the jet up to
atmospheric pressure and hence avoid balance sealing troubles. However, this ar-
rangement with the air going in the breather and out the exchanger requiresas much
as 20% of the total power input.

The internal heat exchanger needed for high-powered wind tunnels require an
immense amount of surface, a great deal more than is offered by all four sets of
guide vanes. Accordingly, a specia instalation is needed, and there is amost no
way to avoid a very large amount of drag. In a preliminary study reported by
Steinle® pressure drops of 8 to 18¢ were measured across exchangers; another
design, unreported, bad 44. Thus the heat exchanger must be placed in the largest
section of the tunnel where  is lowest. Fortunately the temperature of the stream
ishighestat thispoint and heat exchange, consequently, ismost easily accomplished.

In view of its power cost a great deal of thought should go into the design of a
heat exchanger, and it should be remembered that normal streamlining should be
used here as wdll as elsawhere. The unknowns of internal and external boundary
layer thicknesses make the problem of cooling through the walls quite difficult. In
discussing internal cooling, Tifford™ agreesthat a radiator has possible advantages
over cooled turning vanes.

Theobviousdisadvantagesof high temperaturesin the wind tunnel include added
trouble cooling the drive motor (if it isin the tunnel and does not have separate
cooling), the rapid softening of the materials commonly used for model temporary
fillets, and increased personne difficulties. Another deleterious effect is the drop
in Reynolds number that occurs with increasing temperatures whether the tunnel
IS run a constant speed or at constant dynamic pressure. Figure 3.24 illustrates
this effect.

Fraction of Reynolds Number at 59F

0.7 y : ' ; .
40 60 80 100 120 140 160

Tempaaure DegressF
FIGURE 324 Effect d temperatureon test Reynolds number.
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Since most electric motors have high efficiencies, placing the motor outsidethe
tunnel is probably not justified by the small amount of tunnel heating saved thereby,
but the ease o motor repairs and tunnel repowering without a nacelle change are
strong arguments for the external drive motor.

39 BREATHER: VIBRATIONS

If the tunndl is to be operated with an open jet, due consideration must be given to
the possibility of pulsations similar to the vibrationsin an organ pipe. Other oscilla
tory effects have been experienced that appear to be associated with unstablecondi-
tions as the open jet enters the diffuser collector. These phenomena, believed to be
afunction of jet length, can be quite serious. Some insight into these phenomena
may be gleaned by studying the flow modeling discussed in the chapter on tun-
nel corrections.

A relatively simple solution that has proved successful in some cases consists
of putting aslot (about 0.05 diameter wide) into the diffuser that connects it to the
amosphere. Such an arrangementis called a" breather.” If the dot is properly made
and adjusted so that it is just large enough to prevent organ piping, the losses can
be kept low. In some open jet tunnels alterationsto the exit cone proved sufficient
to prevent the vibration, but in others no satisfactory exit cones or breathers have
been found that would permit operation above 200 mph.

The NASA Langley 4 X 7-m tunnel, when run in a closed-on-bottom-only test-
section configuration, has exhibited periodic flow pulsations in the axial direction
at three dynamic pressures. The magnitudeof the velocity peaksincreased with the
addition of flapped vanes between the first and second comers. The addition of
triangular vanes with alternate deflections on the side walls and ceiling of the exit
cone removed these pulsations a the higher dynamic pressures and reduced the
width of the pesk at the lowest dynamic pressures. The vanes are mounted inboard
of the walls and ceiling. Mode tunnel studies show that the remaining pulsation
can be eliminated by modifying the reentry cone. The modification consists of a
tapered cone forward of the original reentry cone.

Closed jet tunnelsusually requirebreatherstoo, because the entirereturn passage
Is above atmospheric pressure, and some air may leak out. In turn the loss of air
would drop the jet pressure below atmospheric unless it were replenished through
ardatively low loss passage. The proper place for a closed jet tunnel breather is
a the downstreamend of the test section, and like that for an open jet tunnel a slot
about 0.05 diameter wide usually suffices. It is available that it be covered with a
fine screen to prevent papers and such from entering the tunnel.

310 TEST-SECTIONFLOW QUALITY
For an empty test section the traditional view of theideal flow outside the boundary

layer would be the following. The velocity passing through each plane normal to
the centerline would be uniformly parale to the centerline and would have no
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variation with time; that is, there would be no upflow or cross-flow and there would
be no turbulence. Since it is doubtful that such flow can be obtained in a wind
tunnel, the question then becomes what flow quality is acceptable at a reasonable
tunnel performance level and operating cost. The tunnels constructed for wind
engineeringstudieshavequitedifferent™ideal” flow requirements. They aredesigned
to reproduce, insofar as possible, characteristicsof Earth's boundary layer flow in
some representati vecircumstances. Thisrequires producing a nonuniform but speci-
fied mean flow and turbulence with specified integral scales and spectra.

Vdues for velocity variation across the test sections of general-purpose tunnels
are often quoted in the range of 0.20-0.30% variation from average. This gives a
dynamic pressure variation of 0.4-0.6%. Vaues for angular variation are often
guoted in the range of 0.1" from the average flow angle. The upflow variation is
the critical flow anglefor most aeronautical tests. The drag datafor lifting systems
must be corrected for upflow, as is detailed in the chapter on tunnel corrections.

The first requirement is ""steady flow,"” or sufficiently close to steady for the
purposesof the facility, sinceit is not possibleto achievea flow of the magnitude
envisioned without measurable unsteadiness. In general, unsteady flow is a result
of flow separation(s) a one or more locations, either continuous or intermittent.
The distinction between separated unsteady flow and turbulenceis somewhat arbi-
trary, the latter term commonly applied to flow arising from wakes of vanes, noise,
and so on. A specification is needed that is based on temporal and spatial fre-
guency content.

Unsteady flow caused by aflow separation that either steadily or intermittently
deflects the flow may be regarded as irrotational and inviscid outside the separated
region. The only curefor these is to locate the source and eliminate it. Thisis not
an easy task as the effects are usually detected a considerable distance from the
source. Obvious locations to look for separation are the first diffuser, fust comer,
fan nacelle, and contraction. If the tunnel has air leaks, the breather may cause
separation. Usualy leaks in areturn tunnel will be near doors, drains, access holes
for instrumentation, and so on, and they can be sealed given sufficient attention.

Other sourcesof unsteady flow can arisefrom thefan through nonuniforminflow.
This will be at the blade frequency or possibly at harmonics. The number of fan
blades, nacelle supports, and prerotation vanes should never be even multiples of
each other so that interactions are not synchronous. Mechanical vibration of the fan
will usually be at the fan rpm. Vibration of turning vanes due to turbulence or
unsteady flow could occur over awide frequency range. The vanes can be stiffened
by horizontal plates, if required.

Nonuniform distribution of velocity can also occur by either poor vane design
or improperly adjusted vanes that cause the flow to over- or underturn. Upflow and
cross-flow distribution in the test section have occurred as a result of poor flow
into the third comer and out of the fourth comer. In this region the turning vanes
are quite long, and in a great many tunnels the trailing edges have a spanwise
bow. Making sure that the flow is not over- or underturned and converting the
fourth comer vanes to a large-grid adjustable honeycomb will almost certainly
improvethe upflow, cross-flow, velocity, and turbulencein the test section. There
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aso needs to be a settling length after the contraction to alow the velocity to
become uniform.

Many tunnelssuffer from oneor more problemsof various degreesof seriousness.
Theproblemscan likely be cured or reduced by the methodsthat have been discussed,
but this takes persistenceand time. In aimost all cases the basic problem is time.
A new wind tunnel representsalargeinvestment. It usualy isbehind schedule when
built, and thus the pressure to begin testing becomes irresistible. The down time
for correcting problems can be large and, more important, somewhat unpredictable.
Any time achangeis made to a tunnel, a sufficient period of time must be set asde
to alow for the complete recalibration of the test section. The authors cannot offer
any solution to this part of the problem.

Themodification®to the University of Washingtontunnel that has been discussed
to some extent already and is given more attention in the next section consumed
about three months of double-shift work. Thisincludedthe installation of new parts,
adjustment, and calibration.

311 APPROACH TO FLOW IMPROVEMENT

The following paragraphs can provide a framework for any project undertaken to
achieve improvement of flow in a tunndl.

The first task is to eliminate separation in the first diffuser. Make sure that the
first two comers do not over- or underturn, that the flow is uniform approaching
thefan, and that the nacelleflow is attached. Theflow in the second diffuser should
fill the duct. Using vane extensions and horizontal splitter plates, the fourth-comer
turning vanes should be adjusted to yield uniform upflow and cross-flow and no
large solid-body-typerotation in the test section. All of these should be done before
honeycombs or screens are installed. The exception to the screens would be in a
wide-anglediffuser if oneis present. This then should yield a tunnel with the best
test-section flow for the minimum power.

Using an axisymmetric contraction cone with a contraction ratio of 11, Ramjee
and Hussain’® haveshown that the turbul enceat thecontractionconeexitisessentially
independent of the screen Reynolds number based on either wire diameter or mesh
size. For thelongitudinal turbulence the values behind the screens ahead of theinlet
vary from 0.029 to 0.052, while at the exit the variation was 0.0050-0.0054 for
fivedifferent screens. Thelateral variation at theinlet was 0.032-0.063 and 0.0060—
0.0070 at the exit. The pressure loss coefficient for four of the screens varied from
K = 0.65 to K = 2.34, based on the relations previoudy given, and the porosity
varied from 0.62 to 0.75 (a screen with porosity of 0.25 has been excluded). The
screen with K = 2.34, inlet turbulence of 0.29, and exit turbulence of 0.0051 gave
the sameresultsat the exit or test section asthe one with K = 0.65, inlet turbulence
o 0.052, and exit turbulence of 0.0050. These are the longitudinal values. This
implies that one should use screens with the smallest pressure loss coefficient, and
if multiplescreens are used, again, screens with the smallest |oss should be adopted.
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Ramjee and Hussain®® al so determinedthat theratio of rmsexit to inlet turbulence
as afunction of contraction ratio (from Prandtl) is overpredictedin the longitudina
direction and underpredicted in the lateral direction. These predictionsare

u component turbulencereduction = 1/¢*

v component turbulence reduction = 1/4/¢

The linear theory of turbulence reduction due to a contraction predicted an
increase in the lateral component,* but this is not borne out by experiment, which
showsadecrease. Theredoes not at present appear to be agood method of predicting
the effects of contraction ratio on turbulence reduction. The axial and lateral turbu-
lence should be determined at severa speeds, at the start of both the contraction
and the test section. Thiswill determine the turbulencereduction due to the contrac-
tion. The effect of filters on the turbulence measurements should be carefully
evaluated. If the turbulencelevel is too high, then the installation of a honeycomb
followed by a screen or screens must be considered. The reduction of axial and
lateral turbulence and the pressure drops at the contraction can be estimated by
published values. A better approach, using hot wires, would be to measure these
values with the same filter settings that were used in the tunnel measurements.

If screens and/or honeycombs are installed, the reduction in turbulence should
be checked as each deviceisinstalled. This will ensure that the minimum number
of devices is used, thus holding losses to a minimum. The following values for
turbulence are suggested. The ideal value would, of course, be zero. The fina
accepted values will be atrade-off between install ation costs and reductionin tunnel
performance and power costs.

For tunnels intended for research on boundary layers and boundary layer transi-
tion, the lateral values of the turbulence, which is usually the largest, must be kept
sufficiently small. Vaues of about 0.05% have been suggested.

Tunnelsused for devel opmental testing can havelarger turbulence val ues, perhaps
as high as 0.5% in the axial direction, athough some large government tunnels try
for 0.1%. However, thereis no general agreement as to the required absolute value,
and there are some who argue that tests of terrestrial vehicles should be done in
streams with turbulence levels of up to 1%.

Another approachis asfollows. Thelower limit for thetunnel's Reynolds number
range was on the order of 1.5 million based on instrumentation sensitivities and
size of models. At these Reynolds numbers for a smooth model there will be an
extensiveregion of laminar flow. Thusthereisthe possibility of poor flow ssimulation
due to laminar separation on the modd that does not occur at full scale. The usua
practiceto improvesimulationis to usetrip strips on the model to fix the transition
aong lines expected to occur on thefull-scale article at some representative condi-
tion. Considering these practices the following suggestion is made. Test a smooth
wing without flaps at lift coefficients around 0.2-0.5 without trip strips and check
the natural transition using either oil flow or sublimation flow visualization. If the
natural transition occurs, depending on theairfoil section, in therange of 30—60% of
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the chord, theturbulencelevel in thetunnel isacceptable. If thiscan beaccomplished
without screens or honeycombs, the power consumption will be less and the dirt
problem with screens changing flow characteristicswill be avoided.

312 DRIVE SYSTEM

Since the thrust of the fan and the drag of the various tunnel componentsvary with
the square of the fan rpm, it would appear that to maintain an even velocity front
in the test section, speed adjustments should be made by varying fan rpm rather
thanfan pitch. Although thisconclusionisjustifiedin short tunnelsof low contraction
ratio, in the larger tunnels, particularly those with dust screensand internal coolers
to act as flow dampers, it is certainly not essential. Indeed, many of the larger
tunnels, which areequipped with both rpm and pitch change, use thel atter as quicker
and smpler. It does seem as though provision of both types of control is a good
design procedure.

Various drive systems are described subsequently because they are still in use
in various facilities. New facilities will amost certainly use solid-state controllers
directly for DC machinery or morelikely variable-frequency systemsfor AC machin-
ery. The described drive systems are best thought of as basic concepts. The actual
details of how the drive is accomplished has varied considerably from case to case.
This field, like the electronics field, continues to change rapidly and solid-state
devices continue to replace rotating equipment as the solid-state devices become
less costly and more reliable.

Considering thedrives capable of variable-speed control, we havethefollowing:

1. Solid State Controller for DC Motor. A system of rectifiers takes the power
lineinput and provides variable voltage and variable current to operate a DC motor.
The system comes as an integrated package with RS 232 input and output so that
a computer can send the commands for required speed.

2. Generator and DC Motor A direct-current generator run by a synchronous
motor and used to drive adirect-current motor in the tunnel electrically is a satisfac-
tory system below about 200 hp, the costs becoming excessive above that figure.
It offers excellent speed control.

3. Tandem Drive. The combination of a DC motor for low powers and asingle-
gpeed induction motor for high powers is satisfactory for the range of 300-20,000
hp. With this arrangement the DC motor is used for low-power operation and for
bringing the induction motor up to running speed.

4. Variable Frequency. The power range for this approach using solid-state
variable-frequency systemsis now up to at least 10,000 hp. Thistype of systemis
used at the Boeing Helicopter Company and was installed at the Lockheed Martin
low-gpeed wind tunnel in the 1980s as part of a repowering project. The tunnel
drivein thesecases arein the 9000-hp range. The historic arrangement for variable-
frequency systems involved a synchronous motor driving a DC generator whose



128 WIND TUNNEL DESIGN

output was used to run a DC motor that in turn powered an alternator. The output
of the alternator was provided to thefan motor, which could be either a synchronous
or an induction motor. Thisis an excellent system but historically quite expensive.
Solid-state systems are now cost competitive over a wide power range.

5. Magnetic Coupling. A synchronousmotor can be used to drive afan through
a variable-speed magnetic coupling. Thisis historically one of the least expensive
setups as far asfirst cost is concerned and gives excellent speed control from zero
to maximum velocity sinceit is virtualy "' stepless.””

6. Multispeed Squirrd Cage. An induction motor arranged to have several op-
erating speeds may be used in conjunction with a variable-pitchfan to get a satisfac-
tory drive.

7. Wound-Rotor Induction Motor. In general, one cannot expect wide rpm
changes, good control, or high efficiency from a wound-rotor induction motor,
although such a motor has been used with reasonable success in combination with
a variable-pitch fan. It does offer a low first cost and moderately small motor for
tunnel installations.

8. Double-Fed Induction Motor. Thisarrangement requiresa variable-frequency
power source that is fed into the rotor of an induction motor. Its first cost is high,
but it isprobably the most widdy used drivefor very high power install ationswhere
efficiency is important.

9. Internal-Combustion Drive. Theuseof aninternal-combustion engineisunde-
sirable because of both high operating cost and lack of long-term rdiability. In the
few tunnels where they have been used the engineers invariably look forward to
the day when the gasoline engine can be replaced by an electric drive. For reasons
almost unknown (but surmised to be connected with the lack of a cooling airstream
over the stationary engine and unskilled maintenance), reciprocating engines rarely
deliver the lifein tunnel use that they do on aircraft, 300 h being afairly typical
figure per engine. When an aircraft engine must be used, special care should be
taken that the exhaust manifold be water jacketed or otherwisecooled. An annoying
trouble with these engines (as if the above is not sufficient) is that their spark plugs
foul up under the low-load operation frequently needed in a tunnel. For comparison,
it isnoted that many electric drivemotorsin wind tunnel soperatefor several decades
between major rework. The drive motor of the Glenn L. Martin wind tunnel at the
University of Maryland operated from 1949 to 1993 with only routine inspections
and cleaning. Other facilities have had similar long life times. The electric motors
usually outlast the fan systems by large margins.

3.13 WIND TUNNEL CONSTRUCTION

The structural loading on the various sectionsof alow-speed wind tunnel are usually
less critical than the strength needed to avoid vibration, asignificant exception being
the assurance that the drive motor will stay in place should it lose one-half of its
blades. Therest of thetunnel may beexamined to withstand the maximum stagnation
pressure with a safety factor of perhaps 4.0.
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Since vibration of parts of the wind tunnel contributesto noise, discomfort of
the tunnel crew, and possible fatiguefailures and usually adds to the turbulencein
the wind stream, it is good practice to have the natura frequencies of all tunnel
parts well above any exciting frequencies. Many o these parts of the tunnel are
directly amenable to basic vibration theory; others must wait for treatment after the
tunnd is built. At thetime, for the small tunnels a least, flat panels can be checked
with a ssimple shaker motor, and by means of a vibrometer or a similar device the
natural frequencies can be determined. Any below the maximum fan rpm should
beincreased by stiffening the part. A specid effort should be made to keep vibration
out of the test section and balance supports.

All types of materials are used for tunnel construction: wood, plywood, thin
metal, heavy metd (for pressuretunnels), cast concrete, gunnite, and plastics. Even
thoughthereis' genera agreement™* that low-speed wind tunnels require no cooling,
heavy running in the summertimewill usually make the tunnel operators wish they
had some. It is highly advisablein fact that even 25-hp tunnels be cooled. Many
tunnels have an opening where cooler outside air can be blown into the tunnel
during model changes. Some large metal tunnels spray water over the outside to
cool the tunndl.

Fan bladesfor low-speed tunnel sarefrequently made of wood, although modified
aircraft propellers are sometimes used with trailing-edgeflaps to provide a uniform
pressure rise across the fan disk. Wood blades have excellent fatigue life. The wood
for fan blades must be straight grained and knot free. Damage to wood blades can
be repaired by scarfing in a piece of wood. To avoid abrasion, the leading edge a
the tip can have a fiberglassinsert. Often the last 2 or 3in. of thetip are of balsa,
as this will shatter when an unwanted object wedges between the tip and tunnel
and can be easily replaced. There is no clear consensus on the matter of spare
blades. Tunnels that use short-span, large-chord blades have used fiberglass and,
more recently, composite materials such as carbon-fiber-reinforcedepoxies. These
blades may have spars and be filled with foam.

For small research and instruction tunnels plywood is possibly the best material.
Particle board is another material used; however, it is not as stiff as plywood and
can develop a sag when unsupported. A smooth surface finish is difficult to obtain
on particle board; aso, it chips easily and is difficult to patch. With wood, holes
that inevitably get cut in the tunnel can be easily patched and epoxy fillers can be
used to maintain a smooth interior surface. The plywood is normally placed inside
a wood frame. The tunnel is often made in sections that bolt together. To prevent
leaks, surgical tubing can be used as a gasket. The end of one section has a groove
routed to receive the tubing. Thisis just alarge O ring. The fan area can be metd,
as it iseasy to roll up round sections. The contraction can be laminated wood or
could be built up with afiberglass and foam sandwich. When student labor is used,
the design must consider the skills available. A door in thefloor in the plane of the
fan will be necessary so that blades may be taken out of their hubs and replaced.

The detailed design, including selection of material, erection, and so on, of large
tunnelsis usualy done by engineering firms that are familiar with al the building
codes and have civil, mechanical, and electrical engineering expertise.
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314 TEST-SECTION INSERTS

Many tunnels have an auxiliary two-dimensiona test section that fits inside the
normal test section in order to provide testing facilities for shorter span models
at considerable savings in model cost. These jets are usually either endplate or
contraction types. N

The endplate jet insert consists of two flat plates sealed at the tunnel floor and
ceiling with a space between them for mounting and testing a constant-chord two-
dimensiona airfoil model (Figure 3.25). In some installations the mode supports
come up inside the endplates, and the rear pitch strut is used to hold and move the
wake survey rake. Since the drag of the model changes with many factors, and
since drag changes can make more air pass around instead of through the test
section, specia provision must be made to control the test dynamic pressure. One

FIGURE3Z%S Two-dimendond insert for theGlenn L. Martin wind tunnd at the Univeraity
o Mayland.
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procedure is to use the customary double piezometer to hold constant the quantity
d air that enters the original test section and ascertain that a constant fraction of
that ar passes through the new test section by reading pitot-static tubes placed
outside it. Variations can be made by remotely movable trailing-edge flaps on
the endplates.

A second approach is to contract the whole tunnel test section by an additional
contraction section. This has the advantages of greetly increasing the contraction
ratio, making the installation of turbulence screens easy, and providing sure and
positive two-dimensiona conditions. On the other hand, a much smaller quantity
o air now passesthrough the tunnel for a particular test speed, sincethe test-section
area is reduced, and in many cases the performance of the tunnel fan is greatly
impaired. Still another sourceof troubleisthe problemof diffusing theovercontracted
passage. Somewhere some extremely rapid diffusion is going to have to take place,
and the tak is exceedingly difficult to do with even passable efficiency. In one
installation a two-dimensiond insert converted a 9-ft-diameter tunnel to a 23- x
O-ft test section; the problem of the separated diffuser arose, but vortex generators
on all four walls very nearly solved it.

Severa other items are of interest when inserts are under consideration. One of
theseis the question of whether to mount the insert horizontal so that the modd is
vertica or vice versa. The horizontal insert offers the opportunity of using liquid
seds around the model mounting endplates, but, on the other hand, the modd is
somewhat moredifficultto get tofor adjustments. In someinstancesaseverepressure
differential will occur with thistype of insert, and great difficulty is experienced in
keeping any but the heaviest liquidsin the seals. We now know that using mercury,
as was common prior to 1970, was not agood idea due to its adverse hedlth effects.
Additional breather slots will usually aleviate this condition. Force measuring is
also made moredifficult by thelargeand indeterminable taresof the model mounting
endplates, so much so that it is sometimes preferable to obtain the lift by pressure
distribution on the model or on thefloor and ceiling and drag by a momentum rake
or to leave a small gap between model and walls. This, of course, then introduces
some doubt about the "'two dimensiondlity" of the flow so that additional flow
investigationsmust be included in the test plans.

In conclusion, it does not appear possible to recommend one type of two-
dimensiond jet insert as clearly superior. As afina note, aerodynamics aside for
a moment, the endplate type of insert isfar easier to install and remove.

315 SAFETY

Though it may seem strange to the uninitiated to bring the question of safety into
this discussion of wind tunnels, the long roster of injured indicates it is not to be
overlooked. Accidentsin tunnel use include fires, falls, injuries from sharp-edged
models, and personnel being locked in a tunnel when it is started.

Starting with the last, anybody who enters a part of a wind tunnel not readily
visible to the tunnel operators without firm understanding regarding the restart-
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ing timeis an idiot. But since it is not the practice to injure idiots, many tunnels
preface a start with a blast on a horn, with a 5-sec wait for incumbents to punch
stop switches installed in test sections, return passages, and near the fan blades.
Another approach is to install an automobile ignition switch at the test-section
entrance. The switch isin the tunnd start circuit. Still another approach is to use
light beams (Smilar to burglar alarms) in various parts of the tunnel circuit that
prevent the tunnel from starting when cut. When it is necessary for someone to be
in the tunnel while it is running, very clear signals and understanding must again
bein place.

Falls are unfortunately frequent in wind tunnels. Their rounded surfaces, often
coated with oil or other low-friction materials, including in some instancesice, and
the precipitous slope of entrance cones have resulted in bruises and even broken
arms and legs. The authors speak feelingly at this point. In view of the danger
associ ated with theentranceconeand settling chamber, pitot-stati c tubes, thermocou-
ples, and the like should be wall mounted, not floor mounted.

Fires in wind tunnels seem to be amost the rule rather than the exception. A
broken propeller can spark a dust screen into fire; a trouble Light can make plenty
of trouble; or building forms can in some way become ignited. Since the tunnel is
closed, specia care should be taken in selecting fire extinguishers. And special care
should be taken also to see that fire extinguishers emitting poisonous vapors are
not easily tripped. It may well be that the world's record for the hundred-yard dash
rightfully belongs to be tunnel engineer who inadvertently activated the carbon
dioxide system in one of the largest east coast tunnels.

Sharp edges on metad models are a potent hazard. The authors do not know a
tunnel engineer or technician who has not suffered from this source. It is only good
sense to protect the tunne crew from these sharp edges using tape, wood, or
plastic dats.

Safety may seem like a puerile subject, but it loses that appearance afterward.
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4 Pressure, Flow, and Shear Stress
M easur ements

After atunnd is constructed, the next step is to determineits flow characteristics
and, of course, to change any that are not satisfactory for the purposes intended.
First, however, it is necessary to discuss the quantities to be measured and the
instrumentsthat experiencehas shown arecapabl eof useful results. Weshall consider
instruments needed for testing as wdl as for calibration.

The low-speed ""seady™ airstream is usually considered to be defined when we
know its distribution of temperature, pressure, dynamic pressure, and **turbulence.™
There are several assumptions embedded in this statement. We admit that the air-
stream is expected to be turbulent and therefore not strictly steady or timeinvariant.
Thetimevariability of the airstreamisto be characterized by itslevel of turbulence.
Its pressure’ and dynamic pressure are then the mean values for these quantities
averaged over a time interval chosen according to the required precision of the
mean. The stream temperatureis smilarly considered. Using the equation of state,
we can then compute the density, and using the definitions of total pressure and
total temperature, we can compute these quantities and flow speed as well. For
atmospheric air, there is another variable that produces measurableeffects. It is the
water vapor content, which is usualy indicated by relative humidity. The effect is
reflected by a change in the effective gas constant in the equation of state.

We may also compute the Reynolds number for a particular model based on its
chosen characteristic length. Much of our interest is centered on determining pres-
sure, which can be measured most ssimply by use of liquid manometersbut is more
commonly measured by electronic devicesso that the datastream can be manipulated
by computing machinery. For our subsonictesting, the precisionwith which measure-
ments of stream temperaturesare madeis usually lessdemandingthan that of typical
pressure measurements.

Theroleof acousticsin aerodynamicshasincreased steadily over several decades
and has now become very important in anumber of applications. The most prominent
noise problem has been the noise associated with aircraft operation in the vicinity
of airports. Dramatic reduction in noise produced by aircraft jet propulsion systems
was achieved between 1960 and 1980. Advancesin this area are continuing.

Other aerodynamic noise problemsare receivingincreasing attention. The"wind
noise" perceived by driversand passengersof automobilesisincreasingly considered
a measure of guality. Automobile and truck environmental noise is an important
problem that is partly associated with the external aerodynamicsof the vehicles.
Helicopters have long had a characteristic signature associated with "blade dap."

136
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The noise generated by helicopters has becomea limiting factor in their acceptance
for passenger transport in some areas, and it is a liability in military operations as
it providesa means of detection by opponents. Acoustic radiationfrom wind turbine
rotors has in some instances been sufficiently objectionablethat local citizens have
strenuoudly opposed the installation of additional units. A result is that subsonic
aerodynamic facilities are now frequently called on to carry out acoustic measure-
mentsin addition to the more traditional measurementsthat focused on performance
and control issues of vehiclesand limits of operation or survivability of many other
devices. Wind noise impinging on passengers of luxury yachts is of significant
concernto nava architects. Andfinally,aclosely related areais underwater acoustics,
or hydroacoustics, which has been an area of intense activity for nava researchin
both offensive and defensive weaponry for decades.

Measurement of noise has become acommon activity associated with low-speed
wind tunnels. Microphones are smply pressure transducers with sufficiently high
bandwidth frequency response.

41 PRESSURE

Concepts

We have previoudly discussed pressure and used it as a variable in our derivations
of equationsof motion of fluids. We have not however donethisfrom basic physica
principles as a physicist might wish. Although we have an inclination to include
such a fundamental review, insufficient time and space preclude that endeavor. We
instead refer the reader to Benedict? and sources cited therein for additional back-
ground and detail.

The basic notion of pressure that is implemented in measurement technology is
force per unit area. Other concepts such as those embodied in various gas laws and
kinetic theory areimportant in wind tunnel work but are necessary inrelating pressure
measurements to other ideas and results rather than directly in the measurement of
pressure.

Manometers

One of the oldest devices for measuring pressures, and one of the easiest to build,
is a manometer; a term normally applied to a device used to measure differential
pressure. Common applicationsare measurementsof the difference between arefer-
ence pressure such as atmospheric and a process pressure such as a port on awing
modd and measurementsof the difference between two pressuresin a process, such
as the pressures from the total and static ports of a pitot-static tube. A simple
U-tube manometer (shown in Figure 4.1) can be made from two pieces of straight
glass tubing made paralel and connected by tubing at the bottom or by bending
glass tubing into a U shape. The tubing is filled with a liquid, and the difference
in liquid heights in the two tubes is measured, usualy by an attached scale. The
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FI GURE41 A U-tubemanomde.

plane defined by the centerlinesof the two tubes may beinclined at varying angles
to the horizontal, which provides varying sensitivity. Setting the tubes vertical is
the most common case. Thedifferencein pressuresisrelated to the height difference
and the parameters describing the manometer by the hydrostatic pressure equilib-
rium relation:

P2 — p1 = Ah sin Bglps — pa) 4.1)

where Ah is the differencein extents of liquid columns in the two tubes and B is
the angle between the horizontal and the plane of the parallel manometer tubes.
The product Ah sin B is the vertica differencein the heights of the two columns.
Using smaller values of B provides an increased senditivity.

Here g, is the weight per unit mass, also referred to as acceleration d gravity.
The value needed hereis theloca value, which varies with location on Earth and
with dtitude. The largest variation at the surface is due to variation in latitude.
The following equation was adopted by the International Association of Geodesy?
in 1980:

g = 978.0327[1.0 + 0.053024(sin ¢)* — 0.0000058(sin 2¢)*] dyn/g

whered islatitude. The adopted* standard” value’ of g i59.80665 N/kg, or 32.17405
1bf/slug. The variation from the equator to the north or south poleis about 0.5%.
Also, py is the dengity of liquid in the manometer (equivalently specific gravity
timesdensity of water) and p, isthedensty of air in most wind tunnel applications
but could be any fluid other than the manometer fluid that fills all the other spaces.
(Note that a straightforward weighing of a volume of manometer fluid in the
atmosphere to obtain the density will need to be corrected for buoyancy; otherwise
the measurement will produce the differencein density of the manometer fluid and
the density of the atmosphere. This difference in density is the quantity needed in
the manometer equation.)

The manometer is the most fundamental instrument readily availablefor pressure
measurement. Manometers are used frequently for calibrating and checking other
devices, asit is difficult to obtain a more accurate or precise result in the range of
differential pressurescommonly of interest in subsonic aerodynamic testing.
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The factors limiting the accuracy of the manometer can be considered to be in
three categories. First is the accuracy with which the measurement of the heights
can be accomplished. Second is the accuracy with which the liquid density is known
and the uniformity of the liquid density. And third is the presence of forces other
than the weight of the liquid. With regard to the first category, Brombacher® has
given an account of some of the methods that have been devised to make precise
height measurements. Minimizing the effects of the second category requires care
in the monitoring materials used. The principa force other than weight that affects
manometer readings is surface tension, which can directly lead to a pressure jump
across the liquid—gas interfaces in the manometer as well as produce a nonplanar
surface to make the precise determination of liquid column length more difficult.
Benedict? and Adam® may be consulted for more detail.

The use of manometers has been so extensivethat a number of unitsfor pressure
have been spawned, as noted by Soloukhin, Curtis, and Emrich,” from whom we
have moddled Table 4.1.

In the past, wind tunnels have used a wide array of manometers. These have
ranged from the simple U-tube, similar to Figure 4.1, using aruler or strip of graph
paper to measure fluid heights to large banks of 50-200 tube manometers with
constant-level reservoirsto maintain the reference fluid height to manometers that

TABLE 4.1. UnitsUsed for Indicating Pressure with Some

Conversions

Name of Unit Value?
lam 2116 1b/ft?
1latm 101.3 kPa

1 bar 100.0 kPa

1 kgf/cm? 98.07 kPa

1 1b/in.? 6.895 kPa

0 acoustic db® 10 Pa‘ or 20 pPa‘
lam 14.7 Ib/in.?
1in mercury 3.38 kPa
1in water 249 Pa

1 mm mercury (Torr) 1333 Pa

1 Ib/fe? 479 Pa

1 mm water 9.81 Pa

“The Systeme Internationale (Sl) unit of pressureis the pascal (symbol is
Pa) and is equal to one newton per square meter.

'Sound pressure level, in decibels (dB), is 20 times the logarithm to the
base 10 of the ratio of the sound pressure level to the reference pressure
value. The reference pressure should beexplicitly stated in every document
in which decibel units are used. In the absence of an explicit statement
otherwise, sound pressureis the rms value.

'Reference value commonly used for transducers.

“Reference value commonly used for human hearing-related data. Thisis
anominal value for the threshold of human detection.
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can be precisely read using some of the devices reviewed by Brombacher.® The
U-tube and precision manometers could typically provide one or two pressures, and
the large multitube manometers were used to determine pressure distributionsover
model surfaces. The simple, precision, and small multitube manometers usually
were read and recorded by an individud. The large multitube manometers were
photographed, and the filmswere read later by various techniques. The test-section
total and static pressureswere put on two of the manometer tubes. Then the pressure
coefficients were merely the Ah of the desired pressure divided by the Ah of the
dynamic pressure. To processdatafrom large test programs, the photographsof the
manometers were used with optical schemes arranged to scale the images so that
the pressure coefficients could be ready directly using a microfilm machine. This
could be considered a form of " optical data processing."

A number of fluids have been found useful in manometers. Characteristicsthat
are of interest are visbility of the meniscus, dengity, stability to environmental
changes, and possible material interactions with tubing over a long contact time.
With the demise of large manometer systems, the more exotic fluids have become
much less common. Today the most commonly used fluids are silicon oil or water
with a small amount of dye. Both of these have well-known dependence of density
with temperature and do not change density appreciably with other environmental
variables such as relative humidity. Some information on the variation of density
of water with temperatureat atmospheric pressure has been given in Chapter 1. The
variation of dengity for water and mercury with temperature in degrees Fahrenheit
IS given by the equations

B 26.3788
P = 173 0.000101 (1, — 32.)

pio = (1.93486 + 0.00030412; — 0.0004514 + 0.1 X 107) slugs/ft®  (4.3)

slug/ft? 4.2)

The variation of density for a particular batch of Dow Coming 1 centistoke DC-
200 silicon ail as a function of temperature in degrees Celsius was found to be
given by Equation (4.4). Thecalibration wasobtained using a water bath, a precison
hydrometer accurate to a specific gravity of 0.001, and a precision thermometer
accurateto 0.1°C:

p; = 1.640 + 0.00198¢c slugs/ft’ 4.4)

We illustrate here two useful manometers that can be built in amost any labora-
tory. Thefirst is asimple unit with a few tubes and adjustable slant angle (shown
in Figure 4.2).! The second is a unit capable of very precise measurementswith Ah
readings of 0.0001 in. being possibleif an appropriate micrometer or height gage
IS used in the construction. To achieve repeatability of such fine measurements, it
IS necessary that the thermal environment be quite stable. For example, if the room
temperatureis around 75°F, a thermal shield must be provided between the person
observing the meniscus through the optics and the main part of the unit. Otherwise,
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FIGURE 42 A multitube variable inclination manometer.

a steady drift will be observed due to the radiant heat from the person to the
manometer unit and the corresponding expansion of the material. It is shown® in
Figure 4.3 and is based on a design by Smith and Murphy.!® Note that it is not
claimed that an accuracy of 0.0001in. of manometer fluid is readily achieved.

Finally we provide a note on the time response of aliquid manometer. According
to Soloukhin et al., the responseisthat of a damped harmonic oscillator with natural
frequency given by w, = \/2g/L — 16v‘la’ and atime constant given approximately
by a*/4v, where L is the length of the liquid column, a is its radius, and v is the
kinematic viscosity of the liquid. These results do not include any effect of tubing
that is necessary to connect a manometer to a pressure source of interest. The effect
of tubing will be discussed later. More complete information on the time response
of manometers is given by Holley and Bannister™ and the subject is treated by
Benedict? as well.

Pressure Transducers

Theterm pressure transducer isusually applied to adevicethat providesan electrical
response to a pressure or change in pressure. There are many types of devices, a
number of which are mentioned by Benedict? and Soloukhin et al.” In low-speed
wind tunnel applications the transducers in common use may be considered in two
classes. Thefirst is the set of transducers used to monitor tunnel flow conditions.
These units must be very accurate and very stable over the range of operating
conditions of a particular tunnel. They can be put in thermally controlled enclosures
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FIGURE 43 A high-precgon micromanometer

to minimize drift due to temperaturechanges and their sizeis not critical. They are
frequently units that are considered to be secondary standards and are commonly
obtained with traceability to national standards laboratories.

The second class of transducers are used for measuring model pressures and
perhaps wall or other surface pressures as needed for various tests. The cost per
transducer for these unitsismorecritical sincealarge number are frequently needed
and their size is critical since they are often to be installed inside a model or in
some other restricted space.

The most commonly used pressure transducers are of the diaphragm type, which
smply means that the basic sensing mechanism is a thin sheet of material that
deforms as the pressure across it changes. The methods of sensing the diaphragm
deformationincludestraingages directly attached to the diaphragm, circuitsto sense
the change in capacitance due to the geometric change, and circuits to sense the
change in inductance due to the geometric change. The strain gage units are most
numerousasthey can be madesmaller and with current solid-stateel ectronic methods
can be made for a few dollars. These units are remarkable for their economy,
although they must be calibrated frequently against more stable standard units. There
are many strain gage units with stainless steel digphragms and even some with
quartz diaphragms. Transducersusing the capacitive sensing method tend to bein
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the higher priced ranges and to have larger dynamic range capability as well as
being more rugged than the strain-gage-based units. These are more likely to be
foundin the maintunnel conditionsens ng applicationsand for secondary calibration.

A mgority o the pressure transducers used in subsonic wind tunnels are o the
differentia type, with a selected reference pressure applied to the reference sde.
Absolutepressureversionsarealmost alwaysavailable. They differ fromthedifferen-
tial unitsby having one sideof thediaphragm permanently sealed to afixed pressure
chamber that iscloseto vacuum. Thisis necessary in order to avoid serioustempera-
ture sengitivity and leads to the absol ute units having diaphragms that can withstand
at least 1 am. It turns out that this means they are not sufficiently sensitive for
many applications in low-speed wind tunnels.

Consider the likely pressure range for an external aerodynamic test of some
object in an atmospheric wind tunnel using test speeds of 100 m/s (—200 knots).
The dynamic pressure will be about 0.055 atim and the likely range of pressures
may be about 3 times the dynamic pressure. This means that a transducer with a
full scale of around 0.2 atm can be used, which will be at least five times more
senditive than an absolute unit of the minimum available capacity. The conclusion
becomes more dramatic if a test at 50 m/s (—100 knots) is considered since the
required pressure measurement range will now be only —0.05 atm. The transducers
comein awiderange of pressure values, however, 2.5 psd (—15 kPa) and 5.0 psid
(30 kPa) are very commonly used (psid is pounds per square inch differential). The
signal conditioning equipment must beof high quality in order to have the necessary
signal-to-noiseratios.

The chosen reference pressurefor agiven test is manifolded to al the transducers
and usuallyisled out of thetunnel withthe€lectrical leads. In the caseof mechanica
scanning valves, Scanivalves, this tubeis used to periodically check the transducer
calibrationand recalibrateifnecessary, usually onceashift. Thisisdone by removing
the tube from the reference and applying a known pressure to the transducer. In
pressureunits the transducer output i scompared to the applied pressure. The current
generation of electronic scanners have the ability to switch all transducersto a
calibration pressuresourcein situ so that periodic calibrationscan be done automati-
cally while the tunnel continuesto operateif that is otherwise desirable. This has
been provided because the silicon-based semiconductor strain gage units are at the
same time cheaper per unit and more susceptible to drift than the typical stainless
steel digphragm transducers used in the Scanivalve systems. Thein situ calibration
processes have the major advantage of being an end-to-end calibration incorporating
all of thesignal conditioning, the digitizers,an even thecurvefitting softwarea most
precisely asitis used in the actual datagatheringfor the test. Thiswas not generally
the case for the Scanivalve systems, for which the processis described next. The
electronic scanning modules coming into service in the mid-1990s frequently are
accompanied by read-only memory modules that have calibration data including
temperature dependence. This will reduce the frequency of required calibration.

Scanivalvetransducersare usually calibrated agai nst asecondary standard. When
the transducer is calibrated outside the model, the bridge voltage used and the
calibrated amplifier filter setting and gain are recorded. The same values are used
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during the test.-As an alternative, the bridge voltage can be recorded and the bridge
output measured. The amplifier gain is then entered into the data reduction process.
The bridge output is adjusted to zero for zero pressure or the voltage for zero
pressure is recorded. Then a series of pressures are applied and the pressure and
output voltage are recorded. These data are fed into a curve-fitting routine to
determinethe calibration curve. The transducerstend to be linear, but often a third-
degree curvefit is used.

Often when a Scanivalvetransducerisindependently calibrated and then mounted
in the mode or Scanivalve, there are dlight but measurable shifts of the calibration
curve, apparently caused by clamping the transducer. WWhen mounted, the transducer
will repest its calibration over a period of time. Thus, it appears that the pressure
transducer should be calibrated mounted in the Scanivalveor the model. Calibration
must be checked if the transducer clamp is loosened and then retightened. This
could also occur for the newer electronic pressure scanners and should be kept in
mind if the most precise results are required.

Attheend of thediscussionof manometerswegave anindicationof thecapability
of the liquid manometer to respond to changing pressures. A comparative measure
of a deviceto respond to a varying signd is its natural frequency. In the case of
liquid manometers, the typical natural frequency is less than 1 Hz. In the pressure
ranges most frequently used inlow-speed wind tunnel sthediaphragm-typetransduc-
ers considered in this section will have natural frequenciesin the range of a few
hundred hertz. Some small units may have considerably higher natural frequencies.
We repeat the cautionary notethat the connecting pressure tubing will have a mgor
dynamic effect on time-varying pressure measurements and must be considered
carefully whenever a time-varying pressure signal is to be measured.

Piezodectric Tranducers

In addition to the digphragm-type transducers discussed in the previous section,
there is a type of transducer that uses a piezoelectric element that produces an
electric field in response to applied pressures. These devices are discussed by
Soloukhin, Curtis, and Emrich’ and Blake'? and thereferencestherein. These pressure
gages are able to measure higher frequency pressure fluctuations than the typical
diaphragm-type transducers. They require associated electronics located near the
gageto optimizetheir response. Thetransducersare mostly used for the measurement
of time-varying pressures, but time-averaged pressures can also be obtained. They
are made to have very small sensitive areas and in forms designed to be mounted
flush in a model surface. This is consistent with their high-frequency response
capabilities since the effect of connecting tubing on a pressure signal will make
it difficult in any case to obtain measurements at frequencies more than a few
hundred hertz.

These pressure gages also tend to be differential transducers, and the reference
side can be connected to either a known pressure or a source of approximately
time-averaged pressure, whose fluctuations are required. The units are sensitive to
temperature and usualy require attention to temperature compensation.
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The natural frequencies of available piezodectric pressure transducers extend
upward to severa thousand hertz, overlapping the domain of microphones.

Microphones

Microphones are widely used in the entertainment industry, so low-cost units are
ubiquitous. Unfortunately, the units that are desirable for human communication
processesdo not have uniform response characteristicsneeded for physical measure-
ment gpplications. The most common unit used for physical measurement has
been the condenser microphone. The basic principles of these units are described
by Blake.'

Pressure-Sendtive Paint (PSP)

Almogt al of the preceding pressure-measuring devices require that the pressureat
a point of interest be communicated to the sensing element from a pressure "tap"™
or "port™ through a smal tube to the sensor. There are two major problems with
this method. The most important one is that it makes the models quite expensive
to build. The second is that the time responseof the pressuremeasurement islimited
by the presence of the tubing as a transfer mechanism. There have been a number
of important experiments using surface-mounted transducers, but these are by far
the mogt expensive modds and test programs. In any case, there can never be a
large enough number of pressuretaps to provide high accuracy for forces obtained
by integration of measured surface pressure.

Pressure-sensitivepaint offersthe promise of very high spatial density of measure-
ments with a moderate impact on modd cost. Thereis, a present, a high capital
cost for the cameras needed for high-quality results. Thisnew method isbeing used
extensively in transonic testing but hasonly recently been demonstrated to be capable
of useful resultsfor test speeds aslow as 100 knots. Wewill provide an introduction
to the basic aspectsof PSP principles. Our presentationfollows Crites and Benne. "

Basic Concepts Molecules of certain compounds, when exposed to radiation of
certain wavelengths, will absorb photons and transition to a higher energy state,
referred to asthe" excited" condition. They will then returnto ground state primarily
by one of two paths. One path involvesthe emission of a photon a a wavelength
less than the wavelength of the exciting radiation. The other is through interaction
with an oxygen molecule and no photon emission. The likelihood of the second
trangition path increases with increasing density of oxygen molecules. Since the
number density of oxygen moleculesin air is a function of pressure, the balance
between the two competing processes will shift as a function of pressure. The
emitted radiation, termed luminescence, will be a function of the partia pressure
of oxygen and therefore the pressure of the air in contact with the material. It is
the luminescence that is to be measured and used as the indicator of the pressure
of theair in contact with the material. The compounds used in this application have
been referred to in the literature as luminiphors, lumiphors, and dye. Thisis early
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FI GURE44 Oxygen-quenched photoluminescence process.

intheevolutionof the aerodynamicapplicationsof these materialssotheterminology
is not yet settled. We will use the term " lumiphor'* for the sensor molecules. The
phenomenon as described leadsto the result that PSP isan absol ute pressure sensor.
It is to be expected, therefore, that obtaining resolution of the same order as is
available from differential measurement techniques may be difficult.

A schematic representation of the oxygen-quenched photoluminescent process
is given by Figure 4.4. To incorporate this process into an aerodynamic pressure
measurement system, suitable lumiphor molecules are dispersed into an oxygen-
permeable binder that has properties allowing it to be applied to the aerodynamic
model as a paint. The model is mounted in the wind tunnel and illuminated with a
radiation sourceof the appropriatefrequency for the chosen lumiphor. Theillumina-
tion sourceisfiltered so that it is not emitting radiation in the luminescence wave-
length band. One or more high-resol ution charge-coupled device( CCD) video cam-
eras collect the luminescent radiation through filters that remove al other
wavelengths. An image is recorded with the wind off to obtain the distribution of
intensity of luminescent radiation due to spatialy varying illumination intensity,
varying surface orientation, and other effects under uniform pressure conditions.
The wind tunnel is turned on and a wind-on image is recorded. The recorded
intensities with wind on and wind off are used along with calibration data on the
PSP to compute the pressure distribution.

Lumiphor, Binder, and Primer  The processes indicated in Figure 44 occur with
certain probabilities and corresponding time constantsthat are characteristicof the
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specific lumiphor compounds and excitation sources. The ratio of the expected
lifetimedf an excited moleculetaking into account all availabletransition processes
to the expected time before it will emit a photon is called the ** quantum efficiency™
of the lumiphor molecule. Thisisegual to theratio of the rate coefficient for decay
by radiativeemission to thesum of therate coefficientsfor all deactivationprocesses,
only some of which are indicated in Figure 4.4. The rate coefficient for decay by
oxygen quenching is proportional to the partial pressure of oxygen, which leadsin
turn to avariation of quantum efficiency with pressure. While these coefficients are
important properties of a lumiphor candidate, they are not used directly in the
PSP process.

It turns out that the lumiphors lose their pressure sensitivity if the lumiphor
molecules are too closaly packed. This leads to a need for a "'binder’ materia in
which the lumiphor moleculesare dispersed. The binder must be transparent to both
excitation and luminescent radiation. It must be very permeable to oxygen. And it
must be "paintlike, which means it can be spread in a very thin and smooth layer
on a surface. Silicone polymersare the most common binder materialscurrently in
use for PSP applications.

Finaly a"primer™ has been found to be essential to the success of PSP applica-
tions. The primer serves two major purposes. The first is to enhance adhesion of
the binder-lumiphor mixture to the model surface. The second is as a diffuse
reflector of radiation, which materially enhances the signal-to-noise ratio obtained
by providing reflected excitation radiation in addition to the direct radiation from
the sources as well as reflecting some of the luminescent radiation to the cameras
that would otherwise not be collected.

The luminescenceintensity i, of the emitted radiation that is detectable by the
cameras can be expressed as a product of threefactors, theincident radiation i;; the
guantum efficiency of the lumiphor, ¢; and the " paint efficiency' T,

ie = fﬂ]p‘b (45)
The quantum efficiency is a function o pressure, with the form

K
d)_kp%—kc—l—k,,p

(4.6)

wherekr i sthe ratecoefficientfor the luminescent emission from an excited molecule,
k¢ is the rate coefficient for interna transition processes, and %, is the coefficient
for the oxygen extinction process, including the effect of binder permeability. But
theincident radiation is not uniform and the paint efficiency variesover the surface,
and neither are known. If the emitted radiation at zero pressureisdenoted by i.o, then

o $o _ To kp
= 1 +ap wherea Btk “.7)
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If areferenceimage is recorded with wind off, in which case p = p,, and the
reference image data are divided by the wind-on image data, we obtain

lr— 4 +BE 4.8)
L, Pr
where
1 ap,
= = 4,
A 1 + ap, ad B 1 + ap, “4.9)

Here A and B can be obtained from calibration of paint samples in a pressure
chamber or by in sSitu calibration using pressure data from a few conventiona
pressure taps distributed on the surface. Inverting (4.8), we obtain

P_ l(if-' - A) (4.10)

Thisis known as the Stem-Volmer relation. According to Crites and Benne," it is
preferablein practiceto usealeast-sguaresfitted polynomial, typically of third order.

The coefficients A and B are generally functions of temperature. This dependence
must be obtained from the calibration process, and the temperature on the model
during testing must be monitored by some means. Current work on these paints
includes an effort to obtain simultanwus optical measurement of temperaturealong
with the pressure measurements. Presently, however, an independent temperature
measurement is required.

There are two time responses of importance. Oneis the response of the paint to
a change in pressure. This has been investigated by Carroll et al." for a few
formulations and by Baron et al.’ for others. It is presently considered that the
primary factor that leads to response times as long as the order of hundreds of
millisecondsis permeability of the binder. This leads to an objective of putting the
lumiphor moleculesas closeto thesurfaceas possiblein order to obtainfast response
times. The second time responseis the responseto a change in the exitation source.
This can vary considerably from one paint formulation to another.

There are many facets to the performance of lumiphors, binders, and primers. It
IS evident that there are a plethora of formulations that can be useful and that the
exploration and refinement of these materials will proceed for a considerabletime
asefforts continueto discover the most useful combinationsfor various applications.

PSP Calibration In order to obtain accurate pressure measurementsusing PSP, on
theorder of what can be obtained using differential transducers, a precisecalibration
procedure must be performed. Two methods of calibration are commonly used. One
Isin situ, with the model situated in the tunnel and alimited number of conventional
tapsinstalled to provide the ""known™ pressures. The second is a custom-designed
calibration chamber, in which pressureand temperature can be precisely controlled.
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In situ calibration is an effective and convenient method of determining the
Stem-Volmer constants, but the model must be purpose built in order to do so. It
must be equipped with afew conventional pressure taps and, ideally, a number of
thermocouples. The Stem—Volmer constantsA and Bin (4.10)are derived by compar-
ing the luminescence intensities from the reference and wind-on images to the
measured pressures on the surface. The quantities i, and p are known at each tap
location during the test, and i,, and p, are known from the wind-off measurements.
So, A and B can be calculated on-line during a wind tunnel test.

The use of a custom calibration chamber allows more extensive and repetitive
calibration data to be obtained. There must be a light source for excitation and a
detection device, for example, a photomultiplier or CCD camera. Paint samples can
be mounted directly to a thermoelectric cooler and sedled in a pressure chamber,
so that compl ete temperature and pressure control can be achieved. By examining an
extensive matrix of pressuresand temperatures and the accompanying luminescence
intensity, the Stem—Volmer constants may be derived as above.

The-two methods of calibration are complementary. Each has some advantages
and disadvantages. In situ calibration reintroduces the main problem encountered
with traditional pressure measurement. The models haveto be built with a number of
strategically placed pressuretaps, and toascertain temperature effects, thermocouples
need to beinstalled on the model surface. Thereisoneprincipal advantage, however.
The paint employed in the calibrationisthe exact paint used in thetest. If anexterna
calibration chamber is used, the paint on a test sample may differ slightly from the
paint used on the model, beit in composition, age, impurities, and so forth. Precau-
tions must be taken to ensure paint consistency when not employing in situ calibra-
tion. Itisbest to do apretest calibration in an environmental chamber and to provide
a number of reference taps on the model so that in situ comparisons are available
to check and monitor the paint performance as the test proceeds.

Data Systems for PSP Pressure-sensitive paint is a distributed sensor and trans-
ducer system. The excitation source is the equivalent of the power supply voltage
for a strain gage transducer. Assuming a reasonable distribution of the PSP over a
model surface, there can be the equivalent of several million pressure transducers.
A point at a time could be sampled by exciting a spot with a focused laser beam
of the appropriate frequency and measuring theintensity of the luminescent radiation
witha photomultiplier tube with appropriate |lensesand filters. Obtaining the pressure
al a point requires two measurements, first the emission intensity at the known
reference pressure, i,,, and then the emission intensity at the test condition, i,.
Assuming the values of A and B in the Stem—-Volmer relation (4.10) have been
obtained fromacalibration system, the pressurecan becomputed. British Aerospace’
has developed a system along these lines using a scanning laser. In such a system,
it may be reasonable to expect the laser to provide a very nearly constant source
intensity over a period between the reference and data measurement time frame.
The variability in the pressure measurement will be determined by the signal-
to-noise ratio for the intensity measurements from the photomultiplier. If the
model moves under the load change that will occur between the wind-off and the
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wind-on conditions, then there will be achangein thelocation of the point of focus
that should be used to obtain the wind-on data. If thisisignored, then the wind-on
data will be taken for a different portion of the paint system, which in generd
will have a different paint efficiency and so will introduce error into the pressure
calculation. If the model motion under load is monitored by some means, then a
correction of the focus can-be made. If the model shape deforms as well as shifts
in a rigid-body fashion under load, then the problem is compounded. It is still
possible to infer modd deformation and to introduce a deformation correction if
some set of points on the model are established with sufficient accuracy. If the
shape deformation or movement involves significant rotation of the local surface
normal relativeto thedirection of the excitation source or the axis of the collecting
optics, thenamethod of correctionfor thiseffectisnot availableevenif the particular
paint spot can be located accurately. Thisis due to the fact that the effect of surface
normal variation on the paint efficiency is not known.

The PSP system described by Crites and Benne!* uses many source lamps for
Illumination and a CCD camera as the data-gathering device. This system in effect
IS operating as many parallel pressure transducers as there are pixel elementsin the
CCD camera. This would be 2' for a 512 X 512 array and 4 times that many for
a 1024 x 1024 array. Each effective transducer may have a distinct excitation
strength, a distinct paint sensitivity, and a distinct pixel detector sensitivity. Each
of the effective transducers will be subject to the errors due to model motion and
distortion described above for the single laser spot system. The variation in the
excitation source strength will be more troublesome since it will be more variable
than is the case for the steerable laser beam.

It seems intuitive that both the excitation source and the optical axis of the
measuring camera or photomultiplier are best aligned not too far from the normals
to the surface elements on which measurements are being made. Therefore, if
measurementsare to be made over a substantial portion of atypical vehicle modd,
multiple cameras or multiple setups will be necessary. Then the different views will
have some overlap and methods of registration from view to view will be required.
Thisis reminiscent of the requirement for registration of various strips of aerial or
satelliteresource data. In order to utilize the pressure data to carry out integrations
for total model forces and moments, methods are required to identify the orientation
of the surface normal for each effective transducer, that is, for each pixel. Note that
this is not required to create flow-visualization-type images. Such images carry
considerably more information due to the quantitative pressure information.

The resulting data processing requirements are substantially greater than most
historically associated with low-speed wind tunnel testing. There may be cases in
which acoustic experiments or turbulence measurements produce such large data
sets, athough both cases will generate large amounts of data due to time histories
rather than high spatial density of the measurements. In addition to sizableprocessing
requirementsfor thedatareduction, it is necessary to use data visualization methods
that have been under development in the computational fluid dynamics arena in
order to provide human usersa means of "seeing” the resultsin a useful way. Itis
perhaps noteworthy that measurementswith a spatial density of —60,000 points per
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squareinch have been made. The limit in density would appear to be much higher,
although this has not been addressed at this time. Theavail able measurement density
exceeds the plausible grid densities that can be applied for vehicle level Navier—
Stokes solvers used in computational fluid dynamics, which are limited by the
available computer speed and memory sizes. In fact, the practical measurement
dengities will be limited by the same resources due to limitations on handling and
storing large data sets.

| t appearsto the authorsthat PSPrepresentsa paradigmshiftinthat it offersaclear
possibility of measurement resultsthat are morethan competitive with projections of
density and detail of computational methodsfor pressure distributions on complex
surfacegeometries. The material givenhereisonly an outline. Contemporary sources
in the technical meeting and journal literature can be expected to contain a growing
amount of detail on PSP systems and methods.

Evolution of Pressure M easurement

Wind tunnels have been in use for aerodynamic investigations since 1871, when
Wenham conducted experimentsunder the aegis of thefledgling Aeronautical Soci-
ety of Great Britain."" Our present interest isin the reported use of a''water gauge™
for measuring the speed of flow in Wenham’s wind tunnel. This would be a pitot
tube connected to a manometer with water astheliquid. In fact, thiswas the primary
means of measuring pressure for many decades. Other fluids were used in addition
to water, as mentioned earlier, with lighter fluids chosen to obtain dightly greater
sengitivity for low pressuresand heavier liquids such as mercury (quicksilver) being
used to obtain higher pressure capability within reasonable tube lengths.

Findy constructed mechanical instruments using Bourdon tubes to drive dia
gauges have been widely used for some purposes but are relatively expensive per
pressure port.

By the 1950s el ectronic transducersbecame widely used with avariety of mecha-
nisms as the basic sensing elements. The fundamental problem that had to be
overcome by the transducerswas the need for many channels at an acceptable cost.
A 200-tube manometer could be constructed by a competent wind tunnel staff
requiring a relatively small cash outlay. Purchasing 200 pressure transducers was
beyond the budget of most wind tunnel laboratories. A device that provided an
acceptable alternative was the mechanical scanner, the Scanivalve, which housed a
single transducer and sequentially switched up to 48 diierent incoming pressure
lines to be read by the transducer.

Theuseof thesemultistep, multiport val vesthat could usually belocatedinsidethe
mode had many advantagesover banksof multitubemanometers. When manometers
were used to record alarge number of pressures, alarge amount of tunnel time was
required to connect, phase out, and leak check the manometer. The large bundle of
tubing from the mode to the manometers outside the tunnel could modify the
support tares and interference and thus affect the balance data. Using Scanivalves
and pressure transducers alowed the pressure ports to be connected to the Scani-
valves, phased out, and leak checked prior to the model entry into the tunnel, saving
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large amounts of tunnel time. The small-diameter wiresfor stepping both the vaves
and the transducers were much easier to handle than the large bundles of plastic
tubing, thus reducing the tare and interference problem.

Manometer data were recorded by photographing the manometer banks at each
test condition. The manometers using photographswere faster in acquiring the data
by orders of magnitude than the mechanical scanivalves. But the time required to
developfilm and read the tubes was also orders of magnitudelonger than required
by thedigital data systemsthat were connected to the transducersin the Scanivalves
by the 1960s.

Sincethe early 1980s pressure transducershave been manufactured using solid-
state electronics. Thisnew method along with avastly expanded market for pressure
transducersthat hascomefrom the computer feedback control of automobileengines
has lowered the per-transducer cost to the point that electronic scanners with a
separate solid-statetransducerfor each port are now the standard meansof measuring
largenumbersaof pressuresin wind tunnel tests. Theseel ectronically scanned pressure
modules, which came into wide use in the 1980s, can be practicaly as fast as
photographing a manometer in acquisition of the data, and the processing is done
immediately by current computer systems so that reduced data in large quantities
are commonly available in a few seconds. Thus pressure transducers to measure
pressures have replaced the large multitube manometers.

Major disadvantages, and in some cases risks, with the use of Scanivalves and
other electronicdatasystems are alack of datavisibility and the possibility of either
the transducer(s) dipping calibration or the valve leaking and being undetected.
Strangely enough, these mishaps only occur on those units that measure critical
pressures. These disadvantages are being addressed to a greater and greater degree
as computer systems become capable of providing immediate visual feedback to
the tunnel engineer for monitoring the performance of the systems. Up-to-date
software systems takefull careto provide system health monitoring so that malfunc-
tions are made evident immediately.

There are still afew cases where a manometer is useful. Oneis in instruction
wheretheproperly set-up manometer will show thestudent or the uninitiated engineer
the shape of a pressure distribution, such as the chordwise distribution of pressure
on a wing or the momentum loss in the wake, with a more obvious physica
connection between the pressure variation and the results shown by the manometer
than is possible with more indirect devices. A second is during a test when it
becomes useful to get a quick look at afew pressures at a few model conditions
to guide further test direction. The most important is the use of a manometer as a
calibration standard for the transducers.

All multitube sysems—the manometer, the Scanivalve, and the electronic scan-
ner—mugt be phased; that is, the engineer must know which pressure port on the
model is connected to which manometer tube, Scanivalve port, or scanner port. This
task requires meticulous bookkeeping and is very time consuming. After all the
model ports are connected and phased, they must be checked for both plugs and
leaks. A plug will show as a very dow response to a change in pressure. A leak
will show as a change in pressure after a pressure is applied to the model pressure
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port and held. If either of these occur and cannot be repaired, that model pressure
port must beeither eliminatedfrom the data base or effectively marked as defective.
This process has been improved greatly by using the computer system directly and
Interactively to check and record pressure port response and create a corresponding
cross-referencetable. This processeliminatesthe requirement to tracealarge number
of small tubesfrom portsto transducersand keep track of the correspondingidenti-
fying little tags that inevitably are oriented in the most awkward orientations.

42 TEMPERATURE

Werefer the reader to Benedict?for information on details of temperature-measuring
devices and theory. We assume that a choice of device such as a thermocouple,
resistance thermometer, or glass thermometer will be guided by the specific installa-
tion requirementsin afacility. Here we will mention the basic issues regarding the
measurement of temperature in a low-speed flowing stream of air.

Similar to the case of pressure, the temperature of a flowing stream is caled
"gatic temperature” and is considered ameasure of the averagerandom trandationa
kinetic energy of the gas molecules. The temperature will be sensed by an adiabatic
probe in thermal equilibrium and at rest with respect to the gas. If observationsare
made from a frame in which the gas has a nonzero average velocity, then the
thermal equivalent of the directed kinetic energy of the gasis termed the " dynamic
temperature.” Note that the dynamic temperature is dependent on the reference
frame chosen. The dynamic temperatureis conveniently expressed in terms of the
Mach number and the ratio of specific heats:

T = (T—; 1)MZT

The dynamic temperatureis not large for subsonic flows but is quite measurable.
For T near standard sea level atmospheric conditionsit is ~1°F for a Mach number
o 0.1 and ~10°F for a Mach number of 0.3.

The'total temperature” is the sum of the temperature and the dynamic tempera
ture. The total temperature would be sensed by an idedlized probe that " stagnates’
an idedlized gas. The relation between the total temperature and the temperaturein
the flowing gas is obtained from the First Law of Thermodynamics and can be
expressed as

T = T (4.11)

2

L+ (L

In areal gas the temperature at a stagnation point is not generally equal to the total
temperature(see Benedict). However, for air at low Mach number and for pressures
not too far different from atmospheric, the difference between “stagnation tempera
ture'" and total temperatureis very small and can be neglected.
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The temperature on a boundary that is essentially parallel to the flow veocity
IS related to the stream temperature through a "'recovery factor” that is a function
of the Prandtl number. For the cases we are considering the recovery factor is very
nearly 1. In our case, then, thetemperatureis essentially constant through a boundary
layer on the tunnel wall. Thus, an easy method of obtaining stream temperatureis
through the use of a flush, wall-mounted temperature probe. The probe should be
located in the test section in aregion where its chance of damage is minimal.

The test-section static temperaturei s required to determine the test-section veloc-
ity through the use of Bernoulli's incompressible equation after computing the
density from the equation of state. The true velocity and viscosity are needed for
the calculation of the Reynolds number, the velocity ratio in flutter model testing,
to match the advance ratio in propeller power testing and helicopter rotor testing,
and so forth. If the temperature probe is located in the settling chamber, then the
appropriatecorrectionshould be appliedtoinfer thetest-section thermodynamictem-
perature.

43 FLOWI NSTRUVENTATI ON

Pitot Tubes

A pitot tube is used to measure total pressure. The shape of the tube affects its
sensitivity to flows inclined to the tube axis. Pitots with hemispherical noses begi n
to show errorsin tota pressure at very low angles of flow inclination. Pitot tubes
with a sharp sguare nose begin to show errors near 8° flow inclination. This can
be improved by chamfering the nose.

A Kiel tube®® can provide accurate stagnation pressure for flow angles beyond
30°. Other tip shapes provide various sensitivities, as indicated in Figure 4.5.
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FIGURE 46 Standard pitot-static tube.

Itisa relatively easy task to measure a pitot’s sensitivity to flow angle by use
of aflow of known angularity. The pitot is pitched or yawed depending on which
IS more convenient to determine its sensitivity to flow angularity. An excellent
discussion of probe methods for measuring fluid velocity is given by Emrich."

Pitot-Static Tubes

The most common device for determining the total pressure or total head and the
static pressure of a stream is the pitot-static tube, an instrument that yields both the
total head and the static pressure. A "standard" pitot-static tube is shown in Figure
4.6. The orifice at A senses total head p + 3pV?, and the orifices a B sense the
static pressure. We are, of course, limiting this discussion to subsonic flows. If the
pressures from the two orifices are connected across a manometer or pressure
transducer, the pressure differential will be approximately ;pV? from which the
velocity may be calculated provided the density is available. The density can be
calculated from the equation of state based on a temperature measurement and the
static pressure measurement.

The pitot-static tube is easy to construct, but it has some inherent errors. If due
allowance is made for these errors, a determination of the dynamic pressure within
about 0.1% is possible.

As previoudly indicated, atotal-head tube with a hemispherical tip will read the
total head accurately as long as the yaw is less than 3°. A squared-off pitot tube
will go to higher angles without error, but both square- and round-tip pitot tubes
suffer errors if they are used at too low Reynolds numbers or too close to a wall.
At very low Reynolds numbers, the flow regime is referred to as * creeping flow."
The difference between the pressure and stagnation pressure is not the dynamic
pressure, ¢ = 3pV?2, which gives Cysmg = 1 for high-Reynolds-number flow. In this
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regime the stagnation pressure on a blunt-nosed body is given approximately in
terms of the Reynolds number based on the body diameter by Barker® as

stag — P 6
Cpistag) = gq =k R. (4.12)

Corrections for pitot tubes under these conditionsare shownin Figures4.7 and 4.8,
as given by Spaulding and Merriam.”

The pressure sensed at the "satic” holes differs from the stream static pressure
due to two effects of the geometry. The first effect is generic for a semi-infinite
axisymmetric body with flow approaching the ""nose’™ of the body along the axis of
symmetry. The nose of the probe has a region on the upstream surface where the
flow stagnates and the pressure is above the stream pressure in the approaching
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FIGURE 4.8 Vdoaty correction for a circular pitot tube near a wall.
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flow. At the stagnation point, the pressureis the total pressure of the stream. The
flow acceleratesfrom the stagnation point around the curved surface and the local
surface pressurerapidly falls through and below the stream or static pressurein the
approaching flow. A minimum pressureis reached somewhereon the curved surface,
and the pressure starts to "'recover'" toward the stream static pressure as one moves
downstream aong the surface parale to the stream direction. If the probe were
infinitely long and aligned with the flow, then the pressure on the tube surface
would asymptoticaly approach the stream pressure with distance from the nose.
This effect means that pressure taps on the probe's parale surface afinite distance
from the nose would produce a measurement that is lower than the local stream
pressure. The amount of the differencein indicated in Figure 4.9.

The second effect is associated with the presenceof the' sem,” acylinder whose
axisis perpendicular to the approaching stream. A high-pressureregion exists ahead
of the stem, and that region includes the surface of the probe itself. In fact, the
Prandtl design has a stagnation point near the intersection of the stem and the probe
body. This effect creates pressures on part of the probe surface that are higher than
the static pressure in the approaching stream.

The two effects may cancel each other if the static hole locations are properly
chosen. The " standard™ pitot-static tube does not employ this principle because the
static hole location is so critical that small deviationsin construction or damage to
the tip can produce arelatively large error in the static reading. The Prandtl design
(Figure 4.10) is intended to take advantage of this cancellation.

If anew pitot-static tube is to be built, either it may be designed as per Figure
4.6and its static pressure readings corrected as per Figure4.9 or the Prandtl design
may be used. The Prandtl design (Figure 4.10) should require no correction but
should be checked for accuracy. Existing pitot-static tubes should be examined for
tip and stem errors so that their constants may be found.

If along static tube is available, the static pressure can be determined adong a
longitudinal linein thetest section. Then the pitot-static tube can be placed on this
line and the static pressure orifices in a pitot-static tube can be calibrated.
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Example 4.1 A pitot-static tube whose static orifices are 3.20 from the base of
the tip and 8.00 from the centerline of the stem reads 12.05 in. of water on a
manometer for a particular setting of the tunnel. If the test section is at standard
pressure as indicated by a barometer and at a temperature of 113°F as measured
from a resistance thermometer, find (1) the dynamic pressure and (2) the true
ar speed.

First the pitot-static tube error must be found.

(@) lip Error. From Figure 4.9 it is seen that static orifices located 3.2D from
the base of the tip will read 0.5% q too low.

(b) Stem Error. From Figure4.9 it is seen that static orifices located 8.0D from
the stem will read 1.13% q too high.

(c) Totd Error. The stétic pressurethereforewill be 1.13 — 0.5 = 0.63% q too
high, and hence the indicated dynamic pressure will be too low.
The data should be corrected as follows:
quue == 1'0063qmdin:med V'irua ey 1-0031‘/mdicaled
1. Accordingly the dynamic pressure will be 1.0063 X 12.05 = 12.13 in, of
water. Applying the conversionfor units, thisis 12.13 X 5.204 = 63.12 |b/ft2
2. The densdity is

p = 0.002378(518/572) = 0.002154 slug/ft
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The true air speed is hence

V= 2(63.12)
' 0.002154
= 242.09 ft/sec = 165.06 mph = 143.34 knots

The accuracy of a standard pitot-static tube when inclined to an airstream is
shownin Figure4.11. If a pitot-static tubeis placed near a model, the moddl's static
pressurefield will influence the pressure sensed by the static ports, and the reading
will not bethefree-streeamveocity. Thisiswhy tunnel dynamic pressurecalibrations
are made without a mode in the test section. The same problem existson an aircraft,
where great care has to be taken in the location of a static pressure source s as to
find a location where the static pressure varies as little as possible with lift or
aircraft attitude.

Pressure Probesfor Veocity Measurement

Yawheads A yawhead isaspherethat has two or more static ports on theforward
face of the sphere (Figure 4.12). If the ports are at exactly 45° to the centerline of
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the support and the flow is parald to the support, then (P, — P,)/lg = APIq = 0.
If thereisflow angularity, then APIq # 0O, and the value of APIq will be afunction
of theflow angle. In practice, a yawhead must be calibrated. The probeis placed
in aflow that has no angularity, and the probeis pitched or yawed about its center
through an angle range both positive and negative. This is done for the yawhead
in the "upright,” or normally used, position, and then the yawhead is rotated 180"
to an "inverted" postion. This will result in two curves of APIg (upright and
inverted) versus the angle for the yawhead. If the static ports are symmetrical to
the support axis, thetwo curveswill lieon top of each other. If thereis an asymmetry
in the static port locationsor possibly in theconditionsof thestatic portsthemselves,
the curve will be displaced by twice the error. The true curve lies halfway between
the two measured curves. If the flow used to calibrate the yawhead is not parale
to the yawhead support axis at the zero angle, the true curve will not pass through
the zero angle. It is normaly desired to have the yawhead calibration independent
of dynamic pressure and static pressure so the coefficient defined by (4.13) may
be used:

Py — Pa
C = 4.13
Y 5 = (12)(p. + ) (13)

It is instructive to investigate the variation of C, as if the pressure distribution
on the spherical yawhead wereaccurately given by potential flow theory for asphere
in a uniform stream. Let the angle between the incoming stream direction and a
line through the center of the spherebe 0. Then the pressure coefficient at the point
where the line pierces the sphere is?

= : 2
_p q pw — 1 _ 9(812 e) (414)

If p. and g are otherwise known, then the angle is given in terms of the flow
measurements by

2__\/13‘%) (4.15)

0= arcsin(

Now let the line just envisioned pierce the sphere at the center of a pressure port,
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and the line coincident with the center of the probe stem make an angle ¢ with the
line passing through the pressure port. The angle s between the probe axis and the
flow direction is related to the other two by

= g — 8 (4.16)

In most cases of application, this is not the situation. It is frequently required to
make measurements in parts of a modd flow field where the static and dynamic
pressures are not known. Thereforeit is necessary to obtain the angle and possibly
the static and dynamic pressuresfrom the probe data aone. Equation (4.14) applied
to a particular port (say port a) gives

p. = [1 — i(sin 6,)%]g.. + p.. (4.17)
It can be seen that using the similar relations for the other two ports yields

(sin6,)* — (sin 0,

“ = (2)[(sin 6,7 T (Sn 6,7 — (SN 8,7 {157
And using (4.16) we obtain
e ___[sin(, = W — [sin(d. — WI” 4.19)
(122){[sin(d, — W]’ + [sin(d, — W]*} — [sin(d. — Y)I
For the casethat ¢. = 0 and ¢, = —d,, (4.19) reducesto
= %‘%’% (4.20)

A calibration result would be expected to resemble (4.20). The result indicatesthat
a sngularity may be expected in the vicinity of £45° even for the case of ided
flow. For redl flow, thesingularity may occur at smaller valuesof theangle. Inverting
(4.20) gives (4.21), which would be expected to resemble the relation required to
obtain the yaw angle from the measurements of the three pressures:

I = %arctan(g’—ta;ﬂ) 421)

Using the yaw angle s obtained from (4.21) along with (4.16), the angles from the
flow vector to each port, 8,, 6,, 8., can be computed. Then the dynamic pressure
and the static pressure can be obtained from two of the three equations represented
by (4.17). One form of the resultsis as follows:

. 4(p. — Pa)
9 = 9[(sin 0,)> — (3n 0,)7] (22
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and

4(p. — pa) _ 9(sin 8,)°
Pe=po = {9[(s'n 67 — (SN fm}[l 4 } (4.23)

The last three equations are idedlized and are not suggested for direct use. The
process for a particular yaw probe consists of a calibration process in which the
probeis placed into a stream of known dynamic and static pressures, the angle of
yaw is varied over the range of interest, and the three port pressuresp,, ps p. ae
recorded for the set of yaw angles. The four functions s, ¢, Cpr €y are formed
from the port pressures, the dynamic pressure, and the static pressures. The probe
can then be used to obtain the flow angle, dynamic pressure, and static pressurein
an unknown flow by placing the probeinto the flow of interest and recording the
three port pressures. The yaw coefficient is computed directly according to (4.13).
The yaw anglein theflow is then obtained by inverting the function C,({) obtained
during calibration. The dynamic and static pressures are obtained from (4.24) and
(4.25):

38 Pc — Pa
T ) = ) Ve
P =Py — {Cpc(‘-ﬁ; : ‘Z:a( lb)}cpb(lll) (4.25)

where the coefficient functions are from the calibration. The process must still be
examined for effects of Reynolds number and Mach number.

Quite often a yawhead has five static ports rather than the three just described.
With such an arrangement, the two flow angles required to define the three-dimen-
sional flow vector may be obtained although the calibration is now over the two
angles and a surface must be generated rather than a single curve. Pitot-static tubes
that use a hemispherical nose can be made to have two yawheads built into the
nose. In this case, one instrument at any place in the test section will measure total
pressure, static pressure, dynamic pressure, upflow, and cross-flow. This is quite
useful for determining flow conditions in a test section.

Claw A claw will also measure flow angularity and is simple to build. In its
simplest form a claw consists of two paralel piecesof tubing that are bent 45° away
from their common axis and then bent back 90" toward their common axis (Figure
4.13). The two heads of the probe are cut off square about two diameters from the
centerline. Often a third tube is added to measuretotal pressure, and the two claws
can be madeto simultaneously measureboth cross-flow and upflow. The calibration
technique for a claw is the same as that for a yawhead. Claws are more delicate
than yawheads because the two tubes used to measure AP can be easily bent, thus
changing the calibration.
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FIGURE 4.13 Claw probe.

Cone Probes Cone probeswith five or seven holes are widely used for flow vector
measurements. They have the advantage of ssimplicity of construction and can be
calibrated more readily to higher angles. Gupta® gives detailed treatment and exam-
ples of calibration results. Gallington* and Gerner et al.” give results that alow
calibration for compressible flow.

Probesfor Measurementsin ReverseFlow A number of developmentshave been
carried out on probes to alow measurements to be made in flow with angles from
amost any direction. Cogotti® describes and has used a 14-hole probe extensively.
This probe is essentially two 7-hole cone probes in a back-to-back configuration.
Yamaguchi et d."" and Rediniotis?® have developed spherical probes with 13 holes
arranged as multiple 5-hole yaw probes. Gupta*® gave procedures for a spherica
probe with 11 holes arranged in the pattern of the faces of a dodecahedron with the
probe stem emerging from the location of the 12th face center.

Other Pressure Devices Sometimes asimpler version of ayawhead is used. One
device consists of five tubes arranged in a cross configuration with one tubein the
center and two pairs of tubes attached to it at right angles. The center tube is cut
off with its end approximately perpendicular to the flow. The other tubes are cut
off a a 45° angle. A second device is similar but consists of two parald tubes
cut off at an angle. Both of these devices are cadlibrated in a manner smilar to a
yvawhead or claw.

Devices Responding to Aerodynamic Forces

The devices described here are small airfoils, wedges, and vanes. They provide a
response based on aerodynamic forces over surface areas larger than a typical
pressure port.
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FIGURE 4.14 Vanetypeflow angularity probe Uses a five-component baance and can
resolve about 0.006". Owing toiits high natural frequency, probe can make continuous-maotion
aurveys. (Photograph courtesy of Sverdrup Technology Inc.)

Airfoilsand Vanes Flow angles can be measured using small wings attached to
sting balances. The flow angle calibration is obtained by the rotation of the drag
polar. Small vanes of various configurations can also be used (Figure 4.14 from
Luchuk, Anderson, and Homan?). Often theseareattachedtol ow-friction potentiom-
eters to read the angle or to balances.

To measure velocities in highly deflected wakes, use has been made of an
Instrumentationrakethat contai nspitot tubes and stati ¢ tubesand adevi'ceto measure
flow angularity. Thisrakeis then pitched to null theflow angle probes, thus aigning
the rake with the flow. A potentiometer or digital shaft encoder can be used to
record the angle and the velocity is obtained from the total and static pressures.
Thesetypes of nulling devices are becoming less and less attractive as productivity
is becoming a much more important element in wind tunnel activities. They are also
becomingless needed sincethe computing power to handleincreasingly complicated
calibration functionsis readily available.

Thermal Anemometers

Hot wires and hot films are used to obtain fast-response velocity measurementsin
turbulent flows as well as mean velocities and, with multiprobes, flow angularity.
The probe or sensor is a fine wire (diameter of a few micrometers) or a coated
quartz fiber attached between two supporting needles on the probe (Figure 4.15).
Current passed through the wire or film raises its temperature above the adiabatic
recovery temperature of the gas. The hot wire respondsto changesin total tempera-
ture and mass flux (7, and pI/). In subsonic applications where the density is high
and the fluid temperatureis low and constant, the problem of heat transfer through
the support needle (end losses) and radiation effects can be ignored, and the wire's
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FIGURE 4.15 Three-element hot-film probe.

response basically isafunction of velocity aone. Under these conditions and using
appropriate calibration and measurement of the voltage across the bridge, both mean
and turbulent velocities are obtained.

Electronic hot-wire circuits include afeedback system to maintain the wire at a
constant wire resistance. Thisis a constant-temperature anemometer. Feedback can
also be used to maintain a constant-current anemometer. Constant-temperature ane-
mometers are easiest to use in subsonic or incompressible flow, while the constant-
current anemometers are preferred in compressible flow. Frequency response to 50
kHz is easily obtained.*

In incompressible flows, the hot wire costs less and is easier to use than a laser
anemometer. The hot wire does intrude into the flow and the laser does not. The
hot wires are extremely fragile and often break, usually just after calibration and
before use. If the flow field is dirty, the risk of the wire breaking is high.

If turbulence measurements are not required, a single or dual split film can be
used. These units are more rugged and can be used to measure both mean velocities
and flow angles. Units are available commercialy with up to six elements so that
flow direction can be determined with no ambiguity. Some research workers have
constructed probes with as many as 18 elements to allow direct measurement of
Reynolds stresses in turbulent flows.

Single or Dual Spiit Film A singlesplit film will be parallel to the axis of asmall
glassrod. A dual split film will have a second pair of split films at 90° to thefirst,
aligned along the rod circumference. These devices, similar to hot wires, can be
used tomeasurebothvelocity and flow angles. Thesplitfilmissuitablefor measuring
mean velocities but does not have as high a bandwidth of frequency response as
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hot wires for turbulence measurements. Thin-film sensors and the associated el ec-
tronics are commercialy available.

Laser Vel ocimeters

A laser velocimeter uses a tracer method, which depends on detection of an optical
effect from a particlethat is carried with theflow. The most common laser Doppler
velocimeter (LDV) uses optics to split the laser beam into two parallel beams that
are focused to cross at the point where measurementsar e to be made (a dual-beam
system). Owing to wave interference, afringe pattern in an ellipsoid-shaped volume
at the beam intersection is formed. A second lens assembly (the receiver) with a
small aperture is focused on this fringe region to collect light from seed particles
crossing the fringes. Thislight is fed to a photodetector that is used as the input to
the sophisticated electronic signal processor that measures modul ated frequency.

In a dua-beam system the frequency from the scattered light from the two
beams are superposed on the photodetector's surface. The mixing processin the
photodetector then gives the differencein the frequency from the two beams. Al
other frequencies are too high to detect (thisis called an optical heterodyne). If B
IS the angle between one of the beams and the bisector of the two beams and A is
thewavelengthof thelaser light, then it can be shown that when the particlevelocity
Is much less than the speed of light the modulator frequency is

fo— 23N 3” B (4.26)

where «, is the velocity paralel to the plane of the two beams and perpendicular
to the bisector of the beams. Thus the relationship between the flow velocity and
fo islinear and a function of haf the beam angle and the wavelength of the laser
light. Perhapsit is easier to think of the system working in the following manner:
When a particle moving with the flow passes through each fringe, it is illuminated,
which causes a series of pulses from the photomultiplier. As the distance between
the fringesis known, the time to cross the fringes is measured, and this yields the
particle velocity. It should be noted that the fringe spacing in micrometersis equal
to thecalibration constantin meters per second per megahertz. When alarge number
of samplesare taken, the signal processor and computer cal cul ates both the average
velocity and instantaneous velocity, which can be used to obtain the turbulence or
velocity variation.

To calibrate the LDV, the wavelength of the laser is required. This is known to
an accuracy better than 0.01%; thus only the beam crossing angle is required. As
an alternatecalibration method the velocity of the edge of arotating disk at constant
speed can be measured by the LDV for a direct calibration. This also can check
the extent to which the fringes are parallel by varying the point along the optical
axis where the wheel intercepts the measuring volume.

Two- and three-component LDV systems are formed by using laser systemsthat
producetwo or threedifferent wavel engths,each of which can betreated asdescribed
above. The fringe patterns created by the different wavelengths must be formed
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within a common volume and must have their planes oriented so that the desired
velocity components can be sensed. A second component is relatively easy to add
to a one-component system because the transmitting and collecting optics can have
a common axis with the first component and in fact can use the same transmitting
and collecting lens. Adding a third component is more complex since the optical
axis for the beams to form the interference pattern for the third component cannot
be coincident or parallel to the axis used for the first two components. It would be
ideal if the optical axisfor the third component could be perpendicular to the axis
used for the first two. In practice, it is usudly at a much smaller angle. The
manufacturers of LDV systems are the best sources of information for the avail-
able features.

There are two basic modes that can be used for a LDV, the forward-scatter mode
and the back-scatter mode. In the forward-scatter mode the receiving optics and
photodetector would be on the oppositeside of the test sectionfrom the transmitting
optics. In the back-scatter mode both the transmitter and receiver are on the same
side of the tunnel. The advantages/disadvantages of both modes are listed below.

Forward-Scatter Mode

Advantages

1. Low-power laserscan be used, such as helium neon, output 0.5-30 mV. These
units have a high level of reiability.

2. The laser does not need cooling.

3. The signa-to-noise ratio is large.

4. Higher air speeds can be measured, but more laser output a higher speeds
may be required.

Disadvantages

1. Windows on both sides of the test section are needed that are relatively flat
optically to avoid beam misalignment.

2. When making traverses through the test section, the receiver must track the
measuring volume. This may require both the transmitter and receiver to be
on asteady base. In many tunnelsthe test sectioniselevated abovethe ground
and the floors at the test-section level often vibrate with the tunndl.

3. Often the modd will block the transmitted beam. This occurs, for example,
when measuring downwash in the tail region.

In general, forward-scatter systems are good for small tunnels and measuring
flow in the jet without a modd.

Back-Scatter Mode
Advantages

1. Thetransmitter and receiver can be placed on the mount that is used to traverse
the flow and thereis no problem tracking the measurement volume. Theentire
LDV system can be packaged much more compactly.
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2. Only onewindow i sneeded that isrelatively flat optically to avoid beam scatter.

3. Therearefewer problemswith the model blocking signals, althoughin certain
cases problems will occur.

Disadvantages

1. A much higher power laser is needed (continuous-wave argon), up to 20 W
output. The higher power requires water cooling with associated plumbing
problems.

2. The higher power increasesthe danger from the beams and their reflections.
Usually it is necessary to havethelaser operation site inspected and approved
by laser or environmental safety personnel. An output of over 0.5 W isdefined
as high power.

3. Thesignal-to-noiseratio is much lower, which may increasethe timerequired
to make measurements. The signal-to-noiseratiois a function of laser power.

The output of the photodetector is a frequency, and this must be converted to a
voltage or some number proportiona to velocity. There are many ways that this
can be done, but there is no apparent universally accepted optimum method. There
IS a strong tendency to use a dedicated computer of adequate size and speed for
LDV datareduction. It is common to package the computer and software with an
LDV system since the LDV system typically costs many times the cost of an
appropriate computer.

A particle generator is usualy needed for adding particles of a specific size
(usually 0.1-10 pm) and density into theflow. Particle parameters must be controlled
to get acceptable data rates and to ensure that particlestravel at instantaneouslocal
velocity. At low speeds natural dust may provide needed particles. Particle seeders
are commercially available.

Problems in turbulent flow may occur when (1) intensity is large with respect
to meanflow and (2) meanflow velocity changesrapidly witheither timeor location.
Particles may not be ableto maintain instantaneous velocity of flow (worse a low
ar density).

A typical seeding method isatomization, the processaof generating liquid droplets
with compressed air. Usually light oils are used. The resulting aerosols will contain
some large droplets (10~15 wm). These probably do not follow the flow field, but
they do tend to deposit themsalves on the walls and windows, thus adding a cleaning
chore for the tunnel crew.

Small-size solid particlescan also be used. There are problems with keeping the
original particle size and feeding the powder into the air at a constant rate. There
are obvious questions regarding human exposure to such particles that must be
Investigated by any potential user. As with oil, thereis a cleanup problem.

Laser velocimeters are used to measure momentum losses in wakes to obtain
drag, measurecirculation to obtain lift, map flow fields, trace vortex paths, measure
turbulence, and soon. If theL DV isto beused asaflow-visualization-typediagnostic
tool, the precision usually obtained in locating both the measured flow volume and
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the velocity can be relaxed. This is possible because the relative magnitudes of
changesare required rather than absolutevalues. The LDV itsalf, if not permanently
mounted at the tunnel, must be capabledf being installed and operational in a short
time. The LDV traversing system must move the measurement volume quickly even
a theexpensed somedegradationin the accuracy of the location. The measurement
accuracy of velocities can often advantageoudy be relaxed in a trade-off for rapid
acquisition of alarger number of samples.

The data system and computer should give the results, usualy in plotted form
for traverses, during or immediately after the run. In essence, when used in this
manner, the LDV is competing with other flow visualization techniques such as
china clay and tufts, and to be useful, it must operate within their typical required
time frames. This continuesto be difficult to achievefor systems in larger tunnels.
Asaresult LDV systemsare used as very specia purpose measurement systems to
obtain data that are nearly impossible to obtain by other means and in which the
vaue of the datais sufficient to justify the high cost of both the LDV system and
the relatively long tunnel occupancy times that are necessary.

Particle Image Velocimeters

Particleimage velocimeters are another example of a tracer method. The basic idea
is very straightforward. Take two pictures of a large number of particles with a
known timeinterval between exposures and measure the distance traveled by each
particle during that time interval. Many variationson practical implementationsare
being explored. At the present time there are excellent results being obtained for
relatively low volumes and relatively low speeds. Very good results are obtained
in water flow facilities. Moderately good results are obtained in small wind tunnels
at low speed. But it is till difficult to apply PIV methods in large wind tunnels at
Speeds of the order of 100 m/sec.

Rakes

Total Head Rake Airfoil profile drag has often been measured by the use of a
drag wake rake. In this technique the momentum lossin the wake is determined by
measurementswith abank of total head tubes. (SeeSection 4.5 for further discussion
of the method.) The rake also should have two or more static tubes offset from the
total head tubes to obtain the local static pressure. The rake size must be adequate
to encompass more than the width of the wake. Often, the tube spacing is greater
a both ends of the rakethan in the center by afactor of 2. The spacing of the tubes
must be known with precision so that the momentum profile can be accurately
determined. Generadlly, thetotal tubesare made of 0.0625-in. thin-wall tubing (Figure
4.16). The static tubes must be offset from the plane of the tota tubes to avoid
interference effects on the static pressure. Their purposeis to determine the static
pressurein the wake. Because the static pressure can be affected by both the total
head tubes and the base of the rake, they must be carefully calibrated so that the
error in static pressure is known. Since the static tubes must have a hemispherica
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FIGURE4.16 Tad head reke Natesnglestatic pressuretube. (Courtesy Aerolab Devdop-
ment Co., Laurd, Maryland.)

nose shape, Krause has shown that it is possible to adjust this shape to reduce the
error to zero.

As an dlternative to a wake rake, a mechanical traversing mechanism can be
used. Using variousencoders, thelocation of aprobe can be determined with ahigh
degreeof accuracy. Thesensor can be apitot and, preferably, astatic tube, amultihole
probe, a hot wire, or a thin film or even a fiber-optic laser velocimeter head.

When measuring the momentum loss in the wake by any method, care must be
taken to ensure that the whole width of the wake is measured.

44 BOUNDARY LAYERS AND SURFACE SHEAR STRESS

Boundary Layer Mouse

Measurementsin the boundary layer ar e often made to detect the transition between
laminar and turbulent flow or to find the local skin-friction coefficient. Obtaining
knowledge of the velocity profilein the boundary layer is important in attemptsto
determinethese quantities. Within an attached boundary layer the static pressure is
essentially constant while the total pressure varies. There are several waysin which
the velocity profile can be obtained.

The oldest method is by use of a boundary layer mouse* (Figure 4.17). This
deviceis a series of total head tubes, often with oval or flat inlets. To obtain the
velocity profile with adequate resolution at the surface requires the total head tubes
to be spaced closer together than their diameters. Thus, the total head tubes are
placed on an inclined plane to obtain the required close vertical spacing. The
boundary layer mouse often has a static orifice to measure the static pressure or
the static pressure can be measured by a surface port. During use the mouse is
attached to the modd. The boundary layer mouse measuresthe velocity profileover
a finite span of the modd, rather than a single spanwise station.

The velocity profile can also be measured by using a traversing mechanism
whose position off the surface can be quiteaccurately determined by adigital optical
encoder. The traverse mechanism can carry a single total head probe, a hot wire,
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tube height FIGURE 4.17 Boundary layer mouse.

or a split film. Vay good agreement has been shown between pitot probes, hot
wires, and thin films when supported®* by a traverse mechanism.

In generd, it is better to support the boundary layer mouse or the traverse
mechanism from the model rather than the tunnel walls. This avoidstwo problems.
First, when the walls are used for support, the probes must be moved when the
mode is pitched and then reset to obtain avery closeand accurately known proximity
to the surface. The second problem with a wall support is that most modds tend
to move dightly and often oscillate when under loads owing to balance deflections
or smply structural flexibility.

If the probes are being used to detect transition between laminar and turbulent
flow, extreme care must be taken to ensure that the probe itself is not causing
transition prematurely.

Many methods arein use to determinethe location of the transition region. They
include the following:

1. Plot the velocity gradient in the boundary layer and determine whether the
flow is laminar or turbulent by the dlope of the gradient, as illustrated in
Figures4.18 and 4.19.
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2. Determine the beginning of transition as the point where the velocity as a
function of streamwise distance at afixed small height above the body surface
Isa minimum, as illustrated in Figure 4.20.

3. Read the static pressure at a small height above the surface, determine the
transition by a slight dip in the plot of static pressure versus percent chord.

4. Readthevelocity at asmall height abovethesurface with a hot-wire anemome-
ter and note the transition as a region of unsteadiness in the output.

5. Readthevelocity at asmall height abovethesurface with a hot-wireanemome-
ter or thin-film gage and note the start of transition as the point of mini-
mum velocity.

6. Carefully emit smokefromflush orificesand notethetransition by thedispersal
of the smoke stream (may be difficult at high velocities).

7. Paint the model with special chemicals that evaporate slowly. The evaporation
will proceed most rapidly where the flow is turbulent.

8. Listen to the boundary layer with an ordinary doctor's stethoscope connected
to a flat total head tube, moving the total head tube progressively along the
surface from the beginning of the boundary layer in the downstream direction.
As long as the flow is laminar, a soft sh-sh-sh-sh can be heard. When it is
turbulent, adistinct roar isheard. Thissameinput fed into atransducer becomes
quite graphic on an oscilloscope or amplified and fed to an audio speaker.

Preston Tube

This device is used to experimentally measure the wall coefficient of skin friction
by measuring both astatic pressure and total pressure at the same chordwiselocation.
The total pressureis measured by a pitot tube that touches the surface. This can be
done because for unseparated turbulent flow there is a region near the wall on the
order of 10% of the boundary layer thickness in which the flow depends on the
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local wall skin friction 7, the dendity p, the kinematic viscosity v, and a length.
Preston* took one-half of the pitot-tube diameter as thelength. Dimensional analysis
leads to the equation

T,d* (P, — P,)d?
v - f( 04pv2 ) (4.27)

where P, is the pitot pressureand P, is the wall static pressure at the same point
in flow.

Thevalueoff must befound from acalibration experiment. In a pipeflow using
four pitots with inside-to-outside-diameter ratios of 0.006 (the outside diameters
varied), the value off was found. The wall skin friction 7, is found from 7, =
(P, — P;)D/ML. Here P, and P; are wall static pressures separated by length L in a
pipe of inside diameter D. Preston found that y* = f(x*), or

(PO w)dz

oV (4.28)

-_ 'rwd2 s 7

where y* is a dimensionless shear stress for incompressible, isothermal flow and
x* 1S a dimensionless pressure difference for incompressibleisothermal flow.

In 1964 Patel®* published the results of tests with 14 different circular pitot
probes using three different pipe diameters. The limits on pressure gradientsfor the
calibration are also given. Patel obtained empirical equationsfor

*—log( ) = flog"

over threeranges of y*:

(o — P)d*

TR ) (4.29)

1. 35 < y* <53,
2. 15 < y* < 35, and
3.y <15

These ranges correspond to fully turbulent flow, transition flow, and the viscous
sublayer, respectively.
For transition flow (2), or 1.5 < y¢ < 53,

y* = 0.8287 — 0.1381x* + 0.1437(x*)*> — 0.0060(x*)* (4.30)

In the viscous sublayer (3), or y* < 1.5,

y* = 0.37 + 0.50x* (4.31)
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using the classical law of the wall in the viscous sublayers and by defining an
effective center of the pitot as

Y = Kig(3d) (4.32)

Patel obtained avalueof K.; = 1.3for around pitot tube. The velocity cal cul ated
from Preston tubedata U, isthetruevelocity in the undisturbed boundary layer &t y..

Thework of Preston and Patel isfor round pitot tubes. Thereareother calibrations
for ovd or flat Preston tubesin the literature. For example see Quarmby and Das,*
MacMillan,®* and Allen.®

Liquid Crystals for Shear Measurement

The use of liquid crystal coatings to obtain indications of transition locations has
been studied for severa decades. These coatings have continued to be studied and
developed due to their promise for reducing the negative aspects of the two most
widdy used methods. sublimation and oil flow visuaization. Both methods have
the characteristic that each time the materia is spread onto the surface one obtains
asingleresult for which transitionis to be observed. This means that for a typica
determination of which transition is to be mapped as a function of angle of attack,
the tunnel must be stopped and material redistributed on the surface between each
change of angle of attack. Liquid crystals, on the other hand, offer the possibility
of a single application to the surface providing data continuously as the angle of
attack is changed.

Holmes and Obara* gave a state-of-the-art review of the use of liquid crystals
In trangition detection. They report on their use both in wind tunnels and for flight
test applications. Reda and Muratore* and Reda et d."" have recently reported
significant new capabilitiesin the use of liquid crystals, not only for the detection
of trangtion but a sofor thequantitative measurement of the magnitudeand direction
of surface shear stress. Two patents®,”" have been granted on the technology.

When a liquid crystal coating is illuminated from roughly the normal to the
surface by white light and observed from an oblique angle, it has a color change
response to shear that i s dependent on both the direction and magnitude of the shear.
It turns out that the color change is a maximum when the shear vector is directly
away from the observer. Reda and co-worked® have been able to provide acalibra-
tion procedure that provides quantitative shear measurements over an entire surface
that are similar in accuracy to available point measurement techniques when the
method is applied to a planar surface. The method provides excellent transition
detection on curved surfaces.

Liquid crystals are sensitive to temperature as well as shear. They must be
formulated for specific temperature and shear ranges, just as aforce transducer must
be chosen with the appropriatesensitivity for a particul ar application. The references
should be consulted for details.
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45 FLOW FIELD AND SURFACE ANALYSES

Obtaining the total force on a device in a wind tunnel usually involves the use of
a balance. However, this is not aways required and the methods described here
providemoredetail about theaerodynamic characteristicsof adevicethanisobtained
from balance measurements.

Control Voume Methods. Two Dimensons

The drag may be obtained by comparing the momentum in the air ahead of the
model with the momentum behind the model (assuming the walls are parale and
that shear stresson the walls is neglected), and the lift may be found by integration
of the pressureon thetunnel ceiling and floor. This approachis most often employed
in airfoil section researchin a two-dimensional tunnel.

The basic theory of wake survey measurement is discussed in the following.
Consider the flow past an airfoil (Figure 4.21). It may be seen that the part of the
air that passes over the model suffersaloss of momentum, and this loss is shown
by and equals the profiledrag of the airfail, or

p = &S x changein velocity
Sec

=ffpV da(Vy, — V)

where D is drag, V; is theinitial air speed (at A), V is thefina air,speed in the
wake (at B), andda isthesmall areaof the wake perpendicular to theairstream. Hence

D= ff(pVVn da — pV*da)
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Also, V; = \/2gy/p and V = \/2q/p. Therefore

Lff 2

For a unit section of the airfoil, S = ¢ X 1, and the areada isequa tody X 1,
wherey is measured perpendicular to the plane of the wing. Finaly,

Cao = 2.[(\/‘;— - i)@ (4.34)
dgo qo/ €

From Bernoulli's equation

pVi=g¢q, and H—p=%PV2=¢1

[

Hy — po =

where H and H, are the total head in the wake and free stream, respectively, and p
and p, are the static head in the wake and free stream, respectively. Hence we have

_ 1/H—p,H—p)@
cdo——Qf( Hy — po HO_PO c kD)

The ordinary pitot-static tube reads H — P directly, but practical difficulties
usually prevent the construction of a bank of them. The customary method of
obtaining values for Equation (4.35) is to use a wake survey rake. Thisis smply
a bank of total head tubes spaced about a tube diameter apart with the total head
orifice about one chord ahead of therakebody. The tubesareindividually connected
in order to the available pressure measurement system (PSP, multiple manometer,
or scanivalve). If a manometer is used, only the ratio g/g, is needed; the readings
areindependent of the specific gravity of the fluid in the manometer and its angle,
athough the precison of measurement will be better for larger dant angles.

A traversing pitot tube can be used rather than a wake rake and is often used in
conjunction with a data system. The data system measures the pitot-static position
as wdll as the pressures. It is best to have the probe displacement and the total head
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displayed on-line to ensure that the whole wake is traversed. A schematic of the
appearance of a wake on a multitube manometer is shown in Figure 4.22.

In practice many more readings are usualy obtained through shimming up the
rakein small increments. A small amount of "' splash” outside the wake proper may
also appear, probably caused by the total pressure gradient present in the tunnel.
The constant readings of the outside tubes indicate that they are out of the wake
and hence may be used to determine g,. Note that g, should be used from the wake
rake reading, not from the tunnel q at the model location, because the longitudinal
velocity gradient in the tunnel invalidates q calibrations made upstream. The other
tubes read the values of ¢ corresponding to their position on the rake.

It will be seen that the proper values of g can be obtained only if the rakeis
situated far enough behind the wing so that the wake has returned to tunnel static
pressure, since a differencein static pressure across the wake will void the values
for g. A solution to this problem is to locate the rake at least 0.7 chord behind the
trailing edge of the wing. At this position the rake will be approximately at tunnel
static pressure. A second solutionis to equip the rake with static orifices, the usua
practice being to employ three, one at each end and one in the middle, which are
averaged. Since the measurement of free-stream static pressure close to a body is
difficult at best, extreme caution must be exercised in locating the static holes. A
satisfactory procedure is to locate them out of the plane of the rake body and
calibrate them with astandard pitot-statictube, adjustingthetip length of each static
tubeuntil truestaticisread. If thetunnel isnot at atmosphericstatic pressurenormally,
reference tubes on the multiple manometer or scanivalve should be connected to
tunnel static pressure.

It has been said that the wake survey method cannot be used to measurethe drag
of stalled airfoilsor of airfoils with flaps down. However, the problemis not with
the theoretical basis but with the fact that stalled and very high lift conditions
commonly produce a recirculating region and a wake that does not return to suffi-
ciently parallel flow within the tunnel test section for the wake survey assumptions
to be valid. If practical reasons prohibit the location of the rake far enough down-
stream so that the wake has not yet reached tunnel static pressure, additional correc-
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tions are necessary, as described by Jones.*' It tests are made at large Mach numbers,
still further changes are required.

It has been found that a round total head tube will not read the true pressure at
its centerlineif it is located in a region where the pressure is varying from one side
of the tube to the other. An allowance may be made for this,”” or the total head
tubes may each beflattened at thetip. Thelatter procedureisrecommended, although
the usual correction for the lateral-pressure variation is quite small.*4

The momentum method of measuring drag under the usual assumptions is basi-
cally a measurement of the variation of velocity through the wake. These measure-
ments can also be made with a laser, hot-wire, or thin-film probe. If the wake is
not in equilibrium and allowance needs to be made for static pressure variation,
then the velocity-only measurements are not sufficient.

It has been generally accepted that spanwise integration for profile drag is not
necessary sincetheflow istwodimensional, other than aregion near thewall. Several
tunnels, however, have noted a spanwise variation of the profile drag coefficient
when measured with wake rakes behind the airfoil. These spanwise variations are
repeatabl e but can changewith model configuration. Brune and co-workers,* Mueller
and Jansen,” and Althaus™ all show variations in profile drag across nominally two-
dimensional sections. Thespanwise variation of profile drag appearsto decreasewith
increasing Reynolds number, but thevariationissignificant at all Reynolds numbers.

This problem is an area where further investigation appears warranted. Because
the profiledrag varies with span, how does one measureit? Obviously a measurement
at a single spanwise station is suspect, and thus some average value should be
determined. Should this be a mean or a weighted average? Furthermore, Mueller
and Jansen® have shown that at low Reynolds numbers based on chord (below
100,000) there are large-scale vortices in the wake similar to a cylinder. Do these
vortices persist at higher Reynolds numbers and thus make the use of wake surveys
guestionable due to rotational losses? It is well known that the wake survey is not
validin astalled airfoil or where separation is present. Brune et al.* state that there
wasagood agreement of both streamwise velocities and turbulentintensity at agiven
chord location and different spanwise | ocations, which impliestwo-dimensional flow.
Nonetheless, the profile drag varied with span. Based on the cited references, it is
reasonable to raise the question of whether true two-dimensional flow exists, and
if it does not, then does the approximation to two-dimensional flow typicaly vary
as a function of Reynolds number?

Control Voume Methods: Three Dimensons

Three-dimensional applicationsof the control volumeapproach are also conceptually
straightforward applications of the momentum equation. However, a much larger
quantity of datais required in order to obtain usefully accurate integrations. And it
is amost always the case that the measurement surfaces are close enough to the
object so that uniformity of static pressure cannot be assumed. Three-dimensional
wakes include considerable streamwise vorticity that must be accurately measured.
The problem, while conceptually simple, is practically very difficult. Hacket™ pro-
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vides an example-for the drag component. Referencesin that paper provide additional
sources on the methods required.

Lift and Drag by Pressure Digtributions

Another method exists whereby the lift and drag may be measured: the integration
of static pressures over the modd surface. For this method the model is equipped
with many flush orifices, each of which isconnected to a pressure-measuring device.
For lift determinations on a wing the pressures are plotted perpendicular to the
chord, yielding the normal force coefficient Cy. When plotted parallel to the chord,
they give the chord force coefficient C.. The approximate C; may be found from

C, = Cycos o (4.36)

A typical static-pressure distribution over a wing is shownin Figure 4.23a. The
same pressure distribution plotted normal to the chord for the determination of
normal force is shown in Figure 4.23h, and parallel to the chord for chord force
determination in Figure 4.23¢. Severa of the pressure readings are labeled so that
their relative positions may be followed in the various plots.

Thegrowth of the pressuredistribution with angleof attack isshownfor atypica
airfoil in Figure 4.24. In this figure may also be found a partial answer to the oft-
repeated question: Which lifts more, the upper or the lower surface? At zero lift,
both surfaces have both positive and negativelift. With increasing angle of attack
the upper surface increases in proportion until it finally is lifting about 7006 o
the total.

Many interesting and useful observations may be made from pressure distri-
butions:

1. thelocation of the minimum pressure point and its strength,

the load that the skin is to withstand and its distribution,

the location of the point of maximum velocity and its value (follows from
item 1),

the location of the maximum pressure point and its strength,

the probable type of boundary layer flow and its extent,

the center of pressure location, and

the critical Mach number (follows from item 3).

w N

NSO g A

Anillustrativeexperimentfor aerospaceengineeringstudentsisto measurethelift
curve and drag polar by recording pressures on manometers and using photographs.
Students can see the change in width of the wake for all angles of attack as it
increases and the change in pressures distribution on the wing (similar to Figure
4-24) as the manometers show them in real time.
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FIGURE 4.23 Example pressuredigribution.

Two-dimensional tunnels often use ceiling and floor pressuresto obtain lift and
moment data. Pressure distributionsare usually plotted as follows:

Normal forceN = —prdS

where Ap = p, — pi, p. iSthe pressure on the upper surface, p; the pressureon the
lower surface, and Sthe wing area.

For a unit depth of span,

N=-—prdc
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FIGURE424 Growthof static pressuredidributionwithangleof attack for atypicd airfoil.

where cis the wing chord. By definition, N = (p/2)SVCy,and hence
Cv= g —lf-Aﬂdc (4.37)

It followsthat the pressuresmay be plotted in units of dynamic pressure against
their respective locations on the chord. Furthermore, the area under such a curve
divided by the chord is the normal force coefficient, and the moment of area about
the leading edge divided by the areais the center of pressure.

When a trailing-edge flap is lowered, it is customary to show the flap pressures
normal to the flap chord in its down position (see Figure 4.25). To find the total
Cy due to the main wing and flap, we have

CN = CN.wing o+ CN,ﬂap cos 81“' (438)

where & i s the flap angle.
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\Lower surface\" ang!e FIGURE 425 Presentationd pressure distri-
45" pution on airfail with deflected flap.

It is reiterated that, though good agreement between Cy and C;. can be obtained,
the drag measured by the pressure distribution,

Coprese = CcCOSat Cysna (4.39)

does not include skin friction.

The point is sometimes raised that afallacy isinvolved in plotting the pressures
that act normal to the curved surface of the wing as though they were normal to
the chord. Actually thereis no error. A ssimple analogy is observablein the pressure
that isacting radially in a pipe but whoseforce trying to split the pipeis the pressure
times the section area made by a plane that contains a diameter.

The mathematical explanationis asfollows. Consider a small element of surface
ds that is subjected to a static pressure p acting normal to it. The total force on the
eement is p ds, directed along p, and the component of this force normal to the
wing chord lineis p ds cos a. (See Figure 4.26.) But ds cos a = dc, wheredc is
a short length of the chord, so that the total force normal to the wing chord line
isN = Apdc.

It will be noted in Figure 4.24 that a maximum stagnation pressure of Aplq =
+1.0 is usualy developed near the leading edge of a wing. This may be accepted
as the rulefor section tests, but swept-back panels will show lessthan Ap/g = T 10
at all stationsexcept at the plane of symmetry.

FIGURE 426 Pressure projection on an indined
surface.




184 PRESSLRE, FLOW, AND SHEAR STRESS MEASUREMENTS

The pitching mbment can al so be obtained from the chordwi se pressuresby usedf
1 [AP
CMLE = Z,f—q-—(x) dc (4.40)

where x is the distance from the leading edge to the AP.

(See Chapters9 and 10 on datareduction of pressure data with blockage correc-
tions for dynamic pressure and wall corrections for .)

Sincealaser can measure velocity, it is possible to measure the two-dimensional
lift coefficient with a laser by using the relation between lift and circulation. This
can be done on a three-dimensiona wing as well by measuring the velocity around
aclosed path that encirclesthe wing (a lineintegral). Thecirculation I' is given as

B
r= § V ds (4.41)
A
The Kutta—Joukowski theorem states that

= pVT (4.42)

o I~

Thusthe lift per unit span or the two-dimensional lift can be determined and easily
converted to a two-dimensiond lift coefficient. This method gives no information
about the chordwise distribution of pressure.

This method can, however, be used to determine the distribution to the spanwise
lift distribution of a wing caused by the tunnel walls in a three-dimensional test.
The tunnel measured ¢, can be compared to the calculated values by a vortex lattice
or other methods. Such informationmight be desired in thefoll owing circumstances.
As stated in Chapter 6, the maximum mode span should be about 0.8 times the
tunnel width. Over the life, many aircraft are stretched and their gross weight
increases, as does the wing loading. At some point it may be necessary to increase
the wing area. This can be accomplished by extending the wing tips. If the original
model's wing span was close to maximum, the span will now be too large. The
tunnel walls induce an upwash at the wing that distorts the model span load and
can distort the wing's stall near the tip. The method outlined can be used to check
this distortion. If the tip stall pattern is greatly distorted, it may be necessary to
build a new moddl.

Postioning Systems

Theexecution of aerodynamicexperimentsoften requiresthedesi gnand construction
of equipment to accurately position either instrumentation or the test article. Engi-
neers who work in aerodynamic laboratories must become knowledgeable about
many aspectsof mechanica designand el ectromechanical motioncontrol. Wecannot
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provide details of such information here, but it IS an area of great importance to
successful aerodynamic experiments. The sets of measurements of surface stress,
fluid velocity, fluid pressure, and thelikearefinitein number and may bedistributed
in various ways on the surfaces or within the fluid volume of the test area. In some
cases interpretations are made in terms of the collection of point data, but often
integrations over surfaces or volumes or both are performed as indicated in the
preceding sectionsin order to extract desired informationfromthedata. Theaccuracy
of the outcomes of the’integrations obviously depends directly on the accuracy of
the position data.
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5 Fow Visualization

It is difficult to exaggerate the value of flow visuaization. A reasonable mental

image of a flow about a body is almost aways necessary for a person to have a
useful understanding of an aerodynamic or hydrodynamic problem. This is true
whether the approach is strictly theoretical, mainly experimental, mainly computa-
tional, or some combinationasis awaysthe most effective. The ability to see flow
patternson and around a device under investigation often givesinsight into asolution
to an aerodynamic problem. This sometimes happens when the pattern of flow
exhibited by the experiment or produced by a computation is in some significant
way different from the mental image that the aerodynamicist had formulated. Or,

perhaps, the aerodynamicist reaized there were two or more possibilities and the
experimental evidence resolved the uncertainty. An important reason for the wide
appreciation of computational fluid dynamicsis that the processesrequired to reach
any solution, whether or not it is consistent with physical redlity, also strongly
support very visual presentationsof very detail edresults. Thesevisual representations
of detailed data setsare very memorable, as are many types of flow visualizations
in physical experiments, and both are thereby quite useful for similar reasons.

In this chapter we will focus first on some relationships between the so-called
primitive variables that describe a flow and quantities that have been found to be
useful in visualization of the phenomena. We will then focus on physical flow
visualization, which we have termed direct visualization as distinct from the newer
numericaljlow visualization, which is also very important and which we will aso
discuss. Notethat numerical flow visualizationis frequently based on data obtained
from experiment as well as from computations.

Theequationsof aerodynamicswerepresentedin Chapter 1, and alist of functions
was given that, if known, would constitute a complete mathematical specification
of the flow in the domain of the known functions. For convenience we repesat these
herein dimensional form. Equations(5.1)—(5.3) represent what aresometimestermed
the " primitive variables" for a flow. The variables are velocity, a vector; pressure,
ascalar; and temperature, ascdar. All are generaly functionsaof a three-component
position vector and time:

u(r, t)

V(r, ) = | v(r, 1) 5.1)
w(r, 1)

p = p,1) (5.2)

T=T(r1 (5.3)

188
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Thisis an Eulerian description of the flow. In addition to the primitive variables
there are many derived variables that are frequently useful. Examples are "'tota
pressure,”” density, vorticity, and helicity density. None of these flow variables are
iImmediately evident as one experiences a flow of air, water, or other fluid. In
Chapter 4 we have already discussed means of measuring certain quantities. Here,
we are interested in how to "see" these and other useful functionsin ways to help
us "understand" the flow fields (or functions) for the purpose of evaluating the
performance of vehicles and other devices, including incidentally the wind tunnel
itself.

An alternative means of describing aflow isto "tag" each particle according to
Its position at some time and provide the variables for each particle as a function
of time. This can be represented by Equations (5.4)-(5.6). There is no immediate
way to know the properties at a particular point in space except at the key time z.
This is termed a Lagrangian description of the flow':

M(l‘g, Iﬂs t)

V(ro, 1, 1) = | v(xy, to, 1) (5.4)
W(ro, tOs I)

p = p(ro, to, 1) (5.5)

T = T(rg, fo, t) (5-6)

Classic flow visualization for low-speed flowsis done by putting something that
Is visible into the flow at convenient locations and watching how the something,
caled a tracer, moves. The flow is inferred by the motion of the tracer. Tracer
methods are the oldest and most commonly applied means of flow visualization. It
seems likely that every human being has seen naturally occurring smoke or cloud
formations being convected by movement of air and thereby conveying information
about the motion of the air. We must, however, take care to relate how these
"pictures” imprinted on our consciousness arerelated to our mathematical equations,
which we use to quantify flow phenomena. In addition, it is necessary to investigate
to what degree various sizes and types of tracer particles actually follow the flow.
This question is addressed in detail by Somerscales.?

51 PATH-, STREAK-, STREAM-, AND TIMELINES

For the moment, assume that it is possible to put "tracer'* particles into the flow at
any desired location and that these particles are then convected perfectly along with
the flow, or that we simply have the capability to "see" any small element in the
flow that we choose. We have the following definitions.

Pathline

The path of a point or particle convected with the flow is called a pathline. if we
could release a tracer particle at any selected point and record its subsequent path,
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this would be a pathline. If we knew the functions indicated by (5.4), we could
construct pathlines by the parametric relations

1
x(ro, b, 1) = f u(ro, 1y, 1) dt + xo
S 1
b

]
y(xo, to, 1) = f w(ro, 2y, 1) dt + ¥ 1)

Q

I{
Z(xro, to, 1) = f w(ry, &, 1) dt + zy
I
0

Approximationsto pathlinescan be obtained by releasing neutrally buoyant helium-
filled soap bubblesinto an air flow and taking''long™ exposure photographs. | n water
flow facilities, the hydrogen bubble techniquegivesa similar but more robust result.

Streakline

Now consider the case of injecting tracer material continuously at a point in the
flow. There are now many tracer particles being convected by the flow, each of
which passed through a particular point in space but at different instants of time.
A parametric representation of streaklines can be obtained in principlein a manner
similar to (5.7):

i
X(ro, T I) = u(rn, Ts t) df + Xo
‘J‘\T<t)
Pr
y(ro, T, 1) = v(ro, T, 1) dt + yq (5.8)
(1<n)
]
AT, T, 8) = w(ry, T, 1) dt + 2o

(r<1)

A streakline is obtained by letting T vary with t and holding r, constant. The
plume from a smoke source held in one place and constantly emitting provides an
approximation to a streakline.

Streamline

A streamline through a point at an instant in timeis the line whose tangent is the
velocity at that point and that follows a path through the fluid such that the tangent
a every point is the local instantaneous velocity. The mathematical construction of



5.2 DIRECT VISUALIZATION 191

astreamlineis obtained from the Eulerian relations (5.1) by integrating the coupled
system (5.9). Note that this produces a time-dependent result if theflow field varies
with time:

dy _ v(r, 1) dz _ w(r,1)
dx  u(r,f) dx w1 )
The streamline, streakline, and pathline through a point are coincident if the flow
field is steady. This must be kept in mind when unsteady phenomena are under
investigation. A direct method of producing a visualization of streamlines in an
unsteady flow is not available.

Timeline

A timeline is generated by smultaneously emitting a short burst of tracers along a
line perpendicular to the local flow. This marks a line of elements that are in a
gtraight line at the initial time. The deformation of this line as the tracers are
convected provides an indication of the velocity profilealong theline. A mathemati-
cal congruction of a timeline can be obtained by another modification of the
Lagrangian expressions (5.7). The result is (5.10). This shows that a timeline is
obtained by connecting the end points of a family of pathlines whose beginnings
are dong aline specified by choosing p to vary along a straight line:

t
x(p* tﬂs 't) = f u(p! tﬂv t) dt o X
t

0

y(pa IDa I) = f V(Pa I[]a t) dt + ,Vo (510)

0

r
Z(ps IUS I) = f w(ps tﬂa t) dt + ZU
[/

0

Timelinesarerarely produced directly in air, although the hydrogen bubbletechnique
can be used to do this very dramatically in water. An approximationin air could
be obtained by observing the leading points of a smoke wire visualization.

5.2 DIRECT VISUALIZATION

We confine ourselves to techniquesthat have proved useful in low-speed flow. This
excludes mogt optical techniques that depend on variationsin index of refraction.
There are some flows such as those for propellers and rotors in which the mean
flowisat low Mach number but tip speeds approach sonic valuesfor which shadow-



192 FLOW VISUALIZATION

graph or Schlieren'methods are useful. These techniques may also be useful when
thermal gradients of significant magnitude are imposed on a low-speed flow. We
refer the reader to literature on higher speed applications and more specialized
publicationsfor accounts of these techniques.

We consider two broad categoriesof flow visuaization. Thefirst is surfaceflow
visualization and the second is flow field visualization. Strictly speaking, surface
flow is also a flow field, but we will use these terms to distinguish between on-
body and off-body fields. The methods considered for direct-surface flow visuaiza-
tion include tufts, oil flow, ink dot, china clay, and liquid crystals. The methods
consideredfor off-body visuaizationincludesmokeinjected in several ways, helium
bubbles. and streamers.

Methods of Recording Direct Visualizations
Thereare basicaly four methods of recording direct visualizations. Thefirst, histori-

-~ caly most important but least permanent, method is for the engineer to observe

with his or her eyes. Because of depth perception, one can see three-dimensional
patterns and one always sees an evolution of the phenomena, not just the fina
average state. However, thereis no direct permanent record in aform that can easily
be put into a report or paper. It is possible, however, to sketch the patterns as they
are observed. To do thisefficiently, one needsto preparein advancea basic drawing
of the mode on which streamlines or separated regions will be sketched when the
tunnel is running. An advantageof doing sketchesisthat the mental processincreases
the likelihood of forming cognitive maps that capture the flow patterns. Other
common methods of recording the results of flow visualizations are by film, either
still or movie, by video recording using a standard VCR format, and by digital
recording of digitized video, either still or movie. These methods produce a two-
dimensional projection of a three-dimensional phenomenon. In principle, two or
more cameras can be used to obtain multiple two-dimensional projections that
contain sufficientinformationto reconstruct the three-dimensional image. In practice
this has rarely been achieved and is not, a the present time, available for routine
use. The state of the art in the needed technology indicates that such capabilities
will be availablein the near future. A situation in which such a system would be
of great use would be when using smoke or helium bubblesto trace flow streamlines
past a model. The photographic methods, while requiring more time for devel oping
and printing, yield higher resolution. Video has the advantage of instant replay. The
available resolution for video equipment is rapidly increasing and is adequate for
most aerodynamic work today.

53 SURFACE FLOW VISUALIZATION

Information about the flow on the surface of an object being studied is usually most
critical. Many times, the flow off the body is of interest primarily in order to
understand the flow features on the surface. Key aspects of surface flows that may
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be investigated using visualization techniques include stagnation point location,
separation lines, location of boundary layer transition, characteristic unsteadiness,
extent of separation zones, and types of critical points and their locations.

Tufts

The ssimplest and most frequently used method for surface flow visualization is to
attach tufts to the surface of interest. The tufts must be of light, flexible material
that will align itself with the local surface flow as a result of direct aerodynamic
force. The most commonly used material is light yam with weights and lengths
chosen according to model size and test speeds. Very small monofilament has also
been used. There are also polyester and cotton sewing threads, such as Clark’s
Q N T.mercerized cotton No. 60, which can be treated with a fluorescent material.
The thread is a multiple-strand material and tends to unravel with time. Tufts do
affect the aerodynamic forces to some extent as we will show, but there are many
situations in which the method is so easy and economical that it is thefirst choice.

Two basic methods of attaching tufts to a surface are by scotch tape or by glue.
When tape is used, the tufts are usually made on a "'tuft board." The tuft material
is strung back and forth around pins, then the tape is applied to the tufts and the
tuft material is cut at the edge of the tape. This gives a length of tape with tuft
attached that is applied to the model (Figure 5.1). The model surface is cleaned
with naphtha or other solvents to remove oil so that the tape will hold under the
adverse conditions of high-speed flow.

MR

B
-

FIGURE 5.1 Methods of tgping tufts to modd (left figure) and a tuft board. The pattern
shown as A is used for high-gpeed tests,
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FIGURE 5.2 No. 6 floss (crochet yam), white light source; o = 27.3". Tufts taped to
wing as in method B of Figure 5.1. (Photograph courtesy of University of Washington
Aeronautical Laboratory.)

When tufts are glued to the model, a nitrocellulose cement such as Duco is used,
thinned 50% with acetone or methyl ethyl ketone. Often 10% pigmented lacquer is
added both to obscure the portion of the tuft under the glue and to make the glue
dotsvisible by using acontrastingcolor. Thegluedots are kept as small as possible.

Tuftsreadily show whereflow issteady and whereit is unsteady. Regionsof com-
pleteseparation and buffetingflow arereadilyidentified. Theresolutionof thedetermi-
nationisof theorder of thespacing of thetufts. Thepossibility of significantinfluence
of thetuftsthemsel veson theflow isvery high and must alwaysbe kept in mind. This
can be investigated by removing tufts upstream of indicated flow separation.

An example using No. 6 floss (crochet yarn) is shown in Figure 5.2.

An example usng No. 60 thread tufts is shown in Figure 5.3 for a transport
aircraft wing.

Minitufts

The glue technique is used for minitufts. These tufts have the least effect on the
aerodynamicdataand thus are often left on the model. The tuft material i smoncfila-
ment nylon that has been treated with a fluorescent dye. Two sizes are used: 3
denier (diameter 0.02 nnn, 0.0007 in.) and 15 denier (diameter 0.04 mm, 0.0017
in.). Thedye used is Leucophor EFR liquid in a concentration of 1%6in water with
2% acetic acid added. Thetuft materia iswound on an open wirereel and immersed
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FJGURES3 No. 60 thread tufts gued to wing, ultraviolet light source; o = 27.3". (Photo-
grgph courtesy of Univergty d Washington Aeronautical Laboratory.)

in the dyefor 15 min at 82.2°C (180°F) with frequent agitation. After drying for at
least 1 hr the tuft materid is wound onto small spools. During this step the material
should be wiped with tissue pads to remove loose fluorescent powder that can
transfer to the modd surface in irregular patterns.

When gluing tuftsto a model, a squaregrid is used (typicaly about 0.75 X 0.75
in.). Thetuft materia istaped to the wing undersurfaceand then wrapped around the
wing in achordwisedirection. The materia isin the chordwisedirection on the top
and moves diagonally acrossthe wing on the bottom surface. Asan aternate, the tuft
material can be taped at both theleading and trailing edges. After the tuft materia is
applied, itisglued using ahypodermicsyringe with afineneedle (acoarseneedlecan
be partialy closed with pliers). Asthedesired sizedrop of glueformson the needle,
touchit to the surface and pull away quickly. After thegluedriesthetuftsarecut just
ahead of thegluespot of the next tuft. Themodel surfaceshould be cleaned beforethe
tuftsand glueareapplied using Freon or chlorinatedhydrocarbons.* Themonofilament
nylon minituftsacquirestati ccharges. Thesecan be neutralized by the usedf antistatic
solutions or the antistatic material used in home dryers.

The minitufts are viewed and photographed in ultraviolet light as thisis the way
to make the small monofilament most visible. Threads can be similarly treated and
can be photographedin either ultraviolet or white light. Minitufts provide the same
type of information as larger tufts. They can provide greater resolution and have
less influence on the flow.

An example of surface visualization using fluorescent minitufts is shown in
Figure 5.4.
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FIGURE 54 Fluorescent minitufts, ultraviolet light source a = 27.3". Wing is outlined
with a fluorescent fet marker pen. Compare sdled region near tip with Figures 5.3, 5.2,
5.5, and 5.8. (Photogrgph courtesy of Universty of Washington Aeronautica Laboratory.)

Oil
Oilsand other viscousfluids are used to show the surfaceflow. The selected material
is usualy spread on the areas of interest with a paint brush. It will then flow under
theinfluence of shear stressfrom the air stream and gravity. Since inclined surfaces
are amost always of interest, the mixture needsto have viscosity sufficient so that
it will not flow rapidly under the influence of gravity. The flow speed of the air
must then be sufficient to impress shear stresslarge enough to cause the oil to flow
and reveal the surface patterns within an acceptable time. This is typically of the
order of 10's of seconds after the tunnel is brought to speed. It is difficult to use
oil flow on vertical surfaces at air speeds less than 100 mph and 150 mph is much
better. The most common material for oil flow is petroleum lubricating oils. These
materials are messy to clean up afterward, both on the model and more so in the
tunnel. Another material that works as well as oil when treated with a fluorescent
dye is polyglycol.* At high C;’s or high surface velocities this material may have
too low a viscosity, making it difficult to use. This material can be cleaned up with
soap and hot water. When cleaning the tunnel after extensiveoil flow runs, a portable
set of ultraviolet fluorescent tubes is most useful. If the ail flows too Slowly, it is
thinned with naphtha, and if it is too thin, 60—70W oail is added. The viscosity of
the mixtureis adjusted by trial and error for each application.

The color of the oil needs to contrast with the color of the model surface. A
widely used method is to add a fluorescent dye to the oil and illuminate it with
ultraviolet lights, as is done for the fluorescent minitufts. In this case the model
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FIGURES5 Qil gpplied at « = Qo, tunnel started and brought close to speed, modd pitched
to a = 27.3°. (Photograph courtesy of Universty of Washington Aeronautica Laboratory.)

color is not too critical so long as it does not reflect strongly under the ultraviol et
illumination. A light blue works very well with a dyethat provides fluorescence in
the yellow region of the spectrum. Thisis the most commonly used combination.

An example result of oil flow visualization using 40W motor oil treated with a
very small amount of fluorescent dye is shown in Figure 5.5.

Oil can be made white by mixing titanium dioxide into it. This can be applied
to a black model and ordinary light used for viewing and photography. This is
sometimes preferable to the installation of black lights and the subsequent require-
ments on light management. We show two examples. Figure 5.6 shows a low-
aspect-ratio wing at high angle of attack. Figure 5.7 shows the upper surface of
an automobile.

Photographs can be taken after the tunnel is turned off, but the available timeis
short even on horizontal surfaces as the oil will flow under gravity.

China Clay

China clay is a suspension of kaolin in kerosene. The fluid is applied with a paint
brush, usually with the model set at the desired attitude. The tunnel is started as
quickly as possible after the model is painted. When the mixture has dried, photo-
graphs can be taken after the tunnel is shut down because the pattern does not
change rapidly with time. This is similar to the Fales method with the kaolin
substituted for lamp black.

An example of visualization using china clay is shown in Figure 5.8.
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FIGURE 5.6 Oil flow on a low-aspect-ratio rectangular wing (Clark Y-14 airfoil, aspect
ratio 4, o = 25.4° R, = 360,000).

Effects of Tufts, Minitufts, China Clay, and Oil

As previousy mentioned tufts can affect the aerodynamic loads on a modd. In
Figure 5.9 alift curve near stall shows the effects of various tufts on the data. The
glued minitufts and No. 60 thread tufts consisted of about 900 tufts. The two taped
tufts consisted of about 300 tufts. The dataare an average of five runsfor each set

FIGURE 5.7 Qil flow on an automobile, yaw 0°
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FIGURE 58 Chinaclay applied & « = 0°, tunnd darted and brought close to speed,
modd pitched to a = 27.3". (Photograph courtesy of Univergty of Washington Aeronauti-

cal Laboratory.)
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FIGURE 5.9 Effect of various tufts, chinaclay, and oil flow on lift curve near stall.
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of tufts. The minitafts and the glued No. 60 thread have the minimum effect on
lift. The effect of the tape can be seen by comparing the two sets of No. 60 thread
tufts. The six-strand floss tufts are similar to the tufts made out of yam. The three
different tuft types can be seen a a = 27.3° in Figures 5.2-54.

Some Procedural Details

Correlation of Balance Data and Flow Visualization The generally accepted
practice when using the older, larger, six-strand flossfor tuftsis not to take balance
measurements, or at least not to consider them to produce good data, when tufts
are applied to the moded. Figure 5.9 explains why this is the practice. Both the lift
curve slope and maximum lift are greatly reduced. An advantage of minitufts is
that their effect on the data is minimal; hence they can be left on the modd. Qil
and china clay also show minimum aerodynamic effects. During this comparison
test of tuftsat the modd's minimum drag (alift coefficient of about 1.0}, the mode
drag decreased as tufts from the mini to No. 6 floss were added to the left wing
with the horizontal tail on and the reverse happened with the tail off. The tufts
apparently change the wing's span load distribution. However, old practices die
dowly, so force data are often not taken during surface flow visualization. This,
then, canlead toanimproperly establishedflow field and the possi bility of mideading
flow visualization, especialy near stall and, oddly enough, near minimum drag. If,
however, force data are taken before and during the flow visualization run, the error
may be detected and thereby possibly avoided.

Sequencing Attitude and Speed Setting  The usual procedurefor chinaclay visual-
ization is to set the model at the desired angle of attack and bring the tunnel up to
speed. On a wing with a slotted leading-edge and/or trailing-edge flaps, this can
result in erroneous aerodynamic data and flow visualization due to flow separation
in the dots at low Reynolds numbers during the tunnel acceleration. This is shown
by theoil flow andchinaclay datapointsbeyond a= 27.3"in Figure5.9. Similar data
wereobtained on theclean wing. Figure5.10showsachinaclay flow visualizationfor
this test method. Similar results were obtained with oil flow.

Figures 5.8 and 5.5 were obtained by setting an o well below stall, starting the
tunnel, and at 5060 mph pitching the mode to the desired a as the tunnel was
accelerating to a dynamic pressure of 36 1b/ft2, The force data corresponding to
these figures agreed with the clean wing data and theflow is similar to Figures 5.4
and 5.3 for the minitufts and No. 60 thread tufts.

Symmetry and Hysteresis An example of a very interesting flow phenomenonis
given in Figures 5.11 and 5.12. Although it is common to assume that symmetric
boundary conditions produce symmetric flows, there are many counterexamples.
Any flow that includes large regions of separation may well exhibit asymmetry of
the mean flow as well as asymmetry of the instantaneous flow even if the solid
boundaries are sensibly symmetric. This can lead to results such as that illustrated
here in which the integrated forces and moments exhibit random switching or it
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FIGURES5.10 Chinaclay appliedat a = 27.3° tunnd started and brought close to speed.
Leading-edge slotted flap is stalled. Compare to Figures 5.4 and 5.8. (Photograph courtesy
of University of Washington Aeronautical Laboratory.)

FIGURE 5.11 Qil visualization of flow on an airplane with o« = 14" that has flow on the
right wing attached and on the left wing separated.
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FIGURE 5.12 Here the left wing is atached and the right wing is separated. The modd
was not moved. The flow date dtemnated between the two conditions shown a random
intervasin the range o a few ssconds & achord Reynolds number of about 2 x 10°. This
produces a vary strong rolling moment that changes very abruptly and randomly.

can lead to hysteresisin which the forces and moments will be dependent on the
time history of the attitude. Flow visualization methods are often important tools
in identifying the flow structures associated with such events.

Flow Topology Topological concepts are slowly gaining recognition as important
to the study of complex flow phenomena such as bluff body flows and flows about
wings and aircraft at high angles of attack. An early review was given by Tobak
and Peake.’ A |ater collection resulted from the IUTAM Symposium on Topological
Fluid Mechanics.® The concepts are providing ways to understand the structure of
flow fields and to tie the structure of a flow field to the topology of the surface
flow on the test article. As oil flow techniques provide very fine detail of the sur-
face flow, this is a preferred techniquefor studies of surface flow topology.

Relative Advantagesof Tufts  Tuftshaveagreat advantageintermsof productivity.
Oncethetuftsareinstalled, the model can be repositioned and theindicationsstudied
visually and photographed for as long as desired. The model can then be smply
moved to a new condition and the process continued. An example of a series of
tuft photographs for a sequence of conditions for a powered tilt wing half model
Is shown in Figure 5.13.
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FIGURES13 Visualizationof flow on a powered tilt wing model in a seriesof conditions
using tufts.
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The oil and china clay methods produce patterns of limited duration in time for
a single operating condition. Then the tunnd must be stopped and the material
reapplied for each new condition to be visualized. Tufts are sometimes used for
broad looks over a wide range of conditions with the more detailed techniquesthen
applied for a smaller and selected set of conditions that have been found to be
most critical. -

Boundary Layersand Surface Shear Stress

Often the most important information being sought by flow visualization methods
is a definition of the locations of transition from laminar to turbulent boundary
layers and the locations of any separation regions. In the previous section, we have
shown severa results that illustrate separated flows. The location of transition
between laminar and turbulent flow cannot be determined by tufts and is difficult
with chinaclay. However, ail flow, sublimation methods, infraredimages, and liquid
crystals can be used to locate transition.

Oil Flow Detection of Transition The basisfor detecting boundary layer transition
by viewing oil flow patterns is the increasein wall shear stress when a boundary
layer transitions from laminar to turbulent. The result is that the oil is swept away
faster in the region where the boundary layer is turbulent. Transition indicated by
oil flow visualizationis shown in Figure 5.14. The shear stress at the leading edge
of asurfaceis high even under alaminar boundary layer so atypical patternis that
the ail is swept away rapidly at the leading edge with a gradual lessening of the
scrubbing as the laminar layer thickens and then severe scrubbing downstream of
trangition. The oil pattern given by a laminar separation bubble with turbulent
reattachment can be seen just downstream of the leading edge of the wing in Figure
5.6. In some cases asubcritical bumpin theoil can causea wake, which can confuse
the transition location. This does not occur with sublimation.

Sublimation In one sublimation technique a mixture of naphthaleneand a carrier
such as fluorine, acetone, or methyl ethyl ketoneis sprayed on the model using a
standard air spray gun. Note that the last two can remove many paints. The operator
must wear a respirator mask when doing this. The mixture will leave the model
surface white and therefore works best on a black or dark surface. The turbulent
boundary layer will scrub the mixture off. A natural transition is shown on a wing
using naphthalene in Figure 5.15.

Liquid Crystals Liquid crystals that undergo changes in reflective properties as
they are exposed to shear stress can be used as detectors of transition. This method
has recently been devel oped’ as a quantitative method as well as amethod of visual-
ization.

Infrared Thermography The basisfor thistechniqueisthat asurface a atempera-
ture different from the tunnel stream will have faster heat transfer from the region
under a turbulent boundary layer than from the region under a laminar layer. The
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FIGURE 514 Oil flow visudization
showing naturd trangitionat approximately
40% chord; ¢, = 0.28, R, = 1,260,000
basad on average chord. (Photograph cour-
tesy of Universty o Washington Aeronal-
tica Laboratory.)

resulting small temperature differences can be observed using commercially avail-
able infrared cameras. The results will vary with model structure and heat transfer
characteristics so it is advisable to check results for a particular model type by
observing artificially tripped layers. It should be kept in mind that it is the relative
temperature, not the specific value of temperature, that gives the indication of tran-
sition.

Ultraviolet Fluorescence Photography

Ultraviolet fluorescence photography is used when the medium used for visualizing
the flow has been treated with a dye that radiates in the visual spectrum when
excited by ultraviolet light.® The two common caesalready illustrated ar e thefluores-
cent minitufts and fluorescent oil.

The wavelength of the ultraviolet light is 320400 mm, and it is transmitted by
optical glass. There are three sources that aretypically used to producethe ultraviol et
light. There are special fluorescent tubes (black lights), mercury vapor lamps, and
electronic photo flash units. In wind tunnel use, the first two light sources are used
to enable the test engineer to observe the flow, and the flash units are used to take
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HGURE 515 Nagphthdene-fluorine flow
visudizationshowing naturd trandtionat go-
proximatdy 40% chord; ¢, = 028, R, =
1,260,000 bessd an average chord. (Photo-
grgph courtesy d Universty d Washington
Aeronautica Laboretory.)

still photographs of the flow when desired. Fluorescent tubes and mercury vapor
lamps in general do not have a high enough light intensity to allow photographs
without a very long exposure. Becausefluorescent material emitslight in the visua
range, the tunnel test section must be shielded from visible light. Both the mercury
vapor lamps and the flash units dso emit visible light; thus they must be equipped
with an exciter filter that will transmit ultraviolet light and absorb visiblelight. Two
filters that accomplish this are Kodak Wrattan filter No. 18A or Coming Glass
No. 5840.

For larger tunnelstheflashlampsareusually studio unitsmarketed for commercial
photographers. The flash lamps should be able to handle 2000 W/s per flash as
rated by photographers; the units come with power supplies that can store energy
in capacitors and have the necessary trigger circuits. The reflectors for the flash
units should be 10-14 in. in diameter to be efficient. The Coming glass exciter
filter comes in 6.5-in. squares, four of which can be glued together and built into
aframe to cover the reflector. As an aternative, one glass filter can be used with
the flashbulb without a reflector. This would require approximately one additional
f stop. For research tunnelswherethe camera-to-subject distancesare small, standard
flash units and a Wrattan 18A exciter, which can be obtained in a 3.5-in. square,
can be used.
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Photographic film is sensitive to blue and ultraviolet light. The light reaching
the camerawill contain both the visiblefluorescent radiationand reflected ultraviol et
radiation. To prevent theultravioletfrom exposing thefilm, abarrierfilter is attached
to the camera lens. The barrier filter can be a Kodak Wrattan filter No. 2A, 2B,
2C, or 2E. These can also be obtained in 3.0-in.-square gelatin sheets.

It is difficult to specify the filter combinations in advance as they depend on
many factors that are specific to a given application. For large tunnels, which are
expensive to operate, it is usualy worth the time to make a mock-up of the tunnel
and usethisto determinethefilters, exposure, and f stopfor thefilm and fluorescent
materia . Themock-upshould duplicatethe distancesfrom the light source or sources
and from the camera to the model. Also, the mock-up should duplicatethe glass or
plastic windows that will be used in the wind tunnel. Some acrylic plastics and
safety plate glass are designed to absorb ultraviolet radiation. The brightness of
fluorescent dyes dependson the amount of ultraviolet radiation, and any lossthrough
windows from the source should be minimized to avoid use of large apertures with
their smaller depth of field.

In both the tunnel test section and mock-up, a series of exposures at various f
stops should be made to determine the desired exposure. The negative that appears
acceptable on proof prints plus the negative of at least one smaller aperture should
be enlarged and used to determine final exposures. The negativeis exposed to a
small bright light source by the fluorescent dye; thus the size of the final imagefor
a tuft will change with exposure. This effect cannot be seen on normal contact size
proof prints.

Focusingthe camerawith afluorescentlight sourceisusually no problem because
this can be done using either the black-light fluorescent lights or the mercury vapor
lamp with an exciter filter as alight source. It should aso be noted that black lights
that can befitted to standard fixtures are several orders of magnitude cheaper than
the mercury vapor light with its power supply and exciter filter. It is also possible
to photograph the fluorescent material with some video cameras during the flash
from the light source.
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Tuft \Wands and Tuft Grids

The least expensiveand at the same time a very versatile method is using a tuft
wand, a long tuft on a pole useful for tracing flow near the test article. If it is
necessary that a person be in the tunnel, he or she must wear goggles to protect the
eyesfrom dust. The person should disturb theflow in the vicinity of the test article
as little as possible. Figure 5.16 shows a tuft wand in use,

To make the flow pattern downstream of the test article visible, a tufted wire
grid is useful, as shown in Figure 5.17.

Helium-Filled Soap Bubbles

To trace pathlines, which are also streamlines if the flow is steady, helium-filled
soap bubbles that have neutral buoyancy can be used. The bubbles are inserted
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Univgraity

FIGURE 516 Investigating the flow structure of an automobile with a tuft wand.

ahead of the modd and are photographed with a high-intensity light that passes
through the tunnel as a plane of light. With proper photographicexposure time the
bubbles appear as streaks. Maximum tunnel speed for use of helium bubbles is
about 60 mph. The bubble generators are available commercially.

Smoke

Methods of Smoke Fermation The most common method of flow field visualiza-
tion after tuftsis smoke, which can be produced in a number of ways, athough a

FIGURE 517 Flow visudization by the grid and tuft method, yawed delta wing.
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universally accepted "best" way has yet to be devised. Burning damp straw, rotten
wood, and tobaccoto produce smokeisgenerally unsatisfactory, even though historic
work®!? was accomplished with smoke from such materids. The same is true of
pyrotechnic smoke devices (smoke bombs). Chemica methods of producing smoke
includeboth titanium tetrachl oride and tin tetrachloride, which produce smoke when
brought into contact with moist air. These compounds produce the very best dense
smoke filaments but the products are corrosive and can be used only in an open
circuit facility that can be wel vented to an appropriate location. A mixture of
anhydrous ammonia and sulfur dioxide produces dense white smoke, odors, and, if
thearr isdamp, sulfuric acid. A significant advantage of the system is the fact that
the smoke can be started and stopped in a fraction of a second, which is not true
of the alternatives. This allows the problems associated with it to be minimized if
photographic records rather than real-time human visual inspection can be para-
mount. Steam and liquid nitrogen produce a good dense smoke with no aftereffects
but are very difficult to control and therefore seldom used.

A method reported by Shindo and Brask that works at velocities of over
100 mph is a vaporized petroleum product called Type 1962 Fog Juice, which
is used in theatrical productions. The smoke generator consists of about 75 in.
of 0.060-in.-outsde-diameter (wall = 0.010 in.) stainless stedl tubing. For a
probe the tubing is placed inside a 0.375-in.-diameter steel tube and held by a
collet about 80 in. from the end of the tubing, which is bent 90" about 3 in.
from the end. Ceramic beads are used to insulate the stainless steel tubing from
the outer tube. To vaporize the fluid, 10-15 A is applied to the stainless stedl
tubing from the collet to a point about 60.0 in. away inside a non-heat-conducting
handle. This alows the stainless steel tube to expand. The power unit consists
of a variac whose output is connected to the 230-V windings of a 1.5-kVA
115:230 transformer. The variac is used to control the temperature on the stainless
steel tubing by applying 0-50 V. The tubing has about 3 {} resistance, so the
current is limited to a maximum of 15 A.

The fuel reservoir is airtight and has a pressure regulator used to set plant air
pressure at about 30 1b/in.? to feed thefuel to the probe and a needle valve to control
the fud flow. Plastic tubing connects the reservoir to the probe. It takes some
experience to obtain the desired volume of smoke, which is affected by the air
pressure, fuel flow, and voltage. The following values are approximate. With the
power switch off, set the variac a 70%, apply 30 Ib/in.? to the reservoir, and crack
open the needle valve. When a small stream of fluid comes out the end, turn on
the power. When turning off, cut the power, and when a stream of fluid leavesthe
tube, shut the needle valve off. This is done to reduce carbon formation in the
stainless stedl tubing. If hot fluid is emitted, the temperature is too low; either
increase the voltage or reduce the fuel flow. If the smoke pulsates, it is generally
asgn that the air pressureis too low.

The most widdly used method for producing smoke at the larger wind tunnels
today is awand system similar to that described above with polyethylene glycol as
the "'fud.” A useful alternative to air pressure to drive the fuel through the wand
is a peristaltic pump. These are sold by suppliers to chemistry and life science
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FIGURE 5.18 Smoke generator and delivery wand used at the Glenn L. Martin Wind

Tunnel. (Designed and fabricated by Robert Wozniak.) (Photograph courtesy of Glenn L.
Martin Wind Tunnel.)

laboratories and have very fine volume flow control. An example of such a system
is shown in Figure 5.18.

F. N. M. Brown developed a system of smoke generationin which keroseneis
vaporized and the vapor then cooled to thetemperatureof the airstream beforebeing
emitted into the stream.™ The systems are designed to be used with special -purpose
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flow visudization wind tunnels rather than in larger genera -purposewind tunnels.
They have been used in many studies."

Usi ng Smoke Smokefilaments can be used tofind key locations such as stagnation
points. Smoke can easily show the extent of separated regions and the size of a
separation bubble. Smoke can also be used to show and track strong features such
astip or leading-edge vorticesfrom lifting surfaces that may impingeon downstream
parts of a vehicle with deleterious effects.

Strong stable light sources are required. If a periodic phenomenon is being
investigated, then a stroboscope will be needed that can be synchronized to the
period of the phenomenon being studied. Common subjects requiring such an ar-
rangement are propellers and rotors.

Regionsaf separated flow can be detected in two oppositeways. Smokefilaments
can be introduced upstream of the model and located in a series of positionsso that
the boundary of essentially undisturbed flow can be detected. Any volume into
which smoke does not go readily is likely awake region. The smoke wand can then
be introduced directly into the apparent wake region. The smoke will fill the wake
"bubble," thereby defining its extent.

Smoke Wire  Another method of producing small discrete filaments of smoke at
low velocitiesis described by Batill and Mueller.* Thisisthe smoke wire technique,
and it appears to be limited to flows where the Reynolds number, based on wire
diameter, does not exceed 20 or at velocitiesfrom 6 to 18 ft/sec. The limit is based
on preventing the wake from the wire from disturbing the flow behind the wire,
and thelimit has been determined by experiment. This method uses a small-diameter
wirethat iscoated with an oil. The best results were obtained using Life-Like model
train smoke, which consists of a commercial-grademinera oil with small amounts
of oil of anise and blue dye added. The liquid-coated wire has 40-80 V AC or
AC6) V DCimpressed acrossit. Asthe wireis heated, fine smoke streaklines form
at droplets on the wire (approximately 8 lines/cm for a 0.003-in.-diameter wire).
Asthe wireis heated, it expands and thus sags. This can cause problems with the
accurate placement of the streaklines. To avoid this, the wire was prestressed to
about 1.5 X 10° 1b/in.2, which is near the yield point of type 302 stainless steel
wire; thus the wire must be handled carefully.

Astheoil-treated wire producessmoke for periodsof upto 2 sec, atiming circuit
was used for the lights and cameras used to photograph the smoke. Since the smoke
wire is limited to low-Reynolds-number tests, it is probably best suited to usein
small tunnelsasit isdifficult to run large tunnels at the required low velocities. An
example of a smoke wire visualizationis shown in Figure 5.19.

Shadowgraph

The shadowgraph method depends on the variation in refractive index of air due
to density variation. Itiswell known and widely used for applicationsin high-speed
flowsin which substantial density variationsare present. Thetechniquehasrelatively
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FIGURE 5.19 Streamlines past an airfoil visualized by smoke wire technique.

recently been applied to obtaining the paths of tip vortices of helicopter rotors and
tracking their interaction with the fuselage in hovering and low-speed forward
motion.

55 DATA-DRIVENVISUALIZATION

In this category we place all the techniquesin which informationis processed by
either analog or digital methods and produce flow images of some sort. The data
may beaset of measurementssuch asthe voltagesfrom aset of pressuretransducers
attached to multihole probes along with the geometric data that give locations
corresponding to each set of voltage data. Many other types of measurements are
used in similar ways. Another example would be the luminosity data from a CCD
camerarecordingtheimageof amodel coated with pressure- or temperature-sensitive
paint. The data may also come from a set of computations based on some flow
model such as potentia flow, Euler codes, or Navier—Stokes solvers.

The demarcation between the class of methods addressed here and those that
have been termed ""direct visualization" is rapidly blurring as every image shown
earlier in this book aready existsin digitized form and can be manipulated as a set
of numerical data. The evolution is being driven by the continuing advance in our
capability to acquire, manipulate, and present in various forms larger and larger
data setsin smaller and smaller times.
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We make no effort here to capture the many facets of this rapidly advancing
collection of applications. However, anyone involved in aerodynamics in the next
few years will have to deal with a variety of new developments. An indication of
the high level of activity in this areais the series of international symposia on flow
visualization that began in 1977 in Tokyo, the seventh!® of which was held in 1995
and the eighth of which was held in 1997. The proceedings of the seventh contained
more than 1000 pages.

For an account of asubstantial cross section of methods, Yang!¢ may be consulted.
The few paragraphs that follow provide a brief introduction to a small sample
of methods.

Data Presentation M ethods

As data-gathering methods have become more capable, it has become common to
obtain thousands or even millions of numerical values associated with various flow
variables at various locations in space and time. The search for the most effective
ways for an aerodynamicist to use such large volumes of data is ongoing. And it
isaproblemthat is essentially the same for data sets obtained either experimentally
or from computations. It is likely that this area will continue to change rather
dramatically for some time to come. We give afew historically significant methods
in thefollowing, although they have been superseded by the advance of technology.

Color Display of Wake Flows—Analog Method The first system by Crowder,
Hill, and Pond'" used a total pressure probe at the end of a swinging arm extending
through the ceiling or wall of the tunnel. The probe was driven externally to the
tunnel along a segment of an arc. At the end of each swing along the arc the length
of the probe was changed (polar coordinate motion). Thus the probe surveyed an
area of the tunnel. The pitot was connected to a pressure transducer. The output of
the transducer, through suitable electronics, was fed to a light-emitting diode (LED)
at the rear of the pitot. For three adjustable ranges of pressure the LED produced
three colors. A camera was mounted downstream of the model. With the tunnel
blacked out the camera, by remote control, took a time exposure of the probe
sweeping out the area in the flow. With an adjustment of the test-section ambient
light the model could be superimposed on the flow field photograph.

Other than the electronics to supply the proper current to the LED, this system
required no additional data processing and the results were available when the film
was developed, or after the run if instant film was used. The multicolored picture
then showed the variation in total pressurefrom which wakes, vortices, and the like
could easily be determined. The method trades off resolution in pressure for an
increasein spatial resolution of themoving LED. The value of mapping the geometry
of wake features was realized as this technique was applied.

Color Displays of Flow Fields— Digital Methods Winkelmann and Tsao® obtained
very detailed flow field surveys using severa measurement techniques including
pressure probes, hot-wire probes, and a laser velocimeter. The probe locations and
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the output of the fransducers were recorded on magnetic tape with spatial data
densities as high as 4000 measurements per inch of movement of the probe. The
data were then processed through a program that applied color codes to the data.
This program created three standard files for the white-light primary colors. red,
green, and blue. Thesefiles were then used to driveacolor video monitor to produce
thecolor-codedflow field survey. Derived quantities such as vorticity were computed
from the data sets and the resulting maps were produced in color-coded displays.
The permanent record of the results were 35-mm photographs of the display.
Winkelmann’s images based on data from single-element hot wire, pitot tube,
and pitch probe are shown in Figure 5.20. These are from the flow field just

Fluorescent oil
Flow Test

location of
survey plane

L |

FIGURE 5.20 |magesfrom surveys behind a rectangular wing; aspect ratio 4, Clark Y-14
airfoil, chord 15.2 cm, a = 25.4°, R,. = 360, 000.
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downstream of the wing, for which a surface ail flow is shown in Figure 5.6. The
processing for this work took considerableeffort and timein 1983. Today, smilar
amounts of data are routinely processed on the fly for both experimental and
computational data sets. However, the amount of data gathered, al of which was
obtained by point sampling techniques, was large and would till lead to long
experimental runs. The time required to collect the data for each image in Winkel-
mann's work was about 90 min. This would have to be multiplied by each flow
condition for which such an image is required. Much more time-effective methods
are necessary for these types of data to be commonplacein development efforts.
The particleimageve ocimetry methodshold promisebut arestill limited torelatively
small spatia regions and relatively low speeds.

Flow Transducers and Flow Imaging

In order to produce an "'image’" of aflow in a usual sense and to serve the usua
purposes of flow visualization, it is necessary to have data for a large number of
geometriclocations. Thisis obtained by the optical processesof direct visualization
methods and was obtained by extensive surveying with standard flow sensors to
produce the images in the preceding section. In the former, the time required to
make arecord isthe exposuretimefor the film or digital camera, which istypicaly
of the order of milliseconds to tens of milliseconds and may be much shorter in
some instances. In the latter it is severa tens of minutes or thousands of seconds.
The ratio of times required to obtain a frame by these two types of methods can
be 10° or more. In thefirst case, we get a''picture” very quickly but cannot easily
extract as much detailed numerical information as we would like and not nearly as
much as we get for each point at which we do a typical measurement with adevice
such as a hot wire or multihole pressure probe. In the second case, we can get very
detailed numerica information for each measurement location that is related to a
well-defined calibration process, but it takes too long and the measurementsat the
various locations are spread over a considerable time so the "image” can only be
of an averaged type with respect to time.

Spatial and Temporal Characterization of Transducers An idea flow transducer
would provide a signal smply proportiona to the instantaneous value of the flow
quantity of interest at a geometric point in space while imposing no influence
whatever on the flow and not responding to any parameter or variable other than
the flow quantity of interest. And for producing data-driven flow visudization, we
would like to be able to operate as many o these ideal transducersin pardld as
necessary to obtain sufficient resolution throughout the spatial domain o interest.
It is obvious that we do not have available to us such capability. Even if we
had ideal transducers, we would almost always be considering time-averaged, and
possibly spatially averaged, results since most flows with which we work are turbu-
lent and we would need to reduce the data to some manageable form from which
a human could make decisions regarding the product under devel opment.
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Real transducersdo requirefinite times to respond to stimuli and are influenced
by interactions over finite spatial dimensions. (@, in other words, red transducers
provide a response that represents an operational average over time and space.
These characterigtics are the basis for choosing one transducer over another for
specific purposes.

Particle Image Vdoamery

Particleimageve ocimeters(PIVs) are discussedin Chapter 4. Thesesystemsprovide
oneof the best available meansof investigationaf flow fieldsin a number of classes.
Their primary forteis low speed and small spatial extent. Their usein larger tunnels
Is currently limited to local flow structures for model parts rather than full-field
investigationsaround the test article.

Holography and Interferometry

L asers with coherent light can be used to produce holographs that can be used for
density measurementsand flow visualization. Basically, the laser beam is split into
collimated object and reference beams. The object beam passes through the flow
and is combined with the reference beam on a photographicfilm. When the film
is developed and illuminated by the reference beam, the information contained in
the object beam is reconstructed.

If holographic information is desired, the interference fringe pattern is obtained
on the film by exposing thefilm to the object beam twice. The interference pattern
is reconstructed by illuminating thefilm with the reference beam. Density measure-
ments require both calibration and careful optical alignment.

These systems have been used to Mach numbers as low as 0.20. This is till
pushing the current limit for development projects, and these methods show no
indication that they will reach astate of maturity and economic utility that will lead
to their being widely used in the near future.
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O calibration of the Tes Section

After a tunnel is constructed, the next step is to determine its flow characteristics
and, of course, to change any that are not satisfactory for the purposes intended.
Thetypesof measurementsthat will berequired can be made with methodsdiscussed
in Chapters4 and 5.

The low-speed "steady" airstream is usualy considered to be defined when we
know its distribution of temperature 7, pressure p, dynamic pressure g, and "*turbu-
lence™ m. Thereare several assumptionsembedded in this statement. We admit that
the airstream is expected to be turbulent and therefore not strictly steady or time
invariant. The time variability of the airstreamisto be characterized by itslevel of
turbulence, whichiscommonly defined to betherms of thevariation of thelongitudi-
nal component from the mean vaueadf air speed. The pressure’ and dynamic pressure
are the mean values for these quantities averaged over a time interval chosen as
necessary to achievethe required precision of the mean. The stream temperatureis
similarly considered. Usng the equation of state, we can then compute the density,
and using the definitions of total pressure and total temperature, we can compute
these quantities and flow speed as wdll. In the case of wind tunnels to be used
for wind engineering, the tempora and spatial variations must be considered in
considerably moredetail and will includespectraand integral scalesof the turbulent
flow structuresas well asa profileto match appropriatetypesof planetary boundary
layers. We will not treat those issues in this chapter.

We may aso compute the Reynolds number for a particular model based on its
chosen characteristic length. Much of our interest is centered on determining pres-
sure, which can be measured most smply by use of liquid manometers or more
commonly by using electronic data systems, including various instrumentation ele-
ments and computer systems for data manipulation, storage, and presentation. For
our subsonictesting, the precision with which measurementsof stream temperatures
are made are usually less demanding than the typical pressure measurements.

6.1 TEST-SECTIONN OW CALIBRATION

Speed Setting

Setting the speed of a wind tunnel appears straightforward as we apply our basic
understanding of fluid dynamics. However, it turns out that this basic question
absorbs a considerable amount of attention even for experienced aerodynamicists.
When thereis no model in the test section, a measuring device, most commonly a

218
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pitot-static tube, can be put there to determine the air speed. One cannot, however,
insert a pitot-static tube or other measuring devicein the test section to measure
dynamic pressure or speed along with an object under test because the test object
will cause changesin the flow. These changes are referred to as "induced flow."
Consider Figure 6.1, which gives a schematic indication of the settling chamber,
contraction, and test section of a typical wind tunndl.

Thetunnel speedisusually determined by measuring either staticor total pressure
in the settling chamber ahead of the contraction cone, as indicated by station L,
and adtatic pressureahead of the test section, asindicated by station S. If honeycomb
or screens are used in the settling chamber, station L will be downstream of these
devices. Using the subscripts L for the bellmouth or settling chamber and S for the
region before the test section, Bernoulli's equation between the two stations will be

PL+QL:PS+QS_K1qS (6.1)

where K,g5 represents an allowancefor the small lossin total pressure between the
bellmouth and station S. Here P is static pressure and q is dynamic pressure.
Neglecting compressibility (6.2) follows from the continuity equation applied be-
tween the two dtations (Ais the area):

ALVL = Ag;Vs (6.2)

Squaring, multiplying by p/2, and solving for ¢,

2 2
A A
gV% =d4qL = (ﬁ) ‘S‘Vg = (A_i) qs = Kygs (6.3)

Rewriting Bernoulli's equation and substituting for g5 above,

P, — Py=gqs(1 — K; — K)) (6.4)
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If station S does not have the same cross-sectional area as the test section (station
J), the continuity equation can be used to yield

2
A
s = _g_V%' B (E_:) g—VE = Kiq, (6.5)
Thus
P,—Ps=(1 — K, — Ky)Kq, (6.6)

In this form the constant X can be considered to include the small additional loss
in total pressurefrom station S to the jet.

The actud calibration of the tunnel is accomplished by running the tunnel at
various valuesof P, — P, while measuring the dynamic pressure in the test section
with a calibrated pitot-static tube. This evaluates (1 — K, — K)K;. Because the
velocity is not uniform throughout the test section, it is necessary to survey the test
section. As a minimum, the area in the vertical plane of the model trunnion for
aircraft models or other appropriate planefor other test objects should be surveyed.
A better approach would be to survey a volume of the test section that is occupied
by the modd. If the pitot-gtatic tube used has a hemispherical nose, it can be
equipped with two yawheads at 90° to each other, and the distribution of the upflow
and cross-flow can be obtained simultaneoudly.

Thesurvey of thetest section can be done with asimple pitot-static tube assuming
there is a method to position it throughout the test section or arake of pitot statics
can be used. If thereis no method of remotely positioning the pitot-static tube, the
survey of the test section becomes a very tedious operation. In any event, thisisa
critical operation and the effects of the manner of holding and supporting any
selected instrument must be carefully evaluated.

If a volume of the test section is surveyed and there are large variationsin the
dynamic pressure, it may be desirable to use a weighted average of the measured
dynamic pressure. When the dynamic pressure calibration is completed, thereis a
relation established between the indicated dynamic pressure (P, — Ps) and the
dynamic pressure g; in the clean test section. There usualy are a series of these
calibrations for different test-section configurations. If the tunnel has an external
balance, calibrations are often made with and without the balance struts and their
fairings. If a ground planeis used often, calibrationsare made for various heights
of the ground plane.

It is desirableto obtain for each test-section configurationthe distribution of the
total pressure, static pressure, upflow, and cross-flow throughout the region occupied
by the moddl. When the tunnel has an air exchanger or heat exchanger, the tempera-
ture distribution should also be measured.

The pressure sourcesfor the tunnel speed control should be, ideally, either aring
around a tunnel station or at least a portion of a ring on the two side walls or the
ceiling and floor. The possibility of the model pressure field directly affecting the
nearer of the pressure sources at station S should always be kept in mind and
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evaluated if alarger model than normal or an upstream mounting location is to be
considered. The static source should consist of either a seriesof static sourcesor a
sealed tube flush with the surface with many holes evenly spaced along its length.
The tubes or multiple static sources of the ring should be manifolded together to
yidd an average static pressure at the station. If total pressure is used in the
contraction cone, it is desirable to have multiple sources al so.

The two pressure sources in the ssimplest case can be connected to a U-tube
manometer that is used for setting the tunnel speed. It is more common to use
a high-quality differential pressure transducer. Then the electrical output can be
transmitted to any location convenientfor the tunnel operator and to the datasystem.

One note of caution: Extreme care must be taken to make sure that there are no
leaks in the tunnel dynamic pressure system. In large tunnels, the leak checking
can be atime-consuming process. It is highly desirableand strongly suggested that
the system should not be disturbed onceit has been leak checked. It is often useful
to record the pressuresat each of the two tunnel stationsas separatereadingsrelative
to atmospheric ambient pressure. Additional sourcesfor this use should be provided
rather than tapping into the tunnel dynamic pressure system.

It is aso desirable to have a ssimple method of periodically checking the system
for leaks. One way to do thisisto useacalibration wing that can beinstalled eadlly.
The wing can be run through a pitch series at several dynamic pressures. If the
dope of the lift curve does not change, there is no changein the dynamic pressure
calibration. This has the further advantage of aso checking the tunnel upflow. If
the drag polar does not rotate, the upflow has not changed.

Longitudinal Pressure Gradient

The static pressure gradient along the test section must be known in order to make
necessary buoyancy corrections. It may be obtained by reading the local static
pressure with a pitot-static tube that is progressively moved from entrance cone to
exit cone. Care must be taken that the pitot tube is aligned directly into the wind
and that no extraneous static pressure is created by the bracket holding the pitot
tube. This last proviso is not possible to satisfy exactly.

Perhaps a more convenient method is to use a long static tube, as discussed in
the next paragraph. The reader may reasonably ask why not measure the static
pressure along the walls of the tunndl. It turns out that smal variations in wall
geometry associated with joints, mounting holes, and the like causelocal variations
in the static pressure that are typically too large to ignore and may change over
timeasvarious mountinginstallationsare put in and taken out of afacility. Measuring
wall pressuresis a good adjunct to calibration and has become a common practice
to obtain input for boundary corrections, but it is not a good idea to rely on wall
pressure measurements for the baseline characterization.

L ong Static Tube

As the name implies, thisis along tube that extends through the test section. The
tube is often suspended on a series of wires that are used to align and tension the
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tube. The tube is equipped with a number of static pressure rings. These rings have
four or more static ports around the circumference that are manifolded together. If
theflow angularity is small, then aft of the nose the flow will be practicaly parallé
to the tube. Thisthen yields a static pressuredistribution along the length of the tube.

Dynamic Pressure Variation acr oss Jet

The dynamic pressure is usually measured throughout selected regions of the test
section by means of a pitot-static tube. The density is calculated from a barometric
pressure measurement, a test-section static pressure measurement relative to the
atmosphere, and a test-section temperature determination along with the equation
of state. The local velocities are then obtained from

V=1\/—= (6.7)

The velocities as calculated from the dynamic pressures or the pressures them-
selvesare plotted, and the points are connected by " contour' lines of equal values.
The variation of q in the working range of the jet should be less than 0.50% from
the mean, which corresponds to a 0.25% variation in velocity. Some tunnels have
been built to tighter specifications, but it is almost inevitablethat custom tweaking
of aspects d the tunnel circuit will be required to do better.

A plot of thedynamic pressuredistributionin arectangular test sectionis shown
in Figure 6.2. Of interest is theasymmetry that i s usually found, and the maximum
variation in this example is wdl above satisfactory limits. The survey should have
been carried to the walls.

The correction of an excessive velocity variation is not as serious a problem as
the correction of excessive angular variation. There are more method of attack as
well as less probability that the variation will change with tunnel speed. There are
several minor adjustmentsthat may be expected to improve a less than satisfactory
speed distribution. There may be local flow separations that must be found and
corrected or improperly set turning vanes. If the velocity variation is annular, the
source may be the propeller load distribution. Such local problems in identifiable
parts of the tunnel should be corrected. Finally screens may be added in the largest
section of the tunnel with spatial mesh densities varied so that they are more dense
in the sections that correspond to high-velocity regionsin thejet. Theimprovement
in velocity distribution by such screensis shown in Figure 6.3. The loss in energy
ratio they cause is quite small and is far outweighed by the improvement in test-
ing conditions.

Flow Angle Variation across Jet

The variation of flow anglein thejet can be measured by many devices. Regardless
of the device used, it is desirable to map the upflow and cross-flow in a series of
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transverse planes along the longitudinal axis in the region occupied by the model
over the range of intended dynamic pressures. Often, when the upflow and cross-
flow are plotted as flow direction vectors, regions of vortexlike flow can be seen
in the test section. Asindicated in Chapter 3, such flow is often the result of poor
velocity distribution in the return duct before the third comer or the result of
improperly set fourth-comer turning vanes.

A variation of npflow acrossthe span of awing resultsin an effectiveaerodynamic
twist. A cross-flow gradient across the test section in the region of the vertical tail
will change the slope of the yawing moment versus side slip or yaw angle. Thusiit
IS desirable to have the upflow and cross-flow constant across the tunnel. Thisis
difficult to achieve. It would be desirable to have the variation less than =0.10°,
but it is often necessary to accept the best valuesthat can be achieved. The maximum
variation should be held to =0.20°

Tes-Section Turbulence M easurement

Variations between results of tests made in different wind tunnels at the same
Reynoldsnumber and between testsmadein wind tunnel sandin flight haveindicated
that some correction was needed for the effect of turbulence that exists in wind
tunnels. It has been argued that this turbulence causes flow patternsin the tunnel
to be similar to theflow patternin free air at a higher Reynolds number. Hence the
tunnel test Reynold number could besaid to beahigher " effectiveReynol ds number."*
The physics of turbulent flow is far too complex to be captured by this simple
concept. Thereare some phenomenafor which it *works™ to someextent and others
for which it does not. We address first the historical use of this concept, whichis
dependent on the long-known fact that spheres (and circular cylinders) have quite
well-defined critical Reynoldsnumbers near which the drag coefficient drops rather
precipitoudly as the Reynolds number increases.

It has been experimentally verified that the Reynolds number at which the drag
coefficient of aspheredecreasesrapidly dependsstrongly onthedegreeof turbulence
in the wind tunnel. The Reynolds number at which the reduction occurs decreases
with increasing tunnel turbulence. Thereisalso a strong effect of surface roughness.
In this discussion, we are considering only aerodynamically smooth spheres. The
decrease in drag coefficient with Reynolds number can be understood as the result
of increasing the Reynolds number, producing earlier boundary layer transitionfrom
the laminar to turbulent state, which in turns leads to a downstream shift in the
separation point and corresponding higher base pressure, a smaller wake, and less
drag. Early flight measurements on spheres’ found that in the free atmosphere the
critical Reynolds number for a sphereis 3.85 X 10° This valueis larger than is
achievedin wind tunnels, although many low-turbul encetunnels approach thisvalue.
In the atmosphere the turbulent eddies are so large relative to the sphere that they
do not affect the thin boundary layer of the sphere.

Before the now common use of hot-wire anemometry, a turbulence sphere was
the primary way to measure the relative turbulence of a wind tunnel. It remains a
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very useful and easy way to characterize the turbulent environment in a tunnel and
to check if thereis an indicated effect following changesin the tunnel configuration
or specia installations that might affect the flow quality. The configuration of a
turbulence sphere is shown in Figure 6.4. The critical Reynolds number for the
sphere can be measured in two ways. One method is to plot the measured €, based
on cross-sectional area versus Reynolds number, as shown in Figure 6.5. From the
plot the Reynolds number in thetunnel for C, = 0.3000isread. The second method
is to take the average of the four pressures on the aft surface of the sphere and
subtract this value from the stagnation value at the leading edge of the sphere,
yielding AR A plot of AP/g versus Reynolds number is prepared for the sphere and
the Reynolds number determined for AP/¢ = 1.220, asindicated in Figure 6.6. The
pressure method has certain advantages. It needsno drag balance with the associated
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balance calibration and no evaluation of support tares for the portion of the support
sting exposed to the airstream. Also, the sphere support sting can be stiffer as no
deflection is needed by the drag baance.

Thecritical Reynoldsnumber asdefined by either force or pressure measurements
IS then used to define a turbulence factor for the tunnel by comparing the tunnel's
critical Reynolds number to the atmospheric free-air Reynolds number:

385,000

TF 5 RNmnncl (68)
Then the effective test Reynolds number is defined by
RN, = TF X RN, (6.9)

The use of a turbulence sphere yields what may be thought of as an average
value of tunnel turbulence. It does not give any information on the magnitude of
turbulence in either the axial or latera direction. The use of a turbulence sphere
may, however, prove to be a smple method of monitoring any change in tunnel
turbulence. Its use requires no prior calibrations and the installation and running in
a tunnel can be designed to be smple and quick.

The relation between the critical Reynolds number of a sphere and turbulence
intensity as measured by a hot wire is shown in Figure 6.7. This is from the work
of Dryden et al.* and Dryden and Kuethe.*
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Uremants

Turbulence spherescan be made from cue, duck, and bowling balls. Several sizes
are needed to enable the turbulence factor to be measured over a range of tunnel
ar speeds.

A brief examination of Figure6.7 might lead to the conclusionthat the higher the
turbulence, the better the tunnel, as the effective Reynolds number of the test would
be higher. Thiscorrectionis not exact, and if the tunnel has excessiveturbulence, the
model may havea prematuretransitionfrom laminar to turbulent flow, which can be
critical for laminar flow airfoils. However, low-speed model sareoften equipped with
trip strips that fix the transition point on the model and may reduce the requirement
for extremely low turbulence. The need for low test-sectionturbulenceis not assevere
for small student tunnelsasit would befor larger tunnel sthat are used for research and
development tests. Theeffectivenessof screensand honeycombelementsfor reducing
turbulencein wind tunnelshas been discussed in Chapter 3.

6.2 WIND TUNNEL BOUNDARY LAYERS

The boundary layersinvolved in tunnel calibration are generally much thicker than
those encountered on a typical moded. The tunnel boundary layers can be measured
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FIGURE 6.8 Boundary layer rake.

using rakesaf pitot tubes (Figure6.8), which arespecially configuredfor thepurpose.
Or traversing devices (Figure 6.9) fitted with pitot tubes, static tubes, or hot wires
can be used in places where a mechanism can be mounted on the outside of the
flow surface. Other devices for boundary layer measurelnents will be discussed in
alater chapter. The measurementsof boundary layersfor tunnel calibration purposes
are generally needed to assessthe presence of separation or tenaency to separation.
All tunnel boundary layerswill almost surely beturbulent, so therear e few instances
in which locations of transition on tunnel surfaces are sought. Methodsfor this
purpose are discussed later in relation to model measurements.

L ocating Points of Separation

If atunnel has significant unsteady flow with low frequency compared to typical
turbulence, it is likely that there are regions of separated flow. An exploratory
investigation can be carried out with tuft wands, expecialy in larger tunnels. More
extensive investigations can be done with tufts on the tunnel surfaces and either
visual or video monitoring for various tunnel operating conditions. Other methods
of investigation are discussed in relation to mode tests later, but they are seldom
needed for direct investigation of tunnd surface layers.

The two basic methods of attaching tufts to a surface are by scotch tape or by
glue. Tapeisaways used for attaching to tunnel walls. When tapeis used, the tufts
are usually made on atuft board. (SeeFigure5.1.) This givesalength of tape with
tuft attached that is applied to the surface. The surface should be cleaned with
naphtha or other solvents to remove oil to increasethe length of time the tufts will
remain attached under wind-on conditions.
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FIGURE 6.9 Typicad traversing mechanism used for boundary layer surveys.

Off-Surface Visualization

The least expensive method for off-surface visuaization is using a tuft wand, as
previously mentioned. A long tuft on a pole, a tuft wand is useful for tracing flow
near a modd or to exploreatunnel circuit for regions of reversed flow. Whenit is
necessary to put a person in the tunnel, he or she must wear goggles to protect the
eyes from dust. It goes without saying that the person should take care to disturb
the flow being investigated as little as is possible, athough the human body is
inevitably a large disturbance.

6.3 ACOUSTICS

As we have stated earlier, many low-speed wind tunnels will be utilized heavily
for aeroacousticinvestigationsin thecoming years. Thisistruefor severa converging
reasons. There is a strong and increasing interest in managing aerodynamic noise.
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There is an increasing store of knowledge that provides avenues for attacking
problemsdirectly and for intensifying research effortswith promise of even greater
understanding. There has emerged a set of experimental methods that alow very
useful aeroacoustic investigationsto be undertaken in general-purposewind tunnels
with relatively moderate treatment, at least by comparison to the anechoic facilities
that have been essentia in the past.

64 WIND TUNNEL DATA SYSTEMS

The quality and features of the data system availablefor use at a wind tunnel have
a large impact on the utility and potential productivity of the facility. The data
systemis becoming amore and more embedded el ement that determinesthe feasible
data quality as well as potentiad efficiency of experiments that can be done at
a laboratory.

The path from some physical parameter to a stored digital number will be
followed. Initially we will look at thesefunctions as they were carried out by hand
and then follow the same process by an analog-digital system. Consider Example
4.1. Three measurements were needed to determine the velocity from a pitot-static
tube: the test-section pressure, the test-section temperature, and the pressure differ-
ence across the pitot-statictubetotal and static ports. The hand processfor obtaining
air speed from the pitot-static tube measurements would be to (a) identify the
manometer tubes that are connected to the pitot-static pressure ports, (b) read the
heightsof thefluid in the tubeswith the proper signs, (c) writethe signs and heights
in the correct place on a data sheet, (d) do the calculations using whatever tool is
preferred, (e) record intermediate results if considered useful for checking, and (f)
record thefinal resultin away that allowsit to beretrieved and utilizedin conjunction
with any other measurementsthat may be a function of air speed.

Thisis exactly the same process that a data system performs. First the desired
parameter must be located. If five pressure modules of 32 portsarein use, then the
data system must ""know" the module and port position that is connected to the
pitot-static pressures. Thisidentification through appropriate program coding serves
the same function as finding the manometer tube. The identification process can be
tedious and error prone when large numbers of pressures are being recorded. The
capabilitiesof the computer systems have been used at most |aboratoriesto provide
a program to assist in "port mapping."”

The next item is to read the value and sign, which is not as ssmple as visually
reading the height of thefluidin themanometer tube. In genera, transducersproduce
electrical signals; the amplitude depends on the vaue of the physical parameter.
The signal can have different forms, such as current variation, voltage variation,
and resistance variation. The level of the signal is generally quite low and requires
amplification. Amplifiers act only on input voltages; thus some transducers must
have their output changed to- a voltage. This is done with a signal conditioner
appropriate to the particular device.
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The electrical signa from the transducer consists of two parts. the part of the
signal that is adirect function of the variable being measured and a part that is not
afunction of the variable being measured, which is considered "nois2™ The noise
can have an electrical cause, a mechanical cause, or an aerodynamic cause. It is
common to apply either analog or digital filtersto improve the measurement results
by removing the noise to varying extents. Extreme care must be taken to ensure
that the required signal is in fact improved rather than damaged in this process.
These issues will be considered further in Chapter 12.

The sgn and amplitude or voltage of the anadog signa that come out of the
amplifier and/or filter representsthe value of pressure. To usethis value in calcula-
tions, it must be expressed as a number; that is, it must be in digital form. Thisis
accomplished by an analog-to-digital converted (ADC), which produces a binary
number that may take one of severa forms, the details of which must be obtained
from the specifications of the particular device as provided by the manufacturer.
The binary number and sign ar e transferred to the computer where it may be stored
directly or acomputation may be performed to convert to " engineering units* before
storage. The number representing pressureis stored in afile in a preselected order
that corresponds to the sources. The file must contain additional information—
frequently the test number, run number, angle of attack, and yaw angle plus some
configuration identifiers. The data system has implemented the same functionsthat
are done by hand: identify the manometer tube (address), read the sign and vaue
in numeric form (sign plus voltage to ADC), write the value and dgn in the
proper place on the data sheet (store with correct address), convert raw readings to
engineeringunits, and compute the speed and record in the proper place to correlate
with any other measurements that may be dependent.

An additional important variable has not been mentioned—the time at which
each measurement is taken. When recording is done by hand, thisis only nominal.
Many experiments require accurate time stamps for each data point so that the
dynamics of events can be analyzed. This is much more demanding on the perfor-
mance of data systems but is routinely done at frequencies up to hundreds of
thousands of samples per second.

The data system will have multiple data channels, each of which can process
data in a manner analogous to the above description. The number of channels in
the system is determined by the estimated number of parameters that will have to
be measured in a particular facility or, morelikely, by the availablefunds. A system
may have 20, 100, or more channels. It should be noted that the use of multiplexing
devices such as a 32-port electronically scanned pressure module that alows 32
parametersto be measured on one anal og-to-digital channel increasesthe number of
parametersthat can be acquiredfor agiven number of electrical datasystem channels.

Multiplexers were also used in the days when things were done by hand using
diderules. They were either rotary switchesor a series of switches that were used
to connect different signals to an expensive device that allowed the signals to be
read in digital units or often from a highly accurate analog indicator that had to be
observed and the value recorded by hand on a data sheet. If the evolution of
multiplexersis followed, it would go like this: very dow manual switches to faster
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relaysto reed relay Switches in a neutral gas to the current electronic multiplexers
in a silicon chip. The reed switches could handle up to 10* switching operations
per second. Thecurrent useof integrated circuits and semiconductor anal og switches
has increased the rate to 10¢ per second and even more for shorter word lengths.

Closdly tied to the faster multiplexers has been the decrease in timerequired for
the ADCs to read and convert thevoltages. With the higher speeds of the converters
and multiplexer switching it is possible to take an almost simultaneous sampling
of al channels. This has led to systems that take a large number of samples over
a very short time. Thesetsof samples arethen summed and averaged, and a standard
deviation is often determined.

Itisnow amost alwayspossiblefor the datasystem to record dataat amuch higher
rate than the typical time constantsof the physical phenomenabeing investigatedin
a low-speed wind tunnel. It isimportant to explore the time variations of the time
series and be surethat the chosen timeframe over which data are taken i s consi stent
with the objectives of the experiment. This will be explored further in Chapter 12.

Computers now typicaly used in wind tunnel data systems allow the setting
of modd attitude and acquisition of the data to be automated. There have been
Improvements alsoin electroniccomponentsrequired for each channel so that bridge
voltage power supplies and bridge-balancing impedances are quite stable and are
able to keep the eectrical noise to a low level. Amplifiers can cover frequencies
down to zero. They are more stable (less drift) and have better noise levels and
improved common mode regjection. Programmable power supplies of secondary
standard quality can be used to calibrateamplifiersperiodically during test operations
to check drift. The calibrationis stored and used for al subsequent readings until
the next calibration. The use of electronic analog filters or digital filters can reduce
the effect of electrical noise to reasonable levels but keep in mind that these must
be used carefully.

The measurement noise that arises from aerodynamic phenomena of the tunnel
and model are moredifficult to manage. Thefrequency of aerodynamicmeasurement
noiseisoftenquitelow and simply extendsthetimeover which aparticular condition
must be held and data averaged either by analog or digital means. This negates, to
some degree, the advantages of the high-speed capabilities of digital acquisition
systems. ""Noise” as used in this paragraph is not referring to acoustic signals as
detected by the human ear athough there may be a direct physical relation in
some instances.
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7 Forces and Moments from
Balance M easur ements

The purpose of load measurements on the modd is to make available the forces
and moments so that they may be corrected for tunnel boundary and scale effects
and utilized in predicting the performance of the full-scale vehicle or other device.

The loads may be obtained by at least the following four methods, which are
listed in the order of frequency of use: (1) measuring the actual forces and moments
on the complete model or on parts of the model with one or more balances; (2)
measuring the stress distribution over the model by means of orifices connected to
pressure-measuring devices or other means such as pressure- or shear-sensitive
coatings; (3) measuring the effect that the model has on the airstream by wake
surveysand tunnel wall pressures; and (4) measuring the motion of the model under
the action of the aerodynamic forces and computing the forces from equations
of motion.

In this chapter, we consider the first of these. The second and third will be
considered in Chapter 7. The fourth will be considered in Chapter 18.

71 FORCES, MOMENTS, AND REFERENCE FRAMES

A reasonable concensus on definitions of standard reference frames for use in the
study of vehicle dynamicsin several subfields has been reached. We suggest con-
sulting some standard references for more complete discussions. The American
Institute of Aeronautics and Astronautics (ATAA)' has published a standard for
aerospace applications. Etkin and Reid? can be consulted for examples of applica-
tions. The Society of Automotive Engineers (SAE)® has published a standard for
automotive applications. Milliken and Milliken* can be consulted for examples of
applications. Lewis® can be consulted for conventions and applications to marine
vehicles. We include these references because it is common for a wind tunnel
engineer to need an acquaintance with the terminology of a potential user of a
facility and whose background may vary. We will be using the conventions from
aeronauticsin most of our discussions because those have tended to be adopted or
adapted to a great extent for other applications.

The two most used referenceframes are body axisframesand wind axisframes.
A thii reference frame is referred to as stability axes. Any reference frame is
determined by its orientation relative to some other frame or a basic physica
reference and thelocationof theorigin. A referenceframeisaset of threeorthogonal
axes, by convention always labeled in a right-hand sequence.

234
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Test Section

S = Side Force

FIGURE 7.1 Wind and body reference frames.

Wind Axes

For wind tunnel applications, we first consider the wind axes. Weillustrate thisin
Figure 7.1. The wind axes have x, pointing into the wind, z, pointing down, and
¥, pointing to the right looking into the wind. If the test section is not horizontal,
then an appropriatelocal convention must be adopted. We show vectors indicating
componentsof forces that are used in wind axes. Note that drag isin the negative
X, direction and lift is in the negative z, direction while the sde force is in the
positivey, direction.

We note that a perfectly aligned wind tunnel would have the wind axes exactly
parallel to the wind tunnel axis. In redlity, there are angularities, and these lead to
thewind axesfor any given model that may be angularly offset from the tunnel axes.

Body Axes

The body axes are fixed to the model and move with it. The exact dignment with
any particular model must be specified as part of test planning. The x,—z, planeis
frequently a planeof symmetry or approximately so. The force componentson body
axes are sometimes referred to as axial force, side force, and normal force for the
X5, ¥, 25 COMpONents, respectively, or sometimes as body drag, body lift, and body
side force. This multiple terminology can lead to confusion and requires attention
to avoid errors in communication. We will use the former set to refer to body
axis components.

Momentsand Reference Frame Origins

The moment components on the x, y, Z axes are referred to as rolling moment,
pitching moment, and yawing moment, respectively. If context is not sufficient to
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distinguish between what is intended, then body roll, body pitch, and body yaw or
wind roll, wind pitch, and wind yav must be used. Note that the origins of the
reference frames must be carefully specified in every case since the moments are
directly and critically dependent on this choice and there is no universal standard.

Model Attitude

The standard way to specify model attitudeisto use an Euler angle sequence going
from wind axes to body axes of "yaw," s, about the z, axis, ""pitch,” 8, about an
intermediatey axis, and"'rall,"" ¢, about the x, axis. Etkin and Reid? can be consulted
for details. However, it is the aerodynamic angles, angle of attack « and sideslip
R. that are the preferred independent variables for writing aerodynamic functions.
The rotation sequence to go from wind axes to body axes for the aerodynamic
anglesisto rotate 3 in a negative sense about the z,, axis, then rotate ain a positive
sense about the y, axis. In thewind tunnel case for which the wind axes are aligned
with what is taken as an Eath fixed frame in vehicle dynamics, yaw ¥ is the
negetive of sidedip B providedrall is zero. Thisis the situation for many cases of
tests using external balances. There are several opportunitiesto get signs mixed up
so we will give aformal procedure.

Consider two reference frames F; and F»,, as sketched in Figure 7.2, where a
vector A is shown along with expressions for its components on each of the two

L
A1 ", Ax,
A] = Ay] v A2 = Ay2
Ay, A,

FIGURE 72 Trandorming vectors from F; to Fi.
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frames. The relationship between the components on the two frames in terms of
the Euler angles as indicated in the sketch is as given by Equation (7.1), where we
have identified frame 1 with the wind axes and frame 2 with the body axes:

Ay, 10 0 ||lcos® O —sinB|| cosy siny 0|4,
A, |=(0 cosd sind 0 1 0 —siny cosy O0]|A,
A 0 —sind cosd||sin® O cosb 0 0 1114
Zh zw
(7.1)

For the most common case arising in wind tunnel work for which roll ¢ is zero,
the result is given by

Ayl |cosOcosy sinwcosO —sin 6 ||As,
Ay | = siny COS s 0 A, (7.2)
A, snécosy sSnOsny cosO A,

w

The conventionsfor positive aerodynamicforce componentsare not in the positive
directions for the axes. The relations are as follows, with Equation (7.4) giving the
expressionsfor converting wind axis force components to body axes and Equation
(7.5) givingtheexpressionsfor converting body axisforcecomponentsto wind axes:

Al |-D Ayl [-A
A =118 and- JA, t=]"¥ (7.3)
A =, ~N

zw_ | y

Dcosf cost — SSnygrcosO — Lsin
Dsiny * Scosys (7.4)
DsanOcosy — S§dn0siny + L cosO

[
LR
I

or

D Acos O cosy + Ysin + Nsin 0 cos Y
S|=|—Asin{ycosO + Ycos — Nsin 8 sin s (7.5)
L —A sin 6 + Ncos 6

The moment components are consistent with the positive conventions on the axes
so they follow directly from Equation (7.2). We use lowercase/, m, and n to denote
moments with no subscript for the body axes and with subscript w for the wind



238 FORCES AND MOMENTS FROM BALANCE MEASUREMENTS

axis components. The results are given by Equation (7.6) for converting wind to
body axes and Equation (7.7) for converting body to wind axes:

l I,cos 0 cosy + m, siny cos® — n“.sin01

m|= —1,siny + m, cos (7.6)
n lwsinﬁenqu'mesinBsian+nwcoseJ

l, 1cosO cos — msiny + »sin0 cosyr
m,|=|1snycos0+ mcosy + nsind siny (7.7)
n, —1sing *+ ncos®

Conversions between “stability axes" and wind axes are obtained by putting 6 =
0 in Equations (7.4)(7.7) and replacing the body axis components with stability
axis components.

Other common expressions equivalent to these in terms of angle of attack and
side dip are obtained by substituting 0 = « andfor ¢y = —f directly into the
above equations.

Moment Trandfers

Frequent use is made of the relationsfrom engineering statics which give the rules
for transferring forces and momentsfrom one reference point to another. The rule
Issimple, but again the non-right-hand rule conventions as treated above sometimes
lead to errors. If a system of forces produces a resultant force F and a resultant
moment M, relative to point 1, then an equivalent system acting at another point,
2,is

F,=F, (7.8)
M;=M, —r,; XF, (7.9)

where ry; is the vector from point 1 to point 2. The common use of this expression
is to transfer moments from a "balance center”" to a reference of choice for a
particular model. Expanding Equation (7.9) for a case of obtaining the moment at
the center-of-mass of a model (cm) from the force and moment measured at the
balance center (bc) with al componentsin wind axes gives Equation (7.10), where
[Xem Yem Zem] @r€ the coordinatesof the desired center of massin the wind axisframe
with origin at the balance center:

lwcm l“'bc 0 ~— Zem Yem =

m, = = mwbc - Zem 0 —Xem \)

n, nwbc — ¥em Xem 0 —L
S (7.10)

L by * 8Zem + Lyem

mwcm = mwbc - Lxcm F chm

nwcm nwbc It Dycm i chm
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7.2 BALANCES

We have been treating rel ations between force and moment componentson different
reference frames. A wind tunnel balance is expected to separate these force and
moment components and accurately resolve what is amost awayssmall differences
in largeforces. A complicating factor is that the various force and moment compo-
nents vary widdy in value at any given air speed and each varies greatly over the
speed range from minimum to maximum. Balance design and use are problems that
should not be deprecated; in fact, it might truthfully be said that balance design is
among the most trying problemsin the field.

Concept of a Six-Component Balance

In an attempt to picturethe situation most clearly, aconceptual but impractical wire
balance based on spring scales is shown in Figure 7.3. The model, supposed to be
too heavy to beraised by the aerodynamic lift, isheld by six wires. Six forces are
read by scaesA, B, C, D, E, and F. The wires attached to A and B are pardlé to
theincoming air velocity vector and define a plane that can be taken as a reference
plane for the balance. We will designate this the x-y plane. These wires point in
the x direction. The wire attached to F is perpendicular to the A and B wires and
isin thex-y plane. This wire pointsin the —y direction. The wires attached to C
and D arein aplanethat is perpendicular to thex-y plane, which we designate the
y—z plane. The C and D wires are perpendicular to the x-y plane. Wires A and C
are attached a a common point on the right wing. Wires B, D, and F are attached
to a common point on the left wing. Finally the wire attached to E is parallel to C
and D and isin a plane parallel to C and D and hafway between them:

NN,
O

RO
o
TI'_\
NN
m

FIGURE 73 Diagrammatic wind tunnd baance
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1. Sincethe horizontal wires A, B, and F cannot transmit bending, the vertical
force perpendicular to V, the lift, is obtained from the sum of the forces in
the vertical wires L=C+D T E.

2. Thedrag is the sum of theforces in the two horizontal wires parallel to the
directionof V: D = A + B.

3. The sdeforceissmply ¥ = F.

4. If thereis no rolling moment, that is, no moment component in the direction
of the x axis, scales C and 2 will have equal readings. But more generally a
rolling moment will appear as/ = (C — D) X 4/2. Note carefully that this
Is with referenceto a point halfway between the two wires C and D, through
which theline of action of F passes, and in the plane defined as containing E.

5. Similarly, a yawing moment, that is, a moment component in the direction
of the z axis, will result in nonequal forces in the wires A and B and the
yawing moment will be given by » = (A — B) X b/2. Here also note that
this is a moment with reference to a point halfway between A and B and
through which the line of F passes.

6. The pitching moment is given by »n = E X c. Thisis a moment about the
line containing F

Exact perpendicularity between the wires must be maintained. For instance, if
the wire to scale F is not exactly perpendicular to wires A and B, a component of
the drag will appear (improperly, of course) at scale F and will be interpreted as
sideforce. A similar situation existsin regard to lift and drag and lift and sideforce.
Since the lift is the largest force by far in typical aircraft complete model wind
tunnel work, extreme care must be taken to ensure that it is orthogonal to the
other components.

To illustrate the situation in more detail, consider a planar subset of lift, drag,
and pitching moment, as indicated in Figure 7.4. We will assume that we can

FIGURE 74 Effect d baance component skew
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determine precisaly the direction of the x and z axes and apply loads aong those
axes in order to explore the reaction in the wires. The expressions for equilibrium
in the X and Z directions are

Z+Asinge—-Ccosd—E=0
X+Acose—Csind=10 (211}
m+ Ec=10

Assumethe actua loadsarem = 0 and Z = 10X. What will our balance read with
the improper alignment as indicated by Figure 7.4? Solving for A, C, and E gives

E=0

_ ZCOSE—X_sme_ B COSE—sm_eJlO_ z (712
COSECOSH6 — SNESNG _COSECOSB—SHEsan

_ —Xcosdt Zsind [ ~cos 6 T 10sn 6

= - - - - - X
COSECOS6 — SSNESN 6 _COSECOSS—SII‘]ESH’]Q

If the dignment is perfect, we of courseget C = Zand A = —X. But if each o
the anglesis only 0.002 rads, or about 0.1°, then C = 0.99982 and A = —0.9800X.
Thisisa2%error inthedrag reading! Thisis not an artifact of our ssmpleconceptua
model of a balance. Alignmentsof multicomponent balancesis very critical. And
even after the best efforts, the result must be evaluated by calibration. We will
discuss calibration in more detail later. It is advisable to thoroughly absorb the
arrangement indicated by Figure 7.3 before proceeding to more complex balance ar-
rangements.

Terminology for Force-Measuring Devices

Standards for Force Measurement The measurement of force, as with al other
measurements of physical quantities, involves a hierarchy of comparisons, or more
precisely a metrological chain, that leads back to some defined primary standards.
Force, however, is a derived unit. In the Sl, the unit of forceis the newton, which
is defined as the force required to accelerate a mass of one kilogram at one meter
per second per second. The use of dead-weight testing machines as secondary
transfer standardsinvokes the equivalence of gravitational and inertial acceleration
effects and requires a knowledge of local gravitational field strength. The adopted
"standard" value for Earth's gravitational field strength to relate the standard kilo-
gram mass to a corresponding weight force is 9.80665 m/s?. It should be redized
that it varies significantly from place to place. At Hammerfest, Norway, the value
has been measured as 9.82618 m/s* while in the United States, at Miami, Florida,
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it has been measured as 9.79004 m/s?. A modd for the variation of acceleration o
gravity g with latitude A has been given by Moritz® as

g = 978.0327[1 + 0.0053024(sin A)* — 0.0000058(sin 2\ )*] (7.13)

Thereis asystematic variation with atitude and measurablelocal variations associ-
ated with geological densities. Another standard correction required for dead-weight
machinesused astransfer standardsfor force measurement isthe difference between
the buoyancy force on the standard weight and the test article due to differences
in dengdty.

Load cells are widely used both for secondary standards and for measurement
applications. Their output is not directly related to local gravitational field strength,
but they are sensitive to other environmental and operationa variables. If a load
cell ischecked againgt a'* standard" weight, the result will, of course, be dependent
on the local gravitationa field strength.

For detailed discussions of issues of metrology for force measurement Bray,
Barbato, and Levi’ may be consulted. Standards organi zationsthat maintain related
documentation include the International Organization for Standardisation (ISO),
Organisation I nternational ede Métrologie Légale (OIML), Bureau International des
Poids et Mesures (BIPM), American Society for Testing and Materials (ASTM),
Nationa Ingtitutefor Standards and Technology (NIST), and many others.

Terminology of Transducer Characterization The historical definition of an
"ided" transducer hasincluded that the output be proportional to the quantity being
measured. An ideal transducer for a force component, say X, would provide an
output, O, related to X by the equation © = kX, and ideally © would be insensitive
to al other variables. Red transducers only approximate thelinear relationshipand
are always sensitiveto other variables to some degree. A notional calibration curve
for a transducer is shown in Figure 7.5. The curves as shown have exaggerated
curvature compared to a typical high-quality transducer. The tolerance is typically
afraction of a percent so the lines dl collgpse. It is easier to see the details of the
characterizationby plotting thedifferencebetweenthe calibration dataand the linear
fit plus the difference between the calibration data and a second-order fit. A result
of thiswill often appear as shown in Figure 7.6. These plots are sometimesreferred
to as residua plots. With the available computational power today, thereis little
reason not to use whatever curve form is needed to reducethe residualsto have a
mean of zero with randomdistribution. However, amajority of commercial transduc-
ers have their specificationsgiven in termsof deviationfrom linearity. Each trans-
ducer specification should be carefully studied and the maker required to provide
details on the calibration procedure and data processing. The usual situationsin
wind tunnel applicationsare such that commercial transducers will frequently be
calibrated on site before being put into use. It is often possible to obtain better
performance than the manufacturer quotes as nominal for a particular type.

Two fundamental typesof balancesfor measuringtotal mode forcesand moments
arein genera use: external balances, which carry theloadsoutsidethe tunnel before
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FIGURE 7.5 Typical calibration curvefor a transducer to show terminology.
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they are measured, and internal balances, which fit into the models and send data
out through electrical signals. Both types have their advantages, and few tunnels
can get aong with either one aone. It is aso common to design, fabricate, and
calibrate specia load-measuring units for model parts. These are usually similar to
internal balances but amost always ssmpler in concept and execution.

Before proceeding further with considerations of various balance mechanisms,
we will discuss aspects of the requirementson wind tunnel balances, with the main
focus being on measurement of total modd forces and moments.

7.3 BALANCE REQUIREMENTSAND SPECIFICATIONS

We have introduced some discussion of balance design and will follow with more,
but weemphasize that it is our main purpose toimpart some rudimentary knowledge
about these systems so that a wind tunnel engineer can use them wisdy. Actua
balance design and construction requirefar more information than we can provide.
We would like to issue a note of warning to those with little experience who might
undertake the job. A wind tunnel balance is an immensely complicated apparatus,
and its design and construction are much better left to balance engineers than to
tunnel engineers. Scarcely a wind tunnel exists that has not been held back from
use by long delays resulting from balance calibration, and sad indeed have been
many tunnel engineerswho found that they were saddled with research on balances
rather than on airplanes. Buy the balance, then, if it isat all possible, and insist that
it be set up and calibrated at thefactory. If delaysoccur there, thetunnel is available
for additional calibration, improvementstoflow quality, and ahost of other problems
particularly besetting a new tunnel.

Any wind tunnel balance is of necessity a compromise between the required
maximum load capability of all componentsand the accuracy requiredfor minimum
loads. The solution to this problem is much smpler for an internal balance, since
several balancescan be designed and built for differentload rangesand one selected
for the desired loads. A risk with an internal balance is that the model loads may
Inadvertently exceed the balance capacity. This may result in afailed balance. For
an externa balance a careful study must be used to try to account for every type
of model and test for which the balance will be used over a period of years. In
this type of study there is no substitution for wide and long experience in wind
tunnel testing.

The expected |oads that a balance must carry are primarily afunction of the size
of the tunnel test section and speed. If the size of a tunnel is doubled, the model
Size and the loads are increased fourfold for a fixed model-to-tunnel-size ratio,
model attitude, and tunnel speed. It should be noted that in this case the Reynolds
number goes up by factor of 2 and mode volume by a factor of 8.

As arule of thumb the maximum mode span will be equal to or less than 0.8
of the tunnel width for afull mode. For a half model, the model span will be equal
to or lessthan Q.7 of the tunnel height.



7.3 BALANCE REQUIREMENTSAND SPECIFICATIONS 245

A mode of an aspect ratio of 9 and a span equal to 0.8 of the tunne width in
an 8 X 12-ft tunnel will lead to an area of 10.24 ft2. If the modd is tested at a
dynamic pressure of 60.0 Ib/ft2, then ¢S = 614.41b. If one wishesto measure drag
coefficientto =0.0001 in cruise condition, or one drag count, the drag balance must
be ableto resolve 0.06 Ib, which requiresit to measure the drag to an accuracy of
*0.03 1b. If one assumes the modd is a powered model of a propeller-driven
arplane, the maximum dynamic pressure when power testing will be closeto 15.0
Ib/ft? and ¢S = 153.6 Ib, and for one drag count the drag balance must be able to
read 0.015 Ib, or in other words be accurate to £0.008 1b. The same modd, power-
off, past stall could have a Cp, of 1.00 and at g8 of 614.4 1b, which would yield a
drag load of 614.4 1b. Thus, the drag balance should be able to resolve loads from
0.008 to 600 Ib, a ratio of 75,000: 1. Another way to look a the requirement is
that the minimum reading should be 0.0012% of full scale. These values are typical
of what is required for a general-purpose low-speed wind tunnel balance.

The ratio of maximum to minimum values of the drag balance also hasimplica-
tionsfor a computerized data system. If thedesired ratio is 75,000: 1, then 17 bits
resolution is required (2'¢ = 65,536 and 2" = 131,072). If a 14-bit (16,384) ADC
IS used, then the minimum drag value that can be detected for 600 1b full scaleis
0.037 1b, or four times larger than required. This problem is relieved, as discussed
in Section 3.9, by taking multiple passes at the data and averaging the value.
However, the minimum detectable value is ill 0.037 Ib. The digitizing systems
needed for external balances tend to be more akin, or actually identical, to five- to
eight-digit integrating digital voltmeters than to high-speed ADCs used in signal
processing or less demanding measurement systems.

Although in the previous examplethe requirement of one drag count C, = 0.0001
was used, the authors do not want to leave the impression that measuring to this
level is easy or routine. One drag count is the goal for cruise drag, but in most
casesit is difficult to get mode repeatability when configuration changes are made
and then restored to supposedly the same configuration to better than two or three
counts. Specia attention must be given during model design to having the ability
to return to any desired configuration with extreme precision. And of courseit is
necessary to take very special care during model changes. A very small geometric
change can produce several counts of drag variation. And, o course, the tunnel
conditions must be measured to the corresponding level of accuracy.

An externa balance can be designed and built to obtain these ranges of load-
resolving capability. Thistypedf balanceisquitelargephysicaly, and whendesigned
tomeasureeach of thesix components separately, sucharanged valuesisobtainable
when the balance is carefully aligned, which is possible because of its size, corre-
sponding rigidity, and robustness.

Thisrange of resolution is much more difficult to obtain with an internal strain
gage balance and in the previous example for a propeler-powered mode
might require the use of two internal balances: one for power-off and a second for
power-on testing. Unfortunately, testing the same model on two balances is not
efficientand would typically requiretwo separatetunnel entries. The two advantages
of an external baance are its great resolving power and its ability to hold its
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TABLE 7.1. Probable Maximum Coefficients Developed by Full- and
Haf-Span Modds

C, +4.0 -2.0 & +0.20 -0.20
Cp +1.0 -1.0 & +0.20 -0.20
Ch -1.0 +1.0 Cy +1.0 -1.0

calibration over very long periods of time. The disadvantages can be its size and
often highinitial cost and thetimerequired toinitialy align or reducetheinteractions
between the six components. It is possibleto calibratethe interactionsand not align
the balance. This option has become more attractive as cal culations have become
cheaper and faster. The computational algorithms have now become an essential
complement to a balance.

The advantage of a sting or internal balanceis alower initial cost, athough this
may be negated by building several with overlapping load ranges to meet possible
testing requirementsover a period of time. A second advantageis that one balance
may possibly be used in several tunnels, assuming that the balance can be adapted
to different stings. With special stings, an internal balance can often be used to
reach higher angles of attack than can be obtained with an external balance. This
Is most useful for tests of fighters that are required to operate at extreme angles
of attack.

No single balance system will handle all possible testsfor all possible vehicles.
But an external baance proves to be the most versatile because of its large load
range and adaptability to uses that were never thought of when it was designed.

Table 7.1 lists some suggested vaues in terms of maximum coefficients that
would be desirable to achieve with a balance. For a half-span mode it should be
noted that the values given for the longitudinal components, that is, C;, Cp, and C,,
apply, but the balance componentsare now C, = Cy, Cp = Cp, and C,, = C,. This
should not affect the yaw balance since the three moment components of external
bal ancesoften havethe same ranges. The requirement that the side-forcecomponent
carry thefull lift load may have an affect on the sensitivity of side force. A second
problem with half models is that the center of lift of a half wing will not be at the
balance moment center. In fact, it will be below the moment center, possibly one-
half the distancefrom the centerline of the tunnd to thefloor. This canlead tolarge
rolling moments and can affect the load range of the roll balance. These comments
apply to an external balance only. A sting balance for a haf model would, in most
cases, be designed for that purpose.

The maximum valuesin terms of forces and moments should be based on the
smallest modd expected at thelowest expected dynamic pressuresand the maximum
values from the largest model at the highest expected dynamic pressure and the
maximum vaues given in Table 7.1. If acompromise must be made in the balance
design, care must be taken to ensure that the balanceis more than adequatefor the
ranges of model size and dynamic pressure at which most testing is expected to
take place. This means that if one needs a higher resolutionin side force for a full
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mode than is available when the side-force balance maximum load is equal to the
lift load and half-model tests are not a primary requirement, then the half-model
requirements can be relaxed. It should be noted that an 8 X 12-ft tunnel mode
gpan equal to 0.8 tunnel width and an aspect ratio of 9 yielded awing areaof 10.24
ft2. A haf modd with a span equal to 0.70 of the tunnel height would have an area
o 13.94 ft? for afull wing, since the Reynolds number will increase by the square
root of the arearatio, or by 1.16. The main advantage of a haf modd lies in the
reduction of mode costs for the wing and, especialy, the flap system.

Care should aso be taken not to overemphasizea small model at low dynamic
pressure in determining the minimum loads. Quite often the small models are for
research purposes and are used to determine trends, not values, for aflight vehicle.
It would be dmost the height of absurdity to size the minimum valuesof the balance
for the NASA 80 X 120 V/STOL test section (a part of the 40 X 30 tunnd), for
a 6-ft> modd at a dynamic pressure of 10 Ib/ft?.

The balance requirements previoudly discussed are for tunnels intended for re-
search and development testing and would rangein size from 7 X 10 ft (70 ft?) and
upward. Small tunnels intended for student use can have the tolerancesrelaxed. and
they can be further relaxed for simple demonstration tunnels.

Tunnels designed for purposes other than aircraft testing will have an entirely
different set of values. Terminology for a particular application area may vary. For
example,a' drag count™ for automobileapplicationsisAC; = 0.001 and thereference
areais the frontal areainstead of the planform area, as is used for lifting surfaces.
Table 7.2 ligts the baance ranges for the General Motors automotive tunnel. It
should be noted that automotive engineers are not as interestedin developing large
lift coefficients as are aeronautical engineers, at least for general-use production
vehicles. Racing automobiledesi gnersdo work very hard on managing aerodynamic
down load.

In addition to the loading table, ranges for the pitch and yaw angles must be
specified. Pitch angle range for two- and three-strut mounting systems will vary
with the rearward distance of the pitch strut from thefront struts but should in any
event providefor =40°. Usually yaw from —40° to +190° is provided. Two degrees
per second is a good rate of changefor both pitch and yaw, although much higher
rates are being put into some systems so that dynamic testing can be explored.
Current datasystems can take data much faster than the aerodynamic forces respond

TABLE 72 Bdance Load Rangesfor General Motors Full-Scale Automotive Tunnel

Component Lov Range High Range
Lift 517 1b 1506 Ib
Drag 360 Ib 1012 1b
Sdeforce 517 1b 1506 Ib
Atching moment 2360 ft-1b 8114 ft-1b
Yanving moment 2360 ft-1b 8114 ft-1b

Rolling moment 2360 ft-lb 8114 ft-1b
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TABLE 7.3. Permissible Measuring Errorsin the Various Aerodynamic Coefficients

Lov Anged Attack High Angle o Attack
Lift C, = t0.001, or 0.1% C, = 20.002, or 0.25%
Drag Cp = =0.0001, 0r 0.1% Cp = =0.0020, or 0.25%
Fitching moment C,, = 20.001,0r0.1% C.. = 20.002, or 0.25%
Yanving momat C, = 20.0001, 0r 0.1% C, = *0.0010, or 0.25%
Ralling momert C, = t0.001, ar 0.1% C, = *0.002, ar 0.25%
Sdeforce Cy = 20.001, or 0.1% Cy = 10.002, or 0.25%

“For balance design requirements the actual loads should be figured using the smallest model expected
to be tested and the lowest dynamic pressure. It is inevitable that the achievable uncertainty of the
coefficientsfor the smallest models will be larger than for the largest models.

to rapid changes of condition. The temptation to run through operating states too
fast to get repeatable data must be resisted. This may be possible in some cases
only if therelationship between the achieved precisionsand themean valuesreported
are explicitly shown as the test proceeds. Otherwise, thereis great pressure to take
datatoo fast since the data system can certainly log the numbers at a high rate.

The desired accuraciescan be similarly attacked by first preparing a permissible
error list from the aerodynamicist’s viewpoint (Table7.3). A critical maximum error
condition may ariseduring powered testing of compl etemodel sbecausethedynamic
pressure of the tunnel may then be unusualy low.

74 EXTERNAL BALANCES

Four types of external balanceshave been in general use. These balancesare named
for their main load-carrying members—wire, platform, yoke, and pyramidd —and
are discussed in the following paragraphs.

Wire Balances

One of the earliest types of wind tunnel balance was the wire balance, similar in
principle to Figure 7.3. Spring scales were not used for the balance output since
their deflectionswould change the model attitude. The model usually was mounted
inverted so that aerodynamiclift added to the weight to prevent unloading the wires
as the resulting tension can never be allowed to diminish to zero. With this type of
balancetherewasalargetare drag on the wiresthat wasdifficult to assessaccurately.
The wires tended to break, which could lead to theloss of the model. Wire balances
turned out to be much less robust and versatile than the alternatives and have not
been used extensively since the very early days of aeronautics.

Platform, Yoke and Pyramid Balances

Currently, most external balances provide strut-type mounting of models. These
bal ances provide mechanismsfor changing the angle of attack and yaw and transmit
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the model loads down into a system of linkages that separate them into force and
moment components. Such an apparatus is shown diagrammatically in Figure 7.7,
and a linkage system is shown in Figure 7.8. The general massiveness of a balance
structure may be seen in Figure 7.9.

Tracing the pathway followed by theloadsfrom model to measuring unit (Figure
7.7), weseefirst that the model asillustratedis supported on two front-load members,
or "druts' and atail strut." Thestruts, in turn, connect to the inner part of afloating

FI GQURE78 Bdancelinkage. Lift linkage (not shown) is beneeth the rall table.
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FIGURE 7.9 Massivenessof a wind tunnel balance is well illustrated by this photograph
of a balance designed for a 150-mph wind tunnel with a 9-ft-diameter test section. During
thisearly setup in the factory the load members have been dropped in place without going
through their respectivewindshield support bases. As shown, the balance has approximately
45" negativeyaw. (Courtesy Georgia Tech Research Corporation, 1998.)

ring frame that is free to turn (model yaw), and a mechanismis provided to raise
or lower the tail strut to produce model pitch. The outer part of the floating frame
isheld in placeby asystemof strutsthat are specialy designedtobestrongintension
and compression but very wesk in bending. These struts separate the componentsof
the load by means of a linkage system and feed them into the measuring units or
output transducers. Above the floating frame is a fairing turntable on which are
mounted the windshields that nnni nnze the direct aerodynamicforces on the support
struts. The load turntable is tracked by the fairing turntable through the use of a
servomechanismarrangement. And, as thefairing turntablerotates, the windshields
are rotated in the opposite sense by a gear-driven mechanism so that they remain
paralld to the airstream. In some baances the tail-strut fairing is moved up and
down to keep the exposed length of tail strut constant as the angle of attack is
changed. The windshields are connected electrically so that upon contact with the
load membersthey activatefoulinglights and/or audiblesignalsso that the malfunc-
tion may be noted and corrected.

The linkage system by which the force and moment components are separated
have gradually worked into three different fundamental types? These are named
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FIGURE 7.10 Basic layout of a platform balance.

platform, yoke, and pyramidal, according to the manner in which the main system
Is assembled.

Platform Balance The platform balance (Figure 7.10) utilizeseither three or four
legsto support the mainframe. For the three-legged type, theforcesand momentsare

L=—(a+b-+c¢) D=d+e S=-f

I=(a— b)Gw) n= (e —d)Gw) m= ¢x

Platform balances are widely used. Rugged and naturally orthogonal, they may be
constructed and aligned with aminimum of difficulty. But they also have disadvan-
tages. (1) the moments appear as small differencesin large forces, an inherently
undesirable arrangement; (2) the balance-resolvingcenter is not at the center of the
tunnel and the pitching moments must be transferred; and (3) the drag and side-
force loads put pitching and rolling moments on the load ring. These interactions
must be removed from the final data. Some of the disadvantages are amdliorated
by theeaseof computation today as comparedto several decadesago. Also, applica-
tions such as automobilesand surface marine vehicles will be mounted on or near
the floor, which is near the resolving center for a yoke baance.

YokeBalance Theyokebalance(Figure7.11)offersan advantageover theplatform
balancein that the moment-resol vingcenter is near the center of thetunnel. However.
theinherent design of the yoke leads to bigger deflectionsthan the platform balance,
particularly in pitch and side force. Because the balance frame must span the test
section in order to get the two upper drag arms in their positions, the yaw lever
amisexceptionallylong. The high supporting pillarsare subject to large deflections.
Once again the final forces must be summed up: The drag is the addition of three
forces, and the lift is the sum of two forcesin the variant shown. The yoke balance
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as shown here brings out the pitching moment in the drag system instead of in the
lift. For the yoke balance, the forces and moments are

= (a+ b) D=c+d+e S=f
I=b-aGw) m=—-ex n=(d-—c)Gw)

Pyramidal Balance The complaints usually heard about the platform and yoke
balances are largely overcome by the ingenious engineering of the pyramidal type.
However, as usualy happens, additional difficultiesare added.

These are the advantages. The pyramidal balance reads the moments about the
resolving center, and the six components are inherently separated and read directly
by six measuring units. No components need be added, subtracted, or multiplied.
The difficultiesinvolved in reading the small differencesin large forces are elimi-
nated, and direct reading of the forces and moments simplifies the calculations.
Note that this is less of an advantage today than it was severa decades ago when
these systems were being intensively developed.

Several criticisms o the pyramida balance are warranted. The alignment of the
inclinedstrutsisso critical that both the constructionand thecalibration of thebalance
are greatly complicated. Furthermore(and this appears quite serious), deflectionsof
the inclined struts may so change their alignment that the moments are not accurate.
This effect must be thoroughly investigated during the calibration of the balance.

The manner in which the pyramidal balance separatesthe momentsis not ssimple,
and it behoovesthe engineer and the student to approach the setup using an elemen-
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x FIl QRE7.12 Two-dmendond schemdic showing the
princple d the pyramid balance.

tary truss system. Consider a trussin which two legs are jointed (Figure 7.12). The
forceD, acting through the pin joint G, producesonly tensionin OE and compression
in OF. No forceis registered at A. However, the force G, not acting through O,
produces bending in OE, and OE would collapse unless the force A = aG/b were
present. If G and b are known, the size of theforceA determines the point of action
o G. In this manner, if G were a known drag force, its pitching moments about
the resolving center @ would be determined by the force A.

Though the previous exampleillustrates the principle of the pyramidal baance,
in actual practice a considerable revision is required. In order to prevent the legs
of the pyramid from being in the airstream, they are cut off at what would be cin
Figure7.12. Thetruncated legsar e then carefully aligned so that their extensionspass
through a common point. The complete setup is illustrated in Figure 7.13. The
forces and moments are

Lift = total weight on lowest table Drag=D Sideforce= -¢

Pitching moment = —P xf Rolling moment = R x f
Yawingmoment =Y X a

Deflections

Oneof the most troublesome problemsaof wind tunnel balancesis rigidity, or to be
more accurate, lack of rigidity. Deflections in the balance may move the model
from the resolving center and invalidate the moment data or nullify the balance
aignment so that part of the lift appears as drag or side force. The answer to the
problem is obvious. Either the deflections must be kept down to where they are
negligible or they must beevaluated and accountedfor in the data reduction process.
Of course, keegping them down is preferable.

Thelargest sourceof deflectionisthemountingsystem. Thismust belongtoreach
out of thetest sectionand thin to avoid excessiveinterference. Both reauirementsare
in direct antithesis to the criterion of minimum deflection. The only way the wind
tunnel engineer can meet this problem is to use materiads of high modulus of
eladticity for thestrut. The desirefor the shortest mounting strut possibleis a strong
argument for the selection of a rectangular or eliptic jet shape. Deflectionsin the
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FIGURE 7.13 Pyramidal or virtual center balance.

balance frame may be diminished by having a deep and rigid framework. None o
the common measuring units have deflections large enough to be serious, and so
they rarely cause this type of trouble.

The effects of deflections are evaluated during the process of calibrating the
balance, and corrections, if necessary, are given to the computing staff for inclusion
in the data work-up. The model itself is a source of deflection.

Balance Linkages and Pivots

The principa componentsof an externa balance consist of alarge number of levers
that are designed to have minimum deflection under maximum load. Thisincreases
their weight and often their size. The joints between the levers are usualy pivots
with very small angular motion. It is required that the pivotshave very low friction
(idedlly zero friction) to avoid hysteresisin the balance when the directions of the
loads arereversed. Early pivotsin wind tunnel balances were knife edges. Because
knifeedgescan bedamaged by shock loadsand canonly carry loadsin acompressive
direction, they have been replaced by flexure pivots. It should be noted that ball
and roller bearings make very poor pivots where the angular motion is very small
and loads must be carried perpendicular to the shaft axis of the bearings. Under
these conditions both the balls and their races can easily develop flat spots and a
resulting large amount of friction when rotated.
The advantages of flexures are asfollows:

1. They can be designed to withstand loadsin any direction with no lost motion
between the coupled members.

2. They are essentialy frictionless, thus eliminating hysteresis effects.
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FIGURE 714 Hexures Threeds on rod flexure dlow length adjusment. The Z flexure
gock mede an milling machine Two haves d X flexure are cut from dock and pinned
together. (Photogreph courtesy o Univeraty d Waghington Aeronautical Laboratory.)

3. They will withstand relatively rough treatment.

4. They are virtually wearproof; thus their characteristicsremain constant over
an indefinite period.

Flexures are usually one of two types. The first is a composite or rod flexure.
These are usad to transmit loads along their axis with small angular rotation and
the critical design load is compressive. As the length of the rod often must be
adjusted, the ends consist of fine right- and left-handed threads that can be clamped
in anut that is split in two and bolted together. These flexures are machined out of
a solid bar stock. Examples are shown in Figure 7.14. The second is a restrained
flexure, or X flexure. These are amogt frictionless pivots, and if the rotation is
small, the center of rotation is fixed. They can be made by machining a bar into a
Z shapeon amill. The bar is cut into strips and then assembled in an X shape with
tapped holes in the top and bottom for assembly to other parts. With eectric
discharges milling, they can bemadefrom one piece. The X flexuresareusedin pairs.

The X flexure can be less than half as iff as a rod flexure and alows twicethe
rotation angle. When the X flexure is loaded at right angles to its axis, two of the
flexure strips are in compression and two are in tenson when acting as a pivot.
Thus the changein stiffness of the tension stripsis compensatedfor by the opposite
changein stiffness of the compression strips.”
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Balance Output Transducers

The external balance elements are arranged to transfer the loads that appear on a
model to a set of output transducers. A principal objective of earlier designs was
to kinematically separate the standard six components so that each output transducer
provided a signal that would be directly proportional to one and only one force or
moment component. With cheap and fast computation universally available, this
objectiveis now traded off against smplicity, greater robustness, or even better per-
formance.

The device used to measure the output of the balance should have the follow-
ing characteristics:

1. The curveof the applied load versus the indicated |load should be invariant.
Assuming that the curve is linear and passes through zero, the slope should
remain constant over time. If the dlope of thecurvechanges (slipscalibration),
it is most difficult to detect. This problem can be serious with digital data
systems. These systems use amplifiers with DC response, and the amplifiers
areproneto drift. Each installation must determinethe stability of its systems
and perform checks at the appropriateintervals. It is desirable to make end-
to-end checks by the use of check weights at regular scheduled intervals.

2. When the applied load is removed gradually, the measuring device should
return to zero. The zero-shift problem is not as seriousas dlipping calibration.
In most tunnelsit is a standard policy to check the " balance zero™ for shift
at the end of each run or run series. If the zero shift is too large, the runs are
repeated. Care must be taken with the end of run zero to make sure that the
tunnel velocity is also zero.

3. The measuring device should display no hysteresis. In general, thisis not a
problem with typical measuring units. Often when hysteresis appears, it is
due to some portion of the system being loose and therefore undergoing some
dipping, or more commonly there is some dlight contact or fouling that has
not been found.

4. Every type must provide an appropriateinterfaceto a dataacquisition system.

Thefollowing are some types of measuring units that have been used as output
devices on wind tunnel balances.

Automatic Beam Baance A sketch of an automatic beam balance is shown in
Figure 7.15. The version sketched shows the type of sensing used in the 1930s to
1970s. It consists of a"weigh beam™ that has an electrically driven rider. When the
beam dropsdown, a contact is made that causes the driving motor to move the rider
in the direction that will balance the beam. A counter on the motor shaft locates
the rider and may be calibrated to read the force weighed. The pendulum H (see
Figure 7.15) can be adjusted to balance out the destabilizing component due to the
weight of the beam. This type of force-measuring balance has the advantage that
the measurement is aways made in the balance null position and thus there is no
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FI GURE 715 Beam bdance A, driving motor; B, threeded rod; C, rider; D, reversng
contacts E, dashpot; F, flexure pivat; G, gpplied load; H, pendulum weaght; |, counter.

displacement of the system. The disadvantage is that they are relatively dow in
reaching abalance condition, althoughit must be remembered that external balances
can weigh several thousand pounds and cannot be expected to be highly responsive.

In some cases unit weightsare used so that the weigh beam is required to resolve
only part of the full-scale range of the system. A number of weigh beam systems
have been constructed that are capable dof routinely resolving 1 part in 100,000 and
maintaining calibration for extensive periods.

Current designs for weigh beam systems use exactly the same principles as
indicated by Figure 7.15 with two significant modifications. First, and most im-
portant, the method of sensing the equilibrium stateisto providea linear differential
transformer at the end of the weigh beam instead of the mechanical contacts. This
diminates the hysteresis problem and can be made very reliable as well as very
sendgtive. Second, some quite advanced oil pot damping systems are included to
manage the dynamic motion of the weigh beam under unsteady loading conditions.

Hydmulic Capsules Thehydrauliccapsuleisadevicethat measuresforcesthrough
the pressures they exert on pistons of known area. They are not exactly null, but
the amount of deflection of the piston isso small as to be negligible. The resulting
pressure is a function of the size of the load and is measured through accurate
pressure gages.

Electrical Measuring Devices There are severa methodsfor measuring forces or
pressures eectricaly, most of them depending on amplifying the effect that tiny
deflectionshave on the capacitance, inductance, or resistance of the unit. For exam-
ple, the resistance of a carbon pack varies as the pressure on it, and the current it
passes for a fixed voltage may be used as an index of the load. The amount of
current needed to keep the core of a solenoid in afixed location is an index of the
load on it. The changein capacitance of a plate condenser with small deflections
of the plates may again indicate aload. The resistance of a wire changes with the
tension of the wire, and the current passed for a fixed voltage may indicate the
tension. And so ad infinitum, A hundred different setups may be possible. It should
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be bornein mind fiat through amplification the most minute changes may be noted
and remarkable accuracy is possible.

Strain gages have been used as measuring devices in external balances with a
satisfactory degree of success. One major manufacturer of balances has developed
a specia high-voltage unit for this application. The electromagnetic arrangement
that measuresthe forces by the amount of current needed to maintain zero deflection
in the unit has also been successful. This method is used in a majority of high-
quality laboratory balances that are able to resolve 1 part in 10°. These systems
often have a unit weight addition setup in order to extend their range with maxi-
mum accuracy.

By far the most widely used electrical measuring device is the wire strain gage.
The wire strain gage consists of very fine wire cemented to aflexure. The load, by
deflecting the beam by a minute amount, stretches the wires glued to the beam and
changes their resistance and the amount of current that will flow through them for
a fixed applied voltage. The gages are amost always arranged in a bridge circuit
to increase the sengtivity.

A wide range of commercia strain gages are available that vary widely in size,
backing material, and sensitivity to temperature. The gages can be affixed to the
flexure materia with a variety of bonding agents, ranging from simple cellulose
cement to more exotic adhesives, some of which require special curing techniques.
Many commercially availablesignal conditionerssupply bridge voltage and balanc-
ing impedance. There can beone, two, or four activegagesin a bridge, but generally
either two or four gages are used to minimizethe effect of temperature. Four-gage
bridges also increase the sensitivity and accuracy.

Strain gages are used more extensively for intemal balances and for special-
purpose component |oad measurement than for output devices on external balances.
A typical resolving capability for astrain gagedeviceis1 partin 20,000 as compared
so many times this for some other devices. This is, however, more than adequate
if adevice can be produced or obtained with just the right total range for a particu-

lar purpose.

Calibration of External Balances

External balances are usudly attached very firmly to a large mass of concrete to
obtain maximum stability and thus are calibrated in place, while intemal balances
are calibrated outside of the tunnel with only check loads applied to the model in
place. Some tunnels built in the 1970s that are designed to use both external and
sting balances have designed the extemal balance so that it can be removed from
the tunnel for calibration in a laboratory. However, thisis relatively rare.

Let us start by making clear the immensity of a wind tunnel balance calibration:
With a competent crew the fust calibration of a new balance will take three months
at leest. This time frame supposes that adequate shop facilities for all sorts of
changesareavailableand recognizesthat thefirst "' calibration™ will almostinevitably
Involve many adjustments. Many balances have, however, subsequently served very
wdll for decades with modest additional calibration efforts.
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F GQURE716 Bdance loading tee Weights added & A, B, or € should produce no drag
or arosswind force, and aweight moved from E to F should produce no indicated change
in drag.

Cdlibrationincludesloading the elementsof the balanceto see whether they read
what they should, ascertaining the deflections of the setup, loading the balance in
combined cases that ssimulate the conglomeration of |oads that various models will
put on it, loading with the balance yawed, measuring the natural frequency of the
balance so that resonance can be avoided, and applying fluctuating loads so that it
can be determined that the time average of balance output provides an accurate
mean value.

All the above requires considerable added equipment, and it is a good idea to
make as much of it permanent as possible, since calibration checks will be needed
many times during the life of the balance, athough few if any of the same scale
as the initial one. First in this list comes a loading tee, of which a schematic is
shown in Figure 7.16 and a photographis shown in Figure 7.17.

Thecalibrationtee must providea method to accurately attach cablesfor applying
the loads. A reasonabletoleranceis0.005in, on their location. The cable attachment
can be knife edge hooks or ball and socket joints with the balls swaged onto aircraft
cable for large balances. Piano wire can be used for smaller balances.

With any tee provisions have to be made to ensure that the loads applied by
cablesare paralée or perpendicular, asrequiredin each case, to thetunnel centerlines
for a wind axis balance. First the balance must be set at zero yaw. Then aignment
lines are scribed on the floor using toolmaker's blue (or lines could be drawn on
masking tape). A plumb bob can be used to align the pulleys. Next the cables are
attached and an engineering level (optical) and 0.01 rulers can be used to level the
cables, which must be loaded to about one-haf o thefull load. After leveling, the
horizontal alignment could be checked. Pulleys should have a large radius, about
8in. minimum, and should be built for this purpose. The groove for the cable should
be cut so that the cable lies on the top edge of a groove narrower than the cable
diameter for positive alignment. The pads holding the pulleys should be adjustable
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FIGURE 717 Extend badanceloading tee Each component can be independently loeded
or combined loads can e goplied. Srown ae loads to Sde force and rolling moment.
(Photograph courtesy d Universty o Waghington Aeronautical Laboratory.)

in the vertical and horizontal planes. The most difficult load is positive lift. One
approach isto lay a strong stedl beam acrossthe top fillets and use a pivoted lever
to load lift. This reduces the weights and either a cable or rod with ball joints can
be used. This can be plumbed optically or by use of a precision bubble level.

A set of calibrated weights will be needed. If it is decided not to buy afull set,
they may usudly be borrowed from the local state highway department. A half
dozen or more dial gages for measuring deflections will also be needed.

The first step in calibration is a complete operational checkout of the measuring
units and dataread-out system. For a new balance each component should be loaded
to the maximum load and balance deflections checked. The amount of deflection
is a function of the balance design. These loads are also proof loads, although this
usualy is not a problem. Most balances have stops to protect the most sensitive
and expensive parts in case of failure. These can be set at this time. A repaired
balance should be put through the same loading cycle. It is common for new or
repaired balances to require two or threefull-load loading cycles before they settle
in and give good repeatability.

The traditional method of calibrating external balances has been to adjust the
balanceto minimizetheinteractions. This wasdoneto minimizethelabor of reducing
the data by hand. This practice resulted in direct balance readings very closeto the
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applied loads. Thus, when the coefficient data on repeat runs or between tests did
not check, the raw balance readings proved useful in finding the sourcedf the error.
If balance readings agreein trends with the coefficients, then a check of the mode
configuration usually elicits from the customer that "'the mode is just the same,
but" and the problem is solved.

With the ready availability of digital computersit is possiblein the process of
calibration of the balance to measure the interactions and, rather than commit
extensive timeto reducing or removing them, derive a computational algorithm that
will provide the desired components. This can be implemented to produce results
on lineasatest proceeds. Thislatter method has been commonfor internal balances
as it is not possible to obtain the degree of component separation under those
congtraints that has been routine for external balances.

The balance alignment procedurefor obtaining minimuminteractionisasfollows:

1. For each component, load and adjust the component's sopeto 1: 1 or until
output reading is equal to the load.

2. Load each component in sequence and reduce the interactions on the other
five components (this assumes a six-component balance). The best way to proceed
is to first make sure that lift is perpendicular to drag and side force using lift as
the load. At the same time make sure the lift load passes through the moment
center by checking pitching moment and rolling moment. Next, make suredrag is
perpendicular to side force. This may require a recheck of lift, depending on the
balance. This task is tedious on a new balance, but a feel for the balance is soon
acquired that makesthejob easier. When theinteractionsare minimized, the remain-
der may be due to deflections. Output devices that are nulling are advantageous in
minimizing deflection.

3. Duringthe work in 2, aplot of balance output similar to Figure 7.18 is useful
to determine the error on each component due to its single-component loading.
Balance loads should be applied from zero to full scaleto zero. Plots of component
loaded versus the other five components will show zero shifts and hysteresis. De-
pending on the balance design, it may be necessary to check the interactions with
the balance yawed. This is to ensure that the balance-resolving center coincides
with the moddl trunnion. Thetrunnion is the point about which the model is pitched
and yawed. If these two points do not coincide, the data reduction will have to
account for the discrepancy.

4. When minimum interactions have been achieved, repeated loadings should
be made to check the balance repeatability. The setting of the safety stops should
be rechecked. Combined | oadings should al so be applied to determine the magnitude
of the second-degree interactions. These are treated in more detail in connection
with internal balance calibrationslater. It is also desirable to apply very small loads
to check the balance sengtivity. At the University of Washington Aeronauitical
Laboratory a small aluminum bell crank mounted on a torsional flexure pivot was
built for this purpose. The vertical ar mwas connected to the balance by fine piano
wire. The horizontal ar mcontained the weight pan and a bubble level. This device
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was supported on a scissor jack stand. The jack stand was used to level the wire
to the balance and level the bell crank. Then loads of 0.01 1b were applied to drag
and side force, and moments of 0.01 in.-Ib were applied to the yawing moment.
The pan and gravity were used for lift, pitching, and rolling moments. Thisindicates
the difficulty of applying full-range loads with the precision in loading that many
of these balances are capable of resolving. Infact, it seems that in many cases the
limitation on theaccuracy of external balance measurementsis actually the precision
and accuracy with which calibration loads can be applied.

5. Thenatural frequency of the balanceabout the threeaxes should be determined
along with the effect of the model weight on the frequencies. As mentioned earlier,
the balance al so should be checked with fluctuating loads to ensure that it measures
the mean value.

Example 7.1 Weconsider athree-component balanceto reducethe amount of data
Involved as compared to a six-component case. The balanceisloaded as any balance
and the outputs are plotted. It will be assumed that the balance can be adjusted.
There are three components, L, D, and m, to be loaded over their respective ranges.
The outputs from all three component output devices are recorded for each load
applied, yielding ninefunctions, Lg{L;), Lx(Dy), Lg(m.); Dr(Ly), Dp(Dy), Dg(my); and
mg(Ly), me(Dy), ma(m;). In this notation, the subscript L means applied load and the
subscript R means the reading from the output device. It is assumed that there is
an adjustment that alows the zeros to be made precise. If the curves are dightly
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nonlinear, they are replaced by the best linear approximation that passes through
zero. Thus, for thelift reading the linear approximation relating loading to output is

Ly = KL, + KD + Kiymy
or, in matrix form,
{FRr} = [K:'j]{FL}

where F can be a force or a moment as required. This matrix equation can be
inverted to give

[} = [KUJ_I{FR}

which is the required equation to determinethe forces and moments applied to the
balance by the model from the baance output readings.
As an example, assume

1.000 0.00622 —0.330 Ky Kip, Kim,

K=10.0221  1.000 00 |=|Koy, Koo, Kom| (7.14)
0.162 —0.00338 1.000
KmR’LL KmRDL KmﬂmL
Then
0.949 0.00482  0.313
K'=|[-0.0212 1.000 —0.00692
—0.1536 0.00416 0.948
and the balance output equation is
Ly 0.949L; — 0.00482D; + 0.313my,
D, | = —0.0212L; + Dg — 0.00692my (7.15)
mL _0.1536LR + 0.00416DR + 0.948mR

If one is trying to adjust the balance for minimum interactions, then from the
ADp/AL; term it can be seen that the lift and drag are not perpendicular. The Ky,
or the Am/AL,; term shows that the balance moment center is aft of the geometric
vertical centerline of the balance. Thusthe curve can be used to provideinformation
on the required adjustments. Of course, if the data system to be used is aways
available on line and the above results are sufficiently close, then these results can
be used directly to relate output to loads during tests.
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75 FUNDAMENTALSOF MODEL INSTALLATIONS

Any strut connectingamodel to the balance can be consideredto add three quantities
to the balance output. Thefust is the obviousresult of the direct aerodynamicforce
on the exposed strut. The second is the effect of the strut's presenceon the air flow
pattern about the model. And the third is the effect of the model on the air flow
about the strut. The last two items are usually lumped together under the term
"interference,” and their existence should make clear theimpossibility of evaluating
the total tare by the ssimple expedient of measuring the drag of the struts with the
model out.

The earliest attachmentswere by means of wires or streamline struts. The ruling
criterion was to add the smallest possible drag and then either estimate it or neglect
it. Since the advent of the image system of evaluating the tare and interference,
which we will discuss at somelength, these effects have been evaluated by measure-
ments rather than being estimated.

The mounting struts employed at first still tended toward the minimum drag
criterion and had airfoil shapes. Later, however, many mounting struts of polygonal
cross section were used. The idea behind this trend was that the Reynolds number
of the mounting struts would always be quite low and the struts therefore might
have not only a large drag but aso a drag that varied widely for relatively small
changes in shape or Reynolds number. The reason for such concern can be seen
from the drag-versus-Reynolds-number plots for circular cylinders and spheres
shown in Figure 7.19. To minimize the changein drag with Reynolds number, the
transition point between laminar and turbulent flow should be fixed by some perma-
nent method such as staking the transition point with a center punch. The main
advantage of struts with alarger cross section, however, is that they will reducethe
deflection of the modd.

Only aminimum length of strut is exposed to the airstream, the remainder being
shielded by fairings not attached to the balance. In this way the tare drag of the
mounting is decreased, sometimes being only 50% of the minimum drag of an
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FIGURE 719 Vaidion d the drag codfficdent o circular cylinders and spheres with
Reynolds number.
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average wing. It is not advisableto try to decrease the tare drag of the ""bayonets”
by continuing the windshields up close to the modd because afairing close to the
moded can increasethe interferenceeffects more than it decreasesthe tare. A proper
balance between amount of exposed strut and proximity of the windshield to the
modd may be found by having adjustable deeves at the windshield top. The Seeve
location at which Cygmi for the modd plus tare and interferenceis a minimum is
the best, since this indicates that the tare plus interferenceis a minimum too.

Some baances yaw the model support strutsoppositely to the model, so that the
struts always remain parale to the airstream and hence contribute the smallest
possible effect when the moddl is yawed. Another useful arrangement is to have
severa sets of supports of varying size from which the smallest can be selected
according to the load range.

One feature sometimes considered necessary for the ordinary support systemis
adiaphragmseal that preventsflow from around the bal ance up between the supports
and shields into the tunnel. There are two types of pressures that may cause this
flow. The first is due to the basic tunnel design, which not infrequently resultsin
atest-section static pressure below the atmospheric pressure and hencein a pressure
differential,sometimes quitelarge, between the balance chamber and thetest section.
The second pressure is that resulting from local flow induced by presence of the
model. Theflow can beeiminated by alight digphragm seal. Closing off the balance
room in no way changes the necessity for the support column seal.

The attachment fittings usually come into the wing at about the 30-50%6 chord
point. In complete airplanes, the most rearward center-of-gravity location may be
used to give maximum room for the fittings. If a model of a multiengine airplane
IS to be tested, the mounting strut interference will be smallest if the struts do not
attach at a nacelle point.

Balance Aerodynamic Alignment

By definition, lift is perpendicular to the remote velocity and drag is paralld to it.
In an ideal tunnel with the flow parallel to the test-section boundaries, it would
only be necessary to align the external balance so that lift is perpendicular to the
ceilling and floor and drag are parallel to the celling and floor. Unfortunately, most
tunnelsdo not have perfectly parallel uniformflow in the test section. Usually there
is some up or down flow (usually caled upflow) and some cross-flow. There is
also alocal vpflow due to the air flowing over the fairing, which shieldsthe balance
mounting struts from the airstream. Because upflow affects the accuracy of drag,
it is more critical than cross-flow for a full model. With a floor-ceiling-mounted
half mode the cross-flow would be most critical. The following discussion will be
for afull airplane modd.

The tunnel flow angularity usually is not uniform acrossthe tunnel in the region
occupied by thewing, and it may vary with the dynamic pressure. For a given wing
planform, an average value of the upflow can be obtained for a given dynamic
pressure and the balance aligned so that drag is parallel and lift perpendicular to
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the flow. But for any other wing or dynamic pressure the balance would not be
properly aigned. Furthermore, the problem of applying loads during the balance
calibration when the loads are not level will just make difficult tasks more difficult.
The usua procedureis to align the balance so that lift is perpendicular to the test-
section ceiling and floor and drag are parallél to them or to an internal balance
reference surface. Then the upflow is measured and corrected for in the data re-
duction.

One thing simplifies the alignment. The lift for most testsisfrom 5 to 25 times
larger than the drag, and it is usually sufficient to align so that no lift appearsin
the drag-reading apparatus without checking to see whether any drag appearsin the
lift-reading mechanism beyond ascertaining that the drag system is perpendicular
to the lift.

The balance alignment to the tunnel flow is generally accomplished by running
a wing both norma and inverted from zero lift to stall. To ensure equal support
strut interference for both normal and inverted runs, dummy supports identical to
the conventional onesare installed downward from the tunnel roof. The arrangement
isshown in Figure 7.20. The datafrom both normal and downward lift are plotted
as lift curves (C, vs. @), polars (C; vs. Cp), and moment curves (C,, vs. C,,). The
negative lifts and moments are plotted as though they were positive, as shown in
Figure7.21. The angular variation between thelift curvesistwice theerror in setting
the angle of attack and, as shown, indicates that the ais set too low. That is, when
the balance angle indicator reads -- 1°, the mode isreally at 0° to the average wind.
The polar (Figure 7.22) showsthat thelift is not perpendicular to therelative wind,
part of it appearing asdrag. Herethe balanceistipped aft in referenceto therelative
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FIGURE 720 Arrangement for determining tare and interference smultaneoudly.
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wind, for a component of the lift is decreasing the drag when the lift is positive
and increasing it when the lift is negative. See Figures 7.22 and 7.23.

The sameprocedure outlined abovefor awing must befollowed for each complete
modd. Upright or norma runs with the image system in place are followed by
model inverted runswith theimage systemin place. Theserunsyield the trueangle
of zerolift and alignment correction. Additional runsneeded for tareand interference
evaluation are discussed in the next section.

The tunnel time required for this balance aignment plus the additional timefor
tare and interference runs can be quite large. Also, many wind tunnel models are
not designed so that they can be run both upright and inverted. Thus, in many wind
tunnel tests these values are taken from data obtained from a calibration wing or
model, and the upflow values are determined over the range of dynamic pressure
used in the tunnd. If flow angle and velocity variationsin the airstream are large,
the above aignment would apply only to wings whose span and chord approximate
the test wing.

Itisimpracticableto align the balancefor each model, and hence the misalignment
correction is applied in the data reduction as follows. Suppose that the polars of
the normal and inverted runs appear as in Figure 7.22. With the wing in the normal
position the balance reads

CD,'mdica[ed = CD,tme - CL,indi{:ﬂled(tan aup) (716)
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where a,, is the angle of misalignment (Figure 7.23).Hence
CD,ind - CD,lme = _CL.ind tan Qyp (717)

The correct Cp (Cpe) lies halfway between the Cp oma @Nd Cp jnyerea CUIVES. Let the
difference between the curves at some C; be AC,. Then

AC|D = CD,nnrmal - CD,invened (718)
C‘.D.im:l - CD,mte = AC'D/;-J' (719)

and, if thedifference between thecurvesisread at C; = 1.0, the angle of misalign-
ment, o, may be found from

tan oy, = (ACH2)¢, = 1.0 (7.20)

The correction to the drag coefficient is then
Coime = Cpjpa T (Crina)tan oy, (7.21)

True C; is close enough to Cy;, so that usually no correction to C, is needed.

When g isasmall angle, tan a, in Equation (7.20)is often replaced with the
angle in radians. Rather than calculating tan a,, in Equation (7.17)at one value of
C; such as 1.0, it is better to measure AC, at several values of €, and plot AC,, or
ACy/2 versus C;. Then fair in a linear curve or use linear regression to obtain the
slope or tan a.

Two moreimportant pointsin regard to the evaluation of the alignment correction
remain. First, in order to have the tare and interference effects identical for both
the model normal and inverted runs, the image system must be installed and the
dummy struts arranged as in Figure 7.20.

A second problem with the tunnel upflow and dynamic pressure calibration is
that in some tunnels these values can be an undetermined function of time. Some
tunnels will expand and contract with the weather, and wooden tunnels can be
affected by humidity. This may cause a change in tunnel flow quality. A more
serious change in tunnel flow can occur in tunnels equipped with screensto reduce
turbulence. Screens tend to get dirty as thetunnel isrun, and since they are located
in the tunnel bellmouth, they can have a large effect on both the tunnel upflow and
dynamic pressure. A simple way to check on this problem, besides visually checking
screens and cleaning them, is to mn a calibration wing at several check g's in an
upright position. If there is no change in the lift curve slope, the q calibration is
the same. No rotation of the polar, either corrected or not corrected for upflow,
meanstheupflow i sthe same. Another method totrack upflow isto install ayawhead
or similar flow-measuringinstrument in afixed | ocation using amount that maintains
probe alignment. The probe is best mn without a model in the tunnel. This method
IS not as accurate or as sensitive as the calibration wing.
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The engineer who, upon finding a changein the data for a second series test of
a certain modd, proclaimed that az;, was ""'not where he left it was not entirely
without scientific backing. The method of evaluating upflow with upright and
inverted runs is the same with a sting balance. The sting balance can smplify
inverting the model if the sting is capable of rolling 180°.

Although the error in angle d attack can be determined from the lift curve of
Figure 7.21, the upflow angleis often so small that it is difficult to obtain from the
lift curve. Usudly the upflow angle is taken from Equation (7.20) or a plot of
Equation (7.17) and added to the model's geometric angle of attack. For a model
mounted in a norma upright condition with upflow in the tunnel

@ = Opon T Aaty,  (in degrees) (7.22)
ACpe = AcyCr (7.23)

with Aa, in radians and CLW the wing lift coefficient. The above correctionsto the
angle of attack and the drag coefficient are not the total corrections. There are
additional corrections owing to the constraint to the tunnel flow due to the walls
or wall corrections (see Chapter 9).

When thevariationsinupflow arevery largein theregion of the wing as measured
by a yawhead, laser, or similar instrument, the following method can be used. The
upflow at several spanwise stations of the wing is multiplied by the chord at that
location. The product is then plotted versus the wing span and the area under the
resulting curveis divided by the wing area to yield an average value for the wing.
A similar method can be used to determine an average for the wing's downwash
at the tail. This method is not as accurate because it is difficult to get the same
accuracy with aflow probe asis given by a good baance.

When evaluating the tunnel upflow balance misalignment, the model support
taresin both upright and inverted runs must be known. The upflow for the tare and
Interferenceis obtained with mode and image, as shown in Figure7.20. Thisyields
a tunnel upflow balance alignment without the local upflow effect of the balance
fairing or wind screen. These balance alignment data are then used to evaluate the
support and interference tares as detailed in the next section. When the model is
then run both upright and inverted without the image system, thelocal upfiow from
the wind screensis also accounted for.

When the tunnel upflow and balance alignment value is determined, that is, tan
o, the value should be checked by applying it via Equation (7.21) to both the
upright and inverted runs. If tan o, is correct, the upright and inverted curve should
collapse and form a single or true curve asin Figure 7.22.

As can be seen, the determination of balance alignment and upflow is a time-
consuming effort if it is done for each model that is tested. Thisis why it often is
done with a calibration model.

In order to correct for misalignment of the side-force balance, two runs must be
made, with both the tare and the interference dummies in place. The model in a
normal position should be yawed in one direction and then inverted and then yawed
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in the same direction relative to the tunnel. The correct side-force curve will be
halfway between the curves made by the model norma and the model inverted.
The inverson is necessary to nullify effects of the moddl's irregularities.

Side-force corrections as outlined are rarely made, since they entail a set of
dummy supports that can be yawed; moreover, extreme accuracy in side forceis
not usually required. The principles of the correction, however, are important.

It should be recalled that changes in the shape of a polar curve may be due to
scale effects and that comparisonsaf various tests of similar airfoils must be made
from measurements at the same effective Reynolds number. (It has been shrewdly
noted that, if the section selected is one of the more " popular* types that have been
frequently tested, it is nearly always possible to find some results that will **agree™
with yours.)

Evaluationsof Tareand Interference

Any conventional wind tunnel setup requires that the model be supported in some
manner, and, in turn, the supportswill both affect the air flow about the modd and
have some drag themsalves. The effect on the free air flow is caled interference.
Thedirect drag of the supportsiscalledtare. Although taredragscould beeliminated
entirely by shielding the supportsall the way into the modd (with adequate clear-
ances, of course), the added size thus necessitated would probably increase the
interference so that no net gain would be achieved and a more difficult clearance
problem would be created.

Evaluation of tare and interferenceis a complex job, requiring thought as well
as time for proper adaptation for each particular test and subsequent completion.
The student invariably suggests removing the model to measure the forces on the
model supports. This procedure would expose parts of the model support not ordi-
narily in the airstream (athough the extra length could be made removable) and
would fail to record either the effect of the model on the supports or the effect of
the supports on the modd.

| ndependent Tare and Interference Determination First let us consider a rarely
used method that evaluates the interference and tare drag separately. Actualy the
valueof the sum of the two will nearly always suffice without our determining the
contribution of each, but, besides being fundamental, this long method may offer
suggestions for determining interference for certain radical setups. The procedure
is as follows.

The model isfirst tested in the normal manner, the data as taken including both
the tare and the interference effects. In symbolic form we have

Dyeos = Dy + Iy + Lypp + Ly + T4, (7.24)

where Dy, is thedrag of model in the normal position, 7,4, the interferenceaf lower
surface bayonets on the moddl, 7,5 the interference of the mode on lower surface
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FI GQURE 7.24 Mirror (or "'imege") method of determining the effect of the supports on
the modd.

bayonets, I;sw the interference of the lower support windshield, and 7, the free-air
taredrag of the lower bayonet.

Next the modd is supported from the tunnel roof by the "image™” or **mirror'
system. The normal supportsextend into the model, but asmall clearanceis provided
(Figure7.24). The balance then readsthedrag of theexposed portionsof the supports
in the presence of the moddl. That is,

Dypes = T, + Iyps C123)

For the interference run the model is inverted and run with the mirror supports
just clearing their attachment points (Figure 7.24). We then get

Dyeis = Dinvenea + Ty + Iygm t lusw + Iwws Iigm + Iisw (7.26)
where D;..a IS the drag of the mode inverted (should equal the drag of the model
normal, except for misalignment) and the symbol U refers to the upper surface.

Then the mirror system isremoved and asecondinverted run is made. Thisyields

Dyess = Dinverea + Ty + Tugm + Tuws + Tysw (7-27)

The difference between the two inverted runsis theinterference of supportson the
lower surface. That is, Equation (7.26) minus Equation (7.27) yields

Iiam + Iisw (7.28)

By subtracting Equations (7.25) and (7.28) from the first run [Eq. (7.24)], the
actual model drag is determined if the balance is aligned. As explained more fully
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in the previous section, the difference between runs madein the normal and inverted
positions with the minor system in can be used to find the proper corrections
for alignment.

Tare and Interference Combined The support tare and interference effects can
be found in three runs instead of four by usng a dightly different procedure. In
this case the normal run is made, yielding

Dmeas = DN g TL T IL (7.29)
wherel, = hys T Iaw T Lsw. Next the modd is inverted and we get
Dmeas = Dinverled F TU e Iu (7'30)

Then the dummy supports are installed. Instead of the clearance being between
the dummy supports and the model, the exposed length of the support strut is
attached to the model, and the clearance is in the dummy supports (Figure 7.20).
This configuration yields

Dmeas = Dinvened + TL i IL 7 TU + IU (7'31)

The difference between Equations (7.30) and (7.31) yields the sum of the tare
and interference, T, * I,. The second procedure has the advantage that the dummy
supports do not have to be heavy enough to hold the model, nor do they require
any mechanismfor changingthe angle of attack. Actual setupsare shownin Figures
7.25 and 7.26.

FIGURE7.25 Threesupport sygemwithimagesysemfor evauating tareand interference.
(Photogrgph courtesy o Glemn L. Mttin Wind Tunnd.)
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FIGURE 7.26 Tae and interferencerunson Boeing 767 mounted on single strut and pitch
arm Themode is painted light blue on right sideand black on left sidefor flow visualization
and identification purposes. (Photograph courtesy of Boeing Aerodynamic Laboratories.)

Approximate Method without an Image System A third method of evaluating the
tare and interference, sometimes empl oyed where an image system isimpracticable,
consists of adding extra dummy supportson the lower surface and assuming their
effect to beidentica with the actual supports. Sometimesthereis danger of mutual
interference between the dummies and the real supports.

Approximations Of Tare and Interference from Calibration Models Doubtless
the increase of runs necessary to determine the small tare and interference effects
and the concern expressed about the difference between those effects on the upper
and lower surfaces seem picayune. Ye their combined effect often represents from
10 to 50%ocf theminimumdrag of the wholeairplane--clearly not anegligibleerror.

It should be noted that the tare and interferenceforces vary with angle of attack
and model changes. They must be repesated checked and evaluated, particularly for
major changesof wing flaps and nacelle aterationsclose to the support attachment.
With many models every configuration must have its own support interference
evduated—a long and tiresome test procedure.

Because the evaluation of tare and interferencerequireslarge amounts of time,
they often are approximated by evaluating them on a calibration model, and these
values are then applied as approximatetares to other models.
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Considerations of Tare and Inferference for Various Mounting Systems For
models of propeller-driven aircraft where the model is powered by variable-
frequency electric motors, it is necessary to bring both power and water-cooling
linesinto the model. These usually aretoo large to be contained inside the mounting
strut. If a specia fairing is required to get the wires, for example, into the model
or if they are taped to the mounting strut, the taresfor theseitems must be eval uated.
The easiest method is to make a set of pitch and yaw runs with the same model
configuration with and without the wires. The difference between theserunsisthen
added to the standard strut tares.

A note of cautionin regard to Figures 7.20 and 7.24: The images are supposed
to be mirror images. However, if the modd struts enter the model fuselage, the
trunnion, which usually is on the balance moment center and the tunnel centerline,
is not a the centerline of the modd. When the model is inverted, the exposed
portion of the image strut and the distance from its fairing to the modd must be
exactly the same as the upright model. This often requires the length of the image
fairing exposed to the tunnel flow to be either longer or shorter than the standard,
or lower, fairing. Thus, it generally is a good policy to make the image fairing
longer than the normal fairing and let it extend through the tunnel ceiling.

In the three-run method of taking tare and interference thereis a possibility of
air flowing in and out of the gap between the mounting strut and the fairing if the
standard strutsdo not have aseal at their tops. To get the correct tareand interference,
the image system must duplicate exactly the geometry in this region.

For a support system that uses two supports on the wing and a tail support, an
aternate method is sometimes used. The reason for this alternate treatment is that
the length of the tail support varies as angle of attack is changed. This factor so
complicates the dummy arrangements that a system is usually employed that does
not require a complete dummy tail support.

The procedureisasfollows: Consider the second method of evaluatingthetareand
interference. When the image system is brought down to the inverted model, a short
support isadded to the then upper surface of the model where thetail support would
attachin anormal run. The piece attached correspondsin length to the minimum ex-
posed portion of thetail support andincreasesthedrag of the model by theinterference
andtare drag of atall supportonthemodel'slower surface. For anglesaof attack other
than that correspondingto minimum length of exposed tail support, the drag of the
extraexposed tail support length must be evaluated and subtracted.

A rear-support windshield that moves with the rear support to keep a constant
amount of strutin theairstream could be employed aslong asthe added interference
of the moving shield is evaluated by a moving-shield dummy setup.

The evauation o the tare, interference, and alignment of a wing-alone test
follows the procedure outlined above, except that further complicationisintroduced
by the presence of a sting that must be added to the wing to connect it to the rear
strut of the support system. The tare and interference caused by the sting may be
found by adding a second sting during the image tests. As may be noted in Figure
7.27, the attachment of the sting to the rear support includes a portion of the strut
above the connection, and the dummy sting has a section of support strut added
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FIGURE 7.27 Setup for detemining tare and interference of sting.

both above and below its connection point. This complicationis needed to account
for the interference of the strut on the sting as follows. When the wing is held at
a high angle of attack, there will be an obtuse angle below the sting. When the
wing isinverted and held at a high anglerelative to the wind, there will be an acute
angle below the sting, for the rear strut will then be extended to its full length. To
eliminatethis difference between the norma and inverted tests, the support strut is
extended above the sting attachment point, so that the sum of the angles between
the sting and the support is aways 180°. The image sting has the same arrangement.
Note that although the angles between the sting and the rear support vary with the
angle of attack, the image sting is always at right angles to its short rear-support
strut. Furthermore, the image rear-support strut does not remain vertical but changes
its angle with the wing. The error incurred by failing to have the sting image system
simulate the exact interference and rear-strut angle is believed to be negligible.

Tareand interferencefor thetail strut alone may be evaluated, as shownin Figure
7.28. For asting mount Figure7.29 showsthe arrangement. Thesetupfor determining
the tareand interferencefor afork support is shown in Figure 7.30. Here the model
is supported externally and a small clearanceis left where the struts come into the
wing. This measures the drag of the fork plus the effect of the wing on the fork
but not the effect of thefork on the wing, which experience has shown to be small.
Hence, the tares are used as approximate tares where the desire to save tunnel time
precludes taking the usual tare and interference runs.

Figure 7.31 shows the results of a wing-alone test for a NACA 0015 wing of
aspect ratio (AR) 6.0. The wing in this particular test was small, and the corrections
for tare, interference, and alignment are correspondingly large, but the variation of
the correctionsis typical. The following points are of interest:
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FIGURE 7.28 Setup for determining tare and interferenceof the tail support.

FI GURE 7.29 Tare and interference: supersonic transport with surface sting support in
NASA Langley 4 X 7-m tunne. (Photograph courtesy of NASA Langley and Dynamic
Engineering, Inc.)
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FGURE 730 Tae ad interferencedetermination for a fork-type support. (Courtesy Uni-
vasty d Washington Aeronautical Laboratory.)

1. The correction for tare and interference decreases as C; (and a) increases.

2. The incidence strut drag decreases with increasing a. (The amount of strut
exposed decreases with a)

3. The alignment correction increases with C;.

A large amount of interference may arise from air that bleeds through the wind-
shields that surround the support struts to protect them from the windstream. These
struts frequently attach at points of low pressure on the model, and if the shield is
brought close to the model, a considerableflow may be induced that will run along
themodel. Thisflow may stall the entire undersideof the model and produceresults
that are not only wrong but also unsteady and difficult to evaluate. It is therefore
frequently advantageousto terminate the windshieldswell below the model and let
the test be subjected to added but well-defined tare drag and to provide seals to
stop the bleed flow. See Figure 7.32.

Subsonic testing of military aircraft is often done over angle-of-attack ranges
from 0° to 90° and missiles from 0° to 180". When the model is a slender body and
IS mounted on a swept strut paralel to the body axis and free stream, the strut will
be smilar to a splitter plate behind a cylinder. A splitter plate behind a cylinder
can inhibit the vortex formation and reduce the wake pressure. When this occurs
with a wind tunnel model, there is an improper flow simulation. The effect of the
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splitter plate on a cylinder is a function of the plate size and location relative to
the cylinder and Reynolds number."

The problem of properly taking and evaluating support tares and interferences
for models at ahigh angle of attack is difficult. The models are generally mounted
on stings with internal balances making the use of mirror images difficult. If the
model i s supported by auxiliary supports, therecan be mutual interferencesbetween
the support, the model, and the normal sting. Auxiliary supports may require a
second internal balance, adding possible complexity to the modd. And finally, there
is the complexity caused by the large range of angles that must be covered.

-

Stalled area

FIGURE 732 Effect d bleading.
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A number of reasonably common mounting arrangements are discussed in the
next section.

Complete Aircraft and Submarine Mounting

Every tunnel program has its own set of objectives that must be used to guide the
choice of mounting arrangement. There is aways some tare and/or interference.
Theinevitabletrade-offsthat are made between tare magnitudeand interferenceare
somewhat different for the various mounting schemes.

Single-Strut Mounting This arrangement is by far the simplest. Only a single
windshield is needed, and it need not move as the model is rotated in yaw. An
example is shown in Figure 7.33. The single strut is satisfactory for models and
nacellesand may be used in conjunction with wingtip supportsto evaluate tare and
interference. The single strut usualy mountsin the body of the modd. The lateral
spacingof thetrunnion pinsmust beaslargeas possibleto carry therolling moments
and to prolong thelife of the trunnion pin bushings when the model has asymmetric
stall (this structure is buried in the model body). When the strut is made with a
relatively large cross-sectional area, it isfairly rigid in torsion (yaw) and afair lead
may be incorporated in its leading edge for wires for instrumentation, power to
drive the horizontal tail, hinge moment data, and the like. Because the wires are
internal to the strut, additional tare and interferenceruns are not required for such

FIGURE73 Sngedrut with pitch am. Bath strut and pitch armrotate in yav. (Photo-
greph courtesy d Univeraty of Washington Aeronautica Laboratory.)
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FIGURE 734 Fork-and-pitch-arm+type mounting srut. Both fork and pitch amrotatein
yaw. (Photogrgph courtesy of Univeraty d Washington Aeronautical Laboratory.)

wires, and because the upper end of such a strut is large, it is difficult to use for
wing-alone tests.

Single Strut with Fork  An increasein resistanceto roll deflectionsmay be gained
by splitting the single strut into a fork at the top, as shown in Figure 7.34. This
method may have lesstorsiona (yaw) rigidity, as the forward struts that carry the
trunnion pins are usualy of a small cross section. With small-cross-section struts,
the tare and interference effects are less. This system usually requires additional
tare and interference studies if, for example, wires are taken into the moddl. Both
the single strut and single strut with fork have a single windshield that is not a part
of the balance. The structureinside thiswindshield can bequiterobust, thuslimiting
the support system deflections to the struts that are exposed to the airstream. The
balancefairing and its enclosed balance structurecan be designed to be removable
beow the tunnel floor, thus allowing a stiff, nonpitching strut to be attached to the
balance. This strut with aflat plate that yaws can be installed flush with a splitter
plate above the wind tunnd floor for haf models and building/structural shape tests.

Single Strut Only In this design the model pitching and/or yaw mechanism is
insde the model, as shown in Figure 7.35.

Two-Strut Mounting The two-strut mounting systems surpassthe single-strut sys-
tem for rigidity in both torson (yaw) and roll but add the complication that the
windshields must be moved and rotated as the modd is yawed. Figure 7.36 shows
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FIGURE 7.35 Single strut witn pricn and yaw mechanism inside model. (Photograph
courtesy of Glenn L. Martin Wind Tunnel.)

FIGURE 736 F-86D on two-strut support. (Courtesy of the Boeing Co.)
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FIGURE 737 Two-strut tandem. (Photograph courtesy of Texas A&M University Low
Speed Wind Tunnd.)

a setup with the mounting struts side by side; in Figure 7.37 they are employed
in tandem.

Three-Point Mounting Theconditionsof rigidity, tare, and interferenceeva uation
and ease of varying the angle of attack are all met satisfactorily by the three-point
supporting system. This system is more complex in that it requires that two and
sometimes three windshields be arranged to yaw with the model, as can be seen in
Figure7.38. Therear strut introducessideforces that complicatethe yawing moment
measurements of a yawed model.

Wingtip Mounting When it becomes necessary to determine the pressure distribu-
tion of regions close to the mounting struts, the models are sometimes mounted
from the wingtips, leaving the fuselage and nacellesin air unobstructed by support
fittings. Models of larger scale may be tested with wingtip mounting, and valid
comparisons can be obtained of the effect of component parts. An example o a
wingtip-mounted installation is shown in Figure 7.39.

Mounting fromthe Tunnd Roof Afew balancesmounted abovethetunnel support
the modd in an inverted positionfor "'normal running, asillustrated in Figure 7.40.
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FIGURE 7.3 C-130J on three-gtrut support. (.Courtesyof the Boang Co.)

This arrangement seems to be a holdover from early wire balances that supported
themodel smilarly sothat thelift forceswould put tension inthewires. No particular
advantage seems to accrue from inverted testing. On the contrary, such a balance
position hinders the use of acraneto install models, and the terminology of testing
“normal” and "'inverted" becomesitself inverted compared to the more common ar-
rangements.

FIGURE 7.39 Tip mount providing cleaner flow near wing mot.
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FIGURE 740 Ceiling-supported moddl. Inverted testingis quite commonin Europe. (Pho-
tograph courtesy of British Aerospace Defense.)

Thereal so can beextracostsassoci ated with thismethod in obtaining asufficiently
rigid structure above the tunnel on which to mount the balance.

Mounting from a Tal Sting Engineersusing small supersonic tunnels found that
struts normal to the flow such as those used in low-speed tunnels cause excessive
blocking in supersonic tunnels, and now amost invariably use a sting mount, as
illustrated in Figure 7.41. In order to use the same models in low-speed tunnels
(which are cheaper) the sting mount is employed. Sting mounts are fine for those
airplaneshaving jet engine exits at the fuselagetail, since thisfurnishesa placefor
a ging. Tare and interference can be difficult to evaluate when the sting diameter
requires a changein the aft fuselage contour.

When an internal balanceis used, especialy for a heavy, high-Reynolds-number
model, the axial balance load range may have to be excessively large, sinceit will
have to carry sin a times the model weight, or 400 1» for an 800-Ib model at a =
30°. A drive system for a sting support for a small tunne is shown in Figure 7.42.

Reflection Planeand Similar Arrangements

Theseare used to reducemodel cost or obtainamodest increasein Reynolds number.
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FIGURE 7.41 F-22 mode on high angle of attack sting system. (Courtesy of Lockheed
Martin Co.)
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FIGURE 7.43 L-1011 reflection plane modd sgtup. (Courtesy d San Diego Aerogoace
Musaum.)

Half Models The largest scale models may be tested by having them split down
the plane of symmetry, only one-half of the modd being present. Asymmetric flow
is prevented by alarge plate at the plane of symmetry or by mounting the mode
on the floor, as shown in Figure 7.43. Such an arrangement, though obvioudy
unsuited for yaw tests, yieldsaccuratepitch, lift, and downwash dataat the maximum
Reynolds number. The increase in Reynolds number over that of a full model is
about 20%. The main advantage appears to be in the model construction costs.
Care should be taken that the horizontal tail does not approach the tunne wall
too closely or stability at the stall will appear much too optimistic. Some gap is
provided between the haf fuselage and the ground. This close proximity leads to
flow interaction between the tunnel floor and the fuselage. The uncertainty in the
details of this interaction is such that this type of mounting is used primarily to
study wing aerodynamics. It is not used to develop or study fuselage shapes.

Mounting on a Turntable The use of large-scale panel moddls for investigation
of control surfaces is discussed in Chapter 11. These panels require mounting
arrangements different from those for wings and complete models. We include
discussion of several mounting arrangements here.

When the model is mounted on a turntable flush with the tunnel wall, the forces
and moment on the turntable are included in the data and are difficult to separate.
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Fortunately, for the type of tests usually sought with this arrangement, the absolute
value of the drag is not needed, and the effect of the endplate on lift is negligible.

Mounting on a Short Stret  Mounting the panel model on a short strut, as shown
in Figure 7.44, has the advantage of decreasing the tare drag of the setup, but it is
hard to evaluate the effect of the dot. Theoretical considerationsindicate that a slot
of 0.001 of the complete span, not pand span, will decrease the effective aspect
ratio enough to increase the induced drag by 31%; a slot of 0.01 span will cause
an increaseof 47%. The effect of viscosity (not included in the above figures) will
tend to decrease the error listed above, but the degreeof viscouseffect has not been
clearly established. If the slot can be held to less than 0.005 span, its effect will
probably be negligible; few engineers believe that 0.02 span is acceptable.

Mounting as a Wing wth an Endplate Moutning the panel as a wing with a
small endplate to assist in keeping the spanwise lift distribution as it should be is
shown in Figure 7.45. No endplate of reasonable size will prevent tip flow; hence
the snapwise |oad distribution with this mounting will be greatly in error.

Thelast paragraphsdraw attentionto theadvantageof having ayoke-typebalance
frame, whether or not the balance is a yoke balance. The presence of lateral brace
members to which bracing wires may be attached is a great convenience. Such
members are obviousy necessary for wingtip mounting.

Some balances have a ring that completely encircles the tunnel jet. Though the
ring offers a number of brace points, the part of the ring above the test section
interferes with the installation of the image system.

7.6 INTERNAL BALANCES

Internal balances are used extensively for complete model work and even more
extensively for measuringloadson partsof models. A six-componentinternal balance
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FIGURE 745 Pand mounted as a wing with endplate.

must address all the problems faced by a six-component external balance, but it
must accomplishits purpose within a tightly specified and highly restricted volume
and shape. Even the best internal balance cannot match theoverall dynamic range and
component independence of most external balances. But the option of matching the
properties of an internal balance closely to a specific need greatly expands the
options available when planning an experimental investigation.

The two transducer types that are most widely used for internal balances are
strain gages and piezoelectric elements. Of these two, strain gages far outnumber
piezoelectric devices. The reason for this is that athough piezoelectric devices are
extremdly stiff and haveoutstanding frequency response, they do not measure steady
loads well. In practice, the termsinternal balance and internal strain gage balance
are effectively synonomous.

Basic Aspects

There are two basic types of elementsin an interna balance: force elements and
moment eements. In any six-component system there will be threeforce units and
three moment units.

Force-measuring elements employ either a cantilever beam or a column arrange-
ment. An eccentric column provides greater sengitivity but also allows moredeflec-
tion, as does a single cantilever. The choice might well depend on the particular
balance size and arrangement needed for a specific modd. The axia force " cage”
shown in Figure 7.46a is one of the most common types. This unit can be made
very sensitive by sizing the flexures, but since the mode is attached to the cage, it
iIssubjectedto the relatively large normal forces. One might thusexpect (see Figures
7.46b and 7.47) an obvious interaction to occur because of the deflection of the
cage flexures. A unit designed at David Taylor Modd Basin (DTMB), shown in
Figure 7.46¢, has reduced this kind of interaction to a minimum. All forces except
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axial load are carried by the webs as shear or direct tension or compression. A rod
transmitsthe axial force to a cantilever beam mounting the gages.

The arrangement for normal force readout is shown typically in Figure 7.48. In
this case, the wiring is arranged so that the difference between two momentsis read
electrically. Since the normal force is equal to the difference of the two moments
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for normd force; (b) summing circuit for pitching momert.

divided by the distance between gages, the unit may be calibrated directly in terms
of applied normal force. It isimportant that both gage stations have the same section
properties, i/y, and matched gages. The greater the gage spacing, the more accurate
the normal force readout. If M; and M, are the front and rear moments, then the
normal force N is given by (M, — Mp/d, where d is the spacing between gages. It
is noted that the same arrangement may be used to measure side force,

Pitching or yawing moments may be measured by the same gage arrangement
discussed above except, as shown in Figure 7.48, the bridge is connected as a
summing circuit. The differential circuit employed for norma force will adso yield
the moment if the moment reference pointis between thetwo gage stations, for, then,

Mn,_f - MJr +- %E‘f(M, — Mf)

where x.; is measured from the front gage station. Another way is indicated in
Figure 7.49, where the pitch gages are " stacked"” and located between the normal
force gages. For rolling moment a torque tube or a double-beam type with gages
mounted on the sidefaces of the beams can be utilized. There are many mechanical
variations in internal balance design, but the basic arrangement of strain gages
attached to flexuresis common to all.

With the advent of e ectric-discharge-milling capability many internal balances
are made out of one piece of material. This eliminates problems with hysteresisin
mechanically attached joints. If the balance is made of separate parts and fastened
together, great care must be used to avoid dippage, which leads to hysteresis, and
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FIGURE 7.49 Three-componat sran gage badance (NASA design).

In obtaining the desired alignment. Internal balances have also been made success-
fully of built-up parts welded together with an e ectron-beam-welding process. ™

The choice of materid isa matter of engineering judgment, and both aluminum
and steel are used. A common sted that has been used is AISI 4340M. The heat
treatment of this steel requires quenching; thus there can be distortion of machined
parts, including breaking of the parts due to thermal shock. For this steel it is
better to machine after heat treatment. If vacuum melt 4340M is used, the physica
properties remain the same but fatigue life is increased. Two other steels that do
not require gquenching in the heat treating (they are cooled in the furnace) are 17-
4PH, a stainless sted, and the maraging family of steels. Both of these present no
matching problemsand will not warp when heet treated. The purposeof heat treating
the steelsis to raise the yield point and increase the fatigue life.

Since the flexures in a balance are designed on the basis of bending strain,
advantages in some designs may be achieved by the use of aluminum alloys. The
cost of the balance material is of little relative importance when compared to the
design and fabrication costsas well as the tunnel downtime due to a balancefailure.
Basicdly, the choice of material and method of fabrication is a matter of good
engineering judgment.

In addition to three- and six-component balances used to measure the overall
aerodynamic characteristicsof models, many special balancesnormally using strain
gages are built. These can include wing and tail root bending moments; loads on
wheels, doors, and nacelles; and the most common control surface hinge moments.
Perry™® has presented the fundamentals of transducer design and given some de-
sign guidelines.

Control surface hinge moment balancescan be built in many ways. One method
Is to build gaged brackets that bolt to the main surfaces and the control surface.
Each bracket is bent to set the control at the desired angle. Each bracket must be
calibrated. Thismethod i suseful on models that have limited space. Another method
isto use a precision-sealed ball bearing in the outboard hinge. The inboard end of
the control surface has a strain gage beam rigidly attached to a pin. This pin slides
into a close fitting hole in a meta control surface. To set control surface angles, a
hole is drilled through the control surface for aroll pin and the pin is attached to
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the hinge moment balance (one hole for each control surface angle). The use of a
beam that is rigidly attached to the main surface and uses a friction clamp to hold
a hinge pin on the control surface is not too successful, because the angle of the
control surface will often change due to dippage of the friction clamp.

Sources of Balance I nter actions

No balance is capable of perfectly measuring the loads that it was intended to
measure. By thisis meant that the lift load component can only make a change in
the lift-load-sensing element, with no change in the other five components due to
lift load. There are two general sources of errorsin balances. The first arisesfrom
misalignment of the balance parts and is caused by manufacturing tolerances in
both the parts and their assembly. These are linear or first degree. The second arises
from the éastic deformation of the various parts. These are second degree and
nonlinear, There could be higher order terms due to plastic deformation of balance
parts, but in this case the parts have improper dimensions and there is an error in
the balance design.

Initially we shall not consider problemsin the balance-sensing elements such as
temperature effects on strain gages or possible effects from the electronics used to
obtain signals from the balance.

The purpose of calibrating a balance is to arrive at a set of equations that can
be used to determine the loads applied by the mode through the output signals.
These are called the baance interaction equations. In the past external balances
were adjusted to make the interactions as small as possible. When these small
interactions were nonlinear, they were replaced by linear approximations. This was
done to minimize the personne and time required to obtain the model forces.

With the advent of dedicated computersit is possibleand highly desirableto be
more sophisticated in applying corrections to the raw balance sensor outputs. Bal-
ances are designed and built to meet various test requirements. But al balances
show certain mechanical similarities. For any balance sensor to be able to produce
an output requires a deflection in the balance. This deflection must be an eastic
deflection so that the sensors output is repeatable.

Curry* illustrates the source of errorsin a balance by considering aload sensor
(Fig. 7.50) that is intended to measure axial force. The effect of the norma force
N, the pitching moment M, and the axial forceA on the load sensor is determined.
The sensor will have an output A', and thisis to be measured along the load axis.

Now if thereis an angular displacement 3 between the measuring axis and the
load axis, componentsof the applied normal force will appear along the measuring
axis. Thus the sensor output A' becomes

A" =Acos B+ Nsinf3 (7.32)

Baancedesign criteriadictate that the balance be rigid to support the model and
that the parts be built to close tolerances to minimize misalignments. Thus B can
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FIGURE 750 Schamatic of axid baanceload sensor.

be considered to be a small angle. If B isin radians, thencosp = 1,sn B = 8,
and Equation (4.1) becomes

A'~A+ NB (7.33)

Now assumethat due to manufacturingtolerancesthereisasmall initial misalign-
ment of the measuring axisrelative to the load axis. This misalignment is constant,
and the angle will be B,.

When the normal force acting through the center of the sensor is applied, the
sensor and its support will deflect as a cantilever beam with an end load. This
results in a misalignment due to norma force B,. The application of a pitching
moment about the point may causethe beam to deflect in a different mode, causing
an angular displacement B,. The deflection curve of the deflected beam and sensor
are, of course, different with these two loads.

Thus B; and B, are independent of each other and are only functions of the
normal force and the pitching moment. Since B, isconstant and B; and B2 will vary
with the loads, they can be written as

Bo = C B =GN B = GM

The total angular displacement will be the sum of the misalignment and the
deflections due to loads:

B = BD + Bl + B2 = C] S CzN + C::,M (7.34)
Substituting Equation (4.3) into Equation (4.2) yields
A'=A+ C\N + GN* + GGNM (7.35)

The sensor output A' isthus afunction of theaxial load, theinitial misalignment
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(the first-degree term), and displacements due to the other loads (second-degree
terms).

If the axid force senditivity constant is defined as &, (output units per unit of
axial force), then the axial output 8, = k,A’'. Thus Equation (4.4) becomes

04 = kA" = ky(A + CIN + C,N? + C3;NM) (7.36)
Solving for the axial load yields

)
o =5 kﬂ — (CN T N+ CNM) (7.37)

A

The terms in parentheses are the balance interactions. The term 6,/k, is the
sengitivity term and is usually called raw data, the uncorrected output from the axial
forcesensor. Thelinear term CiV istheinitial angular displacementand is generaly
due to tolerances in manufacture and assembly. The second-order, or quadratic,
terms C;N? and C,NM are due to elastic deformation. The interactions are not
dependent on the component sensitivitiesbut are only functionsof balance geometry
and materia properties. They are functions of the modulus of easticity, which in
turn is a function of temperature. Strain gages also are affected by temperature.
Thisimpliesthat the balance sensitivity as well astheinteractionswill be dependent
on temperature.

The presence of the second-order interactions means that the raw data values
depend on both the applied load and the initial load. See Figure 7.51.

In a multicomponent balance each of the measuring components may be
considered to have six degrees of freedom in overall deflections. Each degree

8 (output)

Initial |oad

e X -]

x (applied load) *

591

FIGURE 751 Nonlinear bdanceload sensor outpt.
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of freedom may be influenced by more than one applied load component (as
A was influenced by N and M). In addition to overall deflections, deflections
within the supporting members and flexuresthat comprisetheinternal configuration
of the sensing element aso contribute to the interactions. These deflections
should be considered in a more comprehensive anaysis that would include the
cregtion of a detailed finite element model of the balance. In analyzing the
deflections and their resulting interaction terms, one source of deflection and
the resulting interaction terms may be considered at a time since superposition
applies. A six-component balance has 27 interactions.

When using a six-component balance, all six components must be recorded since
the balance interaction equations for each component contains terms from all six
components. If the lateral components are not recorded, there will be errorsin the
longitudinal components and vice versa

Calibration of Internal Balances

The calibration procedure serves several purposes, including

to proof load the balance;

to determine balance coefficients;

to determine deflections as a function o load;

to check repeatability over short time intervals,

to check stability over longer time intervals;

to determine sengitivity or minimum load for response; and
to determine hysteresis.

NOoO bk owNpE

Processes Multicomponentinternal or sting balances are generally calibrated out-
sidethetunnel. Thecalibrationsrequirearather elaboratecalibrationrig, anexample
of which is shown in Figure 7.52. The system provides capability for the balance
to be rotated through 360" and pitched in the vertical plane. The pitching motion
Is used to keep the applied load system aligned to the model attachment portion of
the balance, just as the model will be when the system isloaded in the tunnel. This
means the modd attachment portion is kept horizontal for all loading conditions
since this system uses weights and gravity to apply the loads. It also allows the
balance and sting deflection to be measured. The provision for rolling the system
allows positive and negative loads in lift and side force to be applied with hanging
weights. Such arig usually has positive stopsat 0°, 90°, 180°, and 270" to facilitate
these loads. Loads can also be applied a other roll angles, as models on sting
balances are often rolled rather than yawed. Calibration bars are used to apply the
loads. These bars are indexed so that various values of moments can be applied
while holding the normal or side force constant.
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LIT0]

FIGURE 752 Cdibration mount for internal drain gage or sting baances. This balance
Isbeing subjected to combinedloadsdf lift, rolling moment, and pitching moment to determine
second-order interactions. (Photograph courtesy of Boeing Aerodynamics Laboratories.)

Theorientation of theloads applied tothe balance must be positively and precisely
correlated to the model orientation when the model is attached to the balance. This
alignment is usually accomplished by pins, keys, or splines rather than through any
system of adjustments so that the accuracy of reproducibility is close to machine
tool limits.

At zero load the calibration bar is leveled. As loads are applied at each load
station the bar is again leveled and the deflection of the sting and calibration bar
is recorded along with the balance outputs. The deflection measurements are. used
to correct indicated angles of attack during the test.

A large number of load combinations is required in order to obtain the balance
coefficients and estimate their reliability. The time required to do a complete six-
component balance calibration with manually applied loads runs into weeks with
several people involved. There are at least two fully robotic balance calibration
systemsavailable commercially. These systems can carry out a compl ete six-compo-
nent calibration in afew hours with a much smaller number of people required. It
appears likely that calibration will become a service provided commercially rather
than a processthat is supported internally in alarge number of tunnel-related labora-
tories.
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Mathematical Problem of Balance Calibration and Utilization A six-component
balance subjected toaload F provides acorrespondingoutput O whereeach of these
vectors has six eements. The relation between these can be expressed formally as

O = {(F) (7.38)
and the inverserelation as

F = g(0) (7.39)

The common practice is to remove offsets and assume a second-order functional
approximation for these relations. The resulting formis

6 6 6

Qi zaffFf * 2 Ea,-ijij t & (7.40)
J=1 =t k=1
6 6 6

. EI",-J-O,- & 2 Eriﬂcojok S | (7.41)
j=1 j=k k=1

The last terms in these equations are the residuals. Minimizing these terms can
providethebasisfor choosing the coefficientsof the above second-order approxima-
tions. To develop thesein more detail, we can represent Equations (7.40) and (7.41)
in matrix form by

O=[A]D + ¢ (7.42)
F=[MTQ+vy (7.43)
where ® and 2 are 27-element vectorsconssting of the six components, the squares
of the sx components, and the 15 cross products of the six components taken two
at atimeof Fand O. The terms[A] and [I'] are 6-row-by-27-column matrices
containing all the coefficients indicated by Equations(7.40) and (7.41). If weremove
e and v from Equations (7.42) and (7.43), respectively, and then transpose, we
obtain the equations
0" = PA]" (7.44)
F7 = QNI (7.45)
If 27 loading conditions are chosen and executed, this will result in 27 sets of (O,
F &, 0) that can be used to assemble the equations
[07]; = [®"][A] (7.46)
[F'], = [QTT') (7.47)



REFERENCES AND NOTES 299

where [0T], and [FT], are 6-column-by-27-row matrices. Here, [®7], and [Q27], are
27 X 27 matrices entirely determined by the loading combinations chosen. In
principle, we can solve for the coefficient matricesby inverting the loading matrix
and the output matrix and premultiplying, to obtain

[AT" = [®"]; [07], (7.48)
[F" = [Q7]; [F7], (7.49)

For systems of this size and complexity, this direct attack may, but quite likely
will not, give good results since numerical conditioning problems are common. In
avy caseg, it is possible to obtain more useful information by techniques such as
response surface methodsfrom experimental statistics. Draper and Smith"* and many
others may be consulted. Among many effects that must be carefully evaluated is
hysteresis. Thisrequiresrepeated | oading sequencesin which theloadsareincreasing
and decreasing. The required number of loading combinations in practice will be
many times the 27, which is the minimum number to populate the basic matrices
above.

Temperature Sendtivity and Other Items Apparent strain caused by changesin
the balancetemperatureat zeroload (zerolift) can be caused by temperaturegradients
across the balance structure and by the average temperature level of the sensing
elements. The zero shift due to temperature can be reduced by use of factory-
compensated gages; use of bridges with four active arms and thermal-sensing-
compensating wire in the bridge circuit; and finally insulating, heating, or cooling
the balance to minimize both temperature excursions and gradients, if possble.

Thefollowing should be kept in mind. To the extent that the data readout system
may be considered as having infiniteimpedance, with no shunting pathsin balancing
circuits, the interactions may be considered independent of the data systems. If,
however, the balance is calibrated on a data system that does not have infinite
impedance, then thedatasystem used during test work must havethe sameimpedance
as the cadlibration data system. Also, the effects of shunting paths across arms of
the bridges or across"'hdf bridges” will modify the individual ar mor half-bridge
sengitivity to the quantities they sense. Thus the interaction quantities that these
elements sense may fail to cancel to the same extent that they would with ether
no shunting paths or different shunting paths, which will producedifferencesin the
interactionsas indicated by the output data.
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8 Use of Wind Tunnd Data:
Scale Effects

One of the top airplane designersof the World War 11 erain Great Britain has been
credited with the statement that he **could go on designing airplanes al day long
if he had not also to build them and make them fly," and his point is surely well
taken. Data may easily ""be taken all day long”—as long as they are not used to
design airplanes or other vehiclesor full-scale devicesthat cannot be tested directly
a operating Reynolds numbers.

All discrepanciesthat arise because of the use of models for experimental data
gathering rather than actual articles might properly be considered ' scae effects.”
However, the common use of the term scale effects refers to differences that arise
when the fluid dynamic dimensionless parameters, primarily Reynolds number for
"low-speed” flows, are not the same in the experiments and in actual operations.
Most test articles have some geometric differences as compared to the actual op-
erating articles. Differences arising from these typica geometric differences are
smply referred to as geometric effects. In the case of automobile aerodynamic
experiments, some o the largest issues arise from the fact that test articles are
commonly extremely different in geometric detail from actual vehicles.

The very subject of extrapolating wind tunnel data to full scale will probably
elicitagi msmilefrom many aeronautical engineers who havehad theresponsibility.
The aerodynamicist disparages the wind tunnel engineer; the wind tunnel engineer
thinks the aerodynamicist wants too much; and if any poor soul is assigned the
combination of jobs, well, oneis reminded o the classic humoroustale of crossing
ahound dog and a rabbit wherein the offspring ran itself to death. Yet, it is essentidl
that each of the persons engaged in various aspects o aerodynamic devel opment
grasp the fundamental contribution of each approach to seeking the necessary facts.

A reasonable indication of reality lies in the fact that wind tunnels are very
rarely called upon to test exactly scaled operational models. Though this offers a
magnificent "'out™ to the wind tunnel engineer, it is not meant that way. Reynolds
number effects on small items are too great even if they could be accurately con-
structed; hence the small excrescencesare mostly left off the models. In many cases
the aerodynamicist who planson adding these items sel ectsthe lowest possibledrag
estimates, with the net result that he or she underestimates their interference and
overestimates the performance of the vehicle. The cure for this Situation is to
consolidatetheseitemsand minimizetheir effect. Room for improvement can surely
exis when examples can be cited of airplanes that have no less than 22 separate
air intakes and dozens of removable inspection panels.

301
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Thereisvery limited correlation between flight test and wind tunnel data outside
company files. Thislack is attributed to the dual reasons that after flight test there
Is rarely time to back up and correlate with the wind tunnel and that, even where
itisdone, thesuccess or failureof the methodsused is generally consideredcompany
proprietary for the very good reason that the information is expensive to obtain.
There are only ahandful of papersin available literature with detailed information
and actual datafrom correlations of wind tunnel and flight results.

Any flight test and wind tunnel correlation suffers from a great number of
unknowns. The tunnel data suffer from inexact or unknown Reynolds number
extrapolation, possible uncertainties in corrections to the data such as tare and
interference and wall effects, errorsin duplicating the power on effects with fixed-
pitch propellers, smulation of flow around or through jet engine nacelles, omission
of manufacturingirregularitiesand small excrescences, and insufficient deflections
of the model under load. Some models are built to simulate a 1g load. The flight
test data suffer from pilot techniques, accelerations due to gusts, errors in average
center-of-gravity locations, determinationof trueair speed, and unknownsof propel -
ler efficiencies, jet engine operational characteristics,and other power plant effects.
Considering the impressive room for disagreements, the generally good agreement
found in the few available reportsis remarkable.

The situationin other fields, including automobile aerodynamics, yacht hydrody-
namics and aerodynamics, and submarine hydrodynamics, is essentially parallel to
that in aeronautics.

There is a positive aspect that should not be missed: Much design work is
considered successful if improvements are achieved, regardless of whether the
methods available, be they computational, analytical, or experimental, provideabso-
lute accuracy in predictingall performancequantities of interest. Accurate quantita-
tive predictions of the actua device performance is, of course, always the most
desirable achievement.

We will take up, inturn, each of the important aerodynamic quantities usually
measured in the tunnel and say what we can about their use. The boundary layer
Is the key. The understanding of scale effects is essentially the understanding of
boundary layer properties and behavior as they are affected by differencesin the
model and full-scale articles. Wakes are also important, although wakes can be
considered to be the children or descendants of boundary layers in the context of
vehicle aerodynamics and hydrodynamics.

81 BOUNDARY LAYER

Due to viscosty, the air or water in contact with the body surface has the same
velocity as the body surface. Thereis aregion of generally high velocity gradient
that is typicaly small in extent relative to body dimensions over which the air
velocity transitions from the velocity of the body to essentially *'free stream,” or
more accurately to a velocity that would exist in a potential flow around a body
similar to the actual body over parts where there is no separation. The region in
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which this velocity change takes placeis called the boundary {ayer, and the velocity
gradients in the boundary layer very largely determine whether the drag of a body
iIsx or 10x. Thevarious propertiesof boundary layersare very importantin determin-
ing scal eeffects. Critical agpectsarelocationsat which the boundary layer transitions
from laminar to turbulent and where separation occurs. There are many papers and
books on boundary layer theory to which reference may be madefor details. Exam-
ples are Schlichting! and Young.?

It was discoveredduring early researchin aerodynamicsthat a turbulent boundary
layer has much greater associated skin friction drag than does a laminar boundary
layer. Consder as illustrative the drag on aflat plate aigned with the free stream.
Take the reference area as the planform area, base the Reynolds number on the
chord or streamwise dimension, and account for the fact that both sides experience
skin friction so that the wetted areais twice the reference area. The contributions
to total drag coefficient from skin friction drag for laminar and turbulent boundary
layers are given by

N

.65

N

CD,]aminnr - _—R_e,; (81)
0.148
Co bt = RO2 (8.2)

These are plotted in Figure 8.1 along with a drag curve of a 23012 airfail.
The boundary layer thickness, defined as the distance from the surface to the
point wherethe velocity in the boundary layer is0.99 times the velocity just outside
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FIGURE 81 Cpym» VErus R,.. (From Jaoobs E. N, "The Vaidion of Airfoil Section
Characteridicsvith Reynolds Nuner, " NACA TR 586, 1937.)
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the boundary layer, is another property of interest and is given approximately by

Blaminar = 3.2 V lz’Rd (8.3)
erbulen[ = 0-3711(Rd)”5 (84)

where! is the distance from the body leading edge and R, i s the Reynolds number
based on / and free-stream velocity.

Severa important featuresof boundary layer behavior should be kept in mind.
First, both boundary layer drag and thickness are functions of Reynolds number.
Second, laminar boundary layers have far less drag but also far less energy with
which to surmount roughnessor comers, so laminar layers' separate’” from a surface
much more easily than do turbulent layers. Third, the maintenance of a laminar
boundary layer becomesmoredifficult asthe Reynolds number (itslength) increases.
Fourth, alaminar boundary layer isencouraged by a pressurefalling in thedirection
of flow. Thisis referred to as a''favorable gradient” whereas the situation when
the pressureisrisingin the direction of theflow isreferred to as having an ' adverse
gradient.” Fifth, thelocation of the ""trandtion’ from laminar to turbulent flow is a
topic of ongoing research. And this location is usually estimated from a variety of
sources of information ranging from available methods of transition prediction to
experience-basedrulesof thumb. Thisistruefor all currently availablecomputational
methods as well as wind tunnel experiments.

Modem airfoil design procedurescan produce favorable pressure gradients over
alarge portion of the chord. The extent of laminar flow can be increased by very
smooth surfacesand by either removing the boundary layer by suction or energizing
it by surface blowing. In the light of these actions we may examine how a flow
can be changed widely under conditions of changing Reynolds number.

Assume that the wing shown in Figure 8.2 isin a stream of such turbulencethat
flow along a surface with constant pressure (perhaps a flat pate parallel to the free
stream) will result in a boundary layer that changes from laminar to turbulent at a
Reynolds number of 1 X 10° and further assume a model size and velocity such
that the Reynolds number based on airfoil chord length shown in Figure 8.2a is
1 X 105 We notetwo items:. First, the laminar boundary layer is unableto negotiate
thecurvedf theairfoil and considerable separation is indicated; and, second, transi-
tion takes place before the Reynolds number reaches 1 X 10° since the flow down-
stream of the maximum thicknessis passing into an adverse pressure gradient that
discourages the continuation of the laminar boundary layer. Here, then, is a case
where we may consider there to be too much laminar flow because it leads to a
relatively high resultant drag. The behavior described corresponds to point A in
Figure 8.1 and the way the boundary layer behaveson a 23012 airfoil a a Reynolds
number of 300,000. The additional drag due to separation is a result of higher
pressure drag as compared to skin friction drag.

Returning to Figure 8.25, which corresponds to a higher Reynolds number, we
see that the transition point has moved forward according to the third cited feature
of boundary layer behavior and now we have the maximum laminar flow and
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FIGURE 82 Effect of increesng Reynolds numbar an boundary layer flow.

minimum drag. This corresponds to point B in Figure 8.1 and a 23012 airfoil at a
Reynolds number of 650,000.

The ill higher Reynolds number illustrated in Figure 8.2¢ fails to show a
decrease of drag, even though both laminar and turbulent drag decrease withincreas-
ing Reynoldsnumber, since there has been agreat increasein the regionof turbulent
flow. This corresponds to point Cin Figure 8.1 (.. = 1.2 x 106).

A further increase in Reynolds number yields a reduction in drag coefficient,
athough the transition has now reached the minimum pressure point and its further
forward motion is resisted by the falling pressure (favorable gradient) from the
leading edge to that point.

Sincethe details of the pressure pattern of every airfoil is unique, and since the
same may be said of every airplane or other vehicle design, it is apparent that tests
made in the Reynolds number range where laminar separation occurs on the test
modd will be exceedingly difficult to extrapolate accurately to Reynolds numbers
much larger than the test Reynolds number.

The effects can be profound on essentially all qualities of interest —forces, mo-
ments affecting stability, hingemoments, and so on. Obvioudly, it ishighly desirable
either to provide wind tunnel Reynolds numbers equal to operating values, which
Is seldom feasible, or to somehow make the mode boundary layer behave more
like that of the full-scale vehicle at operating Reynolds numbers. The two features
that are most critical are the locations of boundary layer transition from laminar to
turbulent and the locations of separation.

Thelocation o transition is dependent on a number of factors. Among them are
the Reynolds number, the surface details, the pressure gradient, and the turbulence
level in the external stream. Generally speaking, the higher the Reynolds number,
the sooner the transition on a given shape. The problem commonly faced, therefore,
IS how to cause transition to occur earlier on a modd than it would if no attention
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were given to thisissue. The most common tool used for this purposeis a boundary
layer trip device.

The locations of separation are more difficult to manipulate with success since
the most common situation is that separation occurs sooner at lower Reynolds
numbers typica of tunnd tests than at typical operating Reynolds numbers. It is
easy to cause separation earlier-than its natural tendency but difficult to delay it.
There are, therefore,, no standard practices for dealing with " scaling™ of separation
points. Some situations, such as in wind tunnel tests of buildings, in which model
and full-scale geometries have sufficiently sharp comers, produce separation at
essentially fixed locationsindependent of Reynolds number. These are easy cases
with which to deal since thereislittle or no effect of scale on separation locations.
When separation occurs on curved surfaces, as on the upper surfaces of wings near
stall, then the separation location is dmost always strongly affected by Reynolds
number and therefore exhibits a strong scal e effect.

82 TRIPSTRIP

A trip strip is an artificial roughness added to the modd to fix the location of
trangition from a laminar to turbulent boundary layer on the model. The trip strip
can aso, in some situations, prevent a separation of the laminar boundary layer
near aleading edge of a curved surface. If, however, the trip strip either protrudes
too high above the surface or has too great an amount of roughness, it can produce
effectsother than just fixing thetransitionlocation. If the elementsof thetripdevice
are too large, then there may be additive drag directly on the elements themselves
and/or the newly turbulent boundary layer may be robbed of sufficient energy that
early separation will occur downstream of or even at the trip device. These are
undesirableeffects.
We give accounts of a number of ways trip ships have been created.

1 Grit. The traditional trip strip based on NACA/NASA? reports is a finite-
width strip of grit. When properly applied, the grit gives a three-dimensional hip
that smulatesthe way natural transition occurs, whichis alwaysover some stream-
wise extent rather than very suddenly. The two commercialy available materials
that are commonly used are carborundum and ballotine microbeads or balls. They
both are availablein graded sizeswith nomina diameters (see Table8.1). The width
of the trip strip is usually 0.125-0.250 in. Masking tgpe is used to lay out the trip
strips and then one paints or sprays on shellac, lacquer, artist's clear acrylic, or
superhold hair spray. The hair spray has the advantage of being soluble in water
and thus can be removed without harm to the model finish. After spraying or
painting, the grit is dusted or blown on the wet adhesive. The grit is difficult to
apply to vertical and lower surfaces, but this can be done by bending a card into a
V and with skill blowingthegrit onto thesurface. It isdifficult to obtain arepeatable,
uniform, relatively sparse distribution of the grit. If the grit is dense packed, the
trip willapproach a two-dimensiond trip, which is undesirable. Also, during the
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TABLE 81. Commercid Carborundum Grit Numbersand Corresponding
Particle’'Diameters™

Grit Number Nomind Grit Sze(in.) Grit Number Nomind GritSze(in.)
10 0.0937 60 0.0117
12 0.0787 70 0.0098
14 0.0661 80 0.0083
16 0.0555 90 0.0070
20 0.0469 100 0.0059
24 0.0331 120 0.0049
30 0.0280 150 0.0041
36 0.0232 180 0.0035
46 0.0165 220 0.0029
54 0.0138

course of atest the grit breaks away from the adhesive. Both of these problems can
lead to lack of repeatability of datafrom run to run during a test and from test to
test. The resulting data variability is most severein drag. Sample boards and photo-
graphs of grit density can be helpful in improving repeatability. This method has
been the most widdly used historically but hasincreasingly been replaced by methods
that provide more precision in repeatability as instrumentation systems have im-
proved.

2. Two-Dimensional Tape. These consist of 0.125-in. printed circuit drafting
tape or chart tape. The trip strip is built up with multiple layers of the tape. The
surface must be clean and oil free to obtain good adherence of the first layer of
tape. If layers of multiple-color tape are used, it is easy to detect a layer that has
blown off the modd. The tape requiresthe height of thetrip stripto vary in discrete
steps due to the tape thickness. The two-dimensional tape acts on the boundary
layer in a different manner than the three-dimensional grit, and thusits smulation
Is not as good as a more distributed roughness such as grit.

3. Wre, Thread, or String. Thisis similar to the two-dimensional tape but the
thread or string is glued down in the same manner as the grit, by spraying the
surface with an adhesive and stretching and pressing the thread onto the surface.
This method is not often used, although the use of wirein this manner was one of
the earliest methods.

4. Three-Dirnentional Pinked Tape. Tapeis cut in two using dressmaker's pink-
ing shears. Thisleavestwo piecesd tape with triangular edges. The tapeisapplied
to the modd with the 90° points pointing forward. Layers of tape can be built up
to give various heights and the points staggered in the span direction to give amore
representative transition than straight two-dimensional tape.

5. Triangles. Tgpe and pinking shears are used to make small trianglesthat are

applied to the model. Multiple layers can be used to increase the thickness. This
method is dow to apply.
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6. Epoxy Dots. A vinyl tape with backing is run through a modified computer-
paper-tape’ machine. This produces holes of 0.050 in. diameter, 0.100 in. center to
center. The tape less backing is then applied to the model surface. An epoxy
compound is forced into the holes. When the epoxy sets, a series of dots abovethe
surface with heights equal to the tape thicknessform the trip strip. The tape can be
obtained in different thicknesses-or multiple layers can be used. See Figures5.14,
5.15, and 8.3 for a model with natural transition and with fixed transition using the
dot-type trip strip.

The epoxy dot method has become the method of choicein many laboratories.
It providesgood control and repeatability while appearing to induce transition a a
controlled location that is very similar to natural transition.

7. Other. The exposed portion of streamlined mounting struts may be ' staked"
by the use of center punchesto yield a permanent transition strip. Round struts have
been knurled to yield the same results.

FIGURE 83 Fixad trangtion at 8% chord using 0.007-in.-high epoxy disks €, = 0.28,
R.. = 1.26 X 10°¢ (basedon average chord). (Photographcourtesy o University d Washington
Aeronautical Laboratory.)
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L ocation

The trip strip isintended to simulate the boundary layer transition on the full-scale
device. Obvioudly it is desirable to use the best available methods to predict the
location of transition for any particular test article. The following gives general
guidance:

1. Lifting Surfaces. Lifting surfacesincludewings, horizontal and vertical tails,
and auxiliary fins such as winglets. The trip strip is applied to both sides of the
surface. For NACA four- and five-digit airfoils and conventional wing construction,
the full-scale transition will occur at approximately 10% of the chord at cruise lift
coefficients. For the newer laminar flow airfoils and smooth composite skin, full-
scale transition can be as far aft as 60% of the chord, athough this will move
forward onthe upper surface astheangle of attack isincreased beyond cruise values.
If the trangition is fixed near the leading edge for composite skin laminar airfoils,
there will be larger changes in the lift, drag, and pitching moment. For general-
aviation-type aircraft with production quality airfoils, Holmes and Obara® present
asummary of measured transition in flight and some comparison with tunnel tests,
plus extensive references.

2. Fuselage, Nacelles. For fuselages that have the maximum thickness well
forward, the trip strip is often located where the local diameter is one-haf the
maximum diameter. For a low-drag body, one designed for extensive laminar flow,
the trip strip is put at 20-30% of the body length. Care should be taken to ensure
that laminar flow is not reestablished aft of thetrip strip. Whereawindshield, inlets,
or blisters protrude from the main contour, an additional trip strip is often used to
prevent the reestablishment of laminar flow. For flow through nacelles, atrip strip
insidethenacelleisplaced about 5% aft of thehi-light, and usually flow visualization
IS used to ensure that the boundary layer is tripped. Thetrip strip on the outsideis
also about 5-10% aft of the hi-light.

In applications where there is a possibility of reestablishment of laminar flow,
flow visualization such as sublimation or oil flow should be used to ensure that
there is no laminar flow aft of the trip strip. See Figures 5.14, 5.15, and 8.3.

Height of the Trip Strip

Braslow and Knox® give means of estimating the heights to be used for trip strips.
The height of the trip strip can be chosen from the following:

12K
= S 8.5
Rcfl ( )

HereR.; isthe Reynolds number per foot based on free-stream speed; K isaconstant
(actually a Reynolds number) based on grit roughness. The value of K is 600 for
Reynolds numbers greater than 100,000 based on free-stream speed and distance
from the leading edge to the trip strip. This is the minimum Reynolds number for



310 USE OF W ND TUNNEL DATA: SCALE EFFECTS

0.019
2
(&)
" g =
3 =

2 0.017 =
N O
%
|5 "
‘©
§ 0.015
g
(=]

0130w

- 0.002 0.004 0.006 0.008

Grit diameter, in.

FI QJRE84 Realltsd atrandtion dudy usng asariesd grit Szes. (Redravn from data
courtesy o Verdian-Calspan Operations)

transition based on roughness. According to Braslow and Knox,® if the Rey-
nolds number based on distance to the trip strip is less than 100,000, the value of
K increasesto about 1000 at very small Reynolds number. The height hisininches.

The use of Equation (8.5) yields trip strip heightsthat can be used for stability
and control tests but does not yield enough informationfor performancetests, that
is, drag due to the trip strip. When drag data are required, atrip strip height buildup
should be run.

Results of a study made to determine the required grit size are presented in
Figure8.4. Withincreasesingrit sizetoabout 0.003 in., thedrag coefficientincreases
quiterapidly. Thisisinterpreted as an indication that acompl etely turbul ent boundary
layer has not been established downstream of the transition trip. Above a grit size
of 0.004 in., therise of drag with grit sizeis considerably smaller and is constant.
Thisindicatesthat transition is complete and theincreasingdrag is a pressure drag
on the trangition strip. In this case, the grit size that should be used for testing is
indicated to be between 0.003 and 0.004 in To correct the measured wind tunnel
drag for the effect of the trip strip, the data for fully established transition are
extrapolated back to zero trip strip height, asindicated by the dashed line in Figure
8.4. The drag correction is then the delta between the model drag with trip strip
and the zero-height-extrapol ateddrag vaue. This deltathen correctsfor the pressure
drag caused by the trip strip, while the trip strip itself ensures that the laminar-to-
turbulent transition is at the proper location. If the tunnel test is run at various g's
and the drag correction is required at all of them, then the trip strip height should
be determined for each g. The largest height of the hip strip will be determined by
the lowest dynamic pressure. The lowest height is determined by the highest g. If
thisis used, then thereis a risk that the boundary layer will not be tripped at the
low g. Thisimplies that in the most complete test plans the trip strip height will
be changed with each g; thusit becomesof paramount importancethat thetrip strip
application is repeatable and easy to apply. This influences the type of trip strip
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that is used. As noted in item 1 a the beginning of this section, grit may be hard
to repeat, thereforetwo-dimensional tape (2) or pinked tape (4 and 5) or epoxy dots
(6) may be preferred.

Theheight of the trip strip should also be determined over therange o C,’s from
cruisethrough C, ., for aircraft, yacht keels, or other lifting surfaces. Sincethe trip
strip height is determined for a given test Reynolds number or test g, there will be
the following effect on C; ... Below the q used to determine the trip strip height,
the Crya Will increase with g or Reynolds number as expected. Above the q used
to determine the height of the trip strip, the C; ., may decrease with increasing ¢
or Reynolds number. If this happens, the trip is extended above the edge o the
boundary layer, and if located far enough forward on the surface, the hip strip has
become a stall strip. Thisis amost always the case when thetrip stripis a 5-10%
of the chord, as required by the NACA four- and five-digit series airfoils. The trip
strip acting as stall strip is usually not a problem with laminar flow airfoils with
the trip at 30% chord or greater. It may be the best policy to make the runsfor the
variation of Cp, With Reynolds number without trip strips. If leading-edgelaminar
separation is suspected, it can be checked by flow visualization.

Trangition or trip strips are not needed on all modds. If the modd shapeis such
that it precludes the formation of laminar flow, then trip strips are not required.
This is often the case with many architectural models of buildings, bridges, open
|atticetowers, trees, shingled roofs, and thelike. If thereis a question about laminar
flow and trangition, the effect of trip strips can be measured, but care must be
taken to ensure that the trip smp does not cause premature separation. Again, flow
visuaization will be useful as a positive check.

The effect of various fractionsdf laminar and turbulent flow on drag coefficient
can be estimated by use of Equations (8.1) and (8.2) with appropriate weighting
factors. Figure 8.5 shows the drag coefficients corresponding to various amounts
of laminar and turbulent boundary layers at various Reynolds numbers estimated
in this way. Zero form drag is assumed. In this chart are shown the theoretical
minimum wing drag of 100% laminar flow and the decreasein drag coefficient due
to extension of the laminar layer. For example, extension of the laminar layer from
20to 60% at R.. = 2 X 10° reduces the drag coefficient from 0.0073 to 0.0048. In
fact, it is just this extension of laminar flow that reduces the profile drag of the
laminar flow airfoils.

Some general observations concerning scale effec