PROBLEM 11.2

KNOWN: Type-302 stainless tube with prescribed inner and outer diameters used in a cross-flow heat
exchanger. Prescribed fouling factors and internal water flow conditions.

FIND: (a) Overall coefficient based upon the outer surface, U,, with air at T, =15°C and velocity V, =
20 m/s in cross-flow; compare thermal resistances due to convection, tube wall conduction and fouling;
(b) Overall coefficient, U,, with water (rather than air) at T, = 15°C and velacity V, =1 m/sin cross-
flow; compare thermal resistances due to convection, tube wall conduction and fouling; (c) For the
water-air conditions of part (a), compute and plot U, as afunction of the air cross-flow velocity for 5 <
V, < 30 m/s for water mean velocities of uy,; = 0.2, 0.5 and 1.0 n/s; and (d) For the water-water
conditions of part (b), compute and plot U, as afunction of the water mean velocity for 0.5 < uy,; < 2.5
m/sfor air cross-flow velocities of V, =1, 3and 8 m/s.

SCHEMATIC:

R"¢, = 0.0004 m2.K/W Tube, SS302, k,,
Fouling ’ \
factors

"¢ ;= 0.0002 m2-K/W 7

T T T D,=27 mm

V,=20 m/s D; =22 mm

ASSUMPTIONS: (1) Steady-state conditions, (2) Fully developed internal flow,

PROPERTIES: TableA.1, Stainlesssteel, AISI 302 (300 K): k., = 15.1 W/mIK; Table A.6, Water
(Tm,i =348K): pi = 974.8 kg/m®, p; = 3.746 x 10 NE/n?, k; = 0.668 W/mIK, Pr; = 2.354; Table A4,

Air (assume Tt o = 315K, 1 atm): ko = 0.02737 W/mIK, v, = 17.35 x 10° m’/s, Pr, = 0.705.

ANALYSIS: (a) For the water-air condition, the overall coefficient, Eq. 11.1, based upon the outer area
can be expressed as the sum of the thermal resistances due to convection (cv), tube wall conduction (w)
and fouling (f):

/UoAo =Riot =Rev,i +Rf i *Rw +Rf o +Rev0
Rev,i =¥/hi A Rev,0 =1/ Ao
R i =R i /A Rf,0 =Rf,0/Ao
and from Eq. 3.28,
Ry =In(Do/Dj)/(2mLkyy )

The convection coefficients can be estimated from appropriate correl ations.
Continued...



PROBLEM 11.2 (Cont.)
Estimating ﬁi . For internal flow, characterize the flow evaluating thermophysical propertiesat Ty, with
m,iDi _ 0.5m/sx0.022m
Vi 3.746x104N 8/m?/974.8kg/m3
For the turbulent flow, use the Dittus-Boelter correlation, Eq. 8.60,
Nupj =0. 023ReD i Pr0 4

=28,625

u
ReD,i =

Nup j =0.023(28,625)"" 8(2.354)%4 =119.1
hi = Nup j ki /Dj =119.1x0.668W, m? (K /0.022m =3616 W/ m?

Estimating h,: For external flow, characterize the flow with Tmii
Rcv,i
Rep,o = VoDo _ 20m/sxo.E(S)272m 31124
Vo  17.35x10°m?/s Ry
evaluating thermophysical propertiesat Ts, = (Tso + To)/2 Wwhen the
surface temperature is determined from the thermal circuit analysis Ry
result,
R

(Tm,i _To)/Rtot =(Ts,o _To)/Rcv,o Teo e
Assume T;, = 315 K, and check later. Using the Churchill-Bernstein Revo
correlation, Eq. 7.57, find T

4/5 q
_ 0.62Rep 2 Prg/ 3 ORen /80 l
NUD,0 =0.3+ 7} e 0000 [
4+ (04/Pro)* S "Fps2.0007 0
B
1/2 1/3 D /8 /5
_ 0.62(31,124) % (0.705)° B 131,124 P'°5
Nup,o =0.3+ 82 000 H
4+ (04/0.705)° L 3’ E 5
Nup o =102.6

ho = WD,O Kg/Dg =102.6 x0.02737 W/m [K /0.027m =104.0W/m [K
Using the above values for ﬁi , and ﬁo , and other prescribed values, the thermal resistances and overall
coefficient can be evaluated and are tabul ated below.

Rcv,i Rf,i Rw Rf,o Rcv,o U o} Rtot
(KIW) (K/W) (KIW) (K/W) (KIW)  (WIMPK)  (K/W)
0.00436 0.00578 0.00216  0.00236 0.1134 92.1 0.128

The major thermal resistance is due to outside (air) convection, accounting for 89% of the total
resistance. The other thermal resistances are of similar magnitude, nearly 50 times smaller than Ry o.

(b) For the water-water condition, the method of analysis follows that of part (a). For theinternal flow,
the estimated convection coefficient is the same as part (a). For an assumed outer film coefficient,
Tf 0= =292 K, the convection correlation for the outer water flow condition V,=1 m/sand T, = 15°C,

find



PROBLEM 11.2 (Cont.)
en o = 26, up o =220. hn = m
Repo=26260 Nupg=2206 ho =4914W/m? [K

The thermal resistances and overall coefficient are tabul ated bel ow.

Rcv,i Rf,i Rw Rf,o Rcv,o Rtot U o}
(KIW) (K/W) (K/W) (K/W) (KIW) (KIW)  (W/mPK)
0.00436 0.00579 0.00216  0.00236 0.00240 0.0171 691

Note that the thermal resistances are of similar magnitude. In contrast with the results for the water-air
condition of part (a), the thermal resistance of the outside convection process, Ry, is hearly 50 times
smaller. The overall coefficient for the water-water condition is 7.5 times greater than that for the water-
air condition.

(c) For the water-air condition, using the IHT workspace with the analysis of part (a), U, was calculated
asafunction of the air cross-flow velocity for selected mean water velocities.

Water (i) - air (0) condition
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Air velocity, Vo (m/s)

—=&— Water mean velocity, umi = 0.2 m/s
umi =0.5 m/s
—S— umi=1.0m/s
The effect of increasing the cross-flow air velocity isto increase U, since the R, is the dominant
thermal resistance for the system. While increasing the water mean velocity will increase h;, because

Revi << Ry 0, thisincrease has only asmall effect on U,.

(d) For the water-water condition, using the IHT workplace with the analysis of part (b), U, was
calculated as afunction of the mean water velocity for selected air cross-flow velocities.
Water (i) - water (0) condition
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Water mean velocity, umi (m/s)

Air velocity, Vo =1 m/s

—6— Vo=3m/s

—2&— Vo=8m/s
Because the thermal resistances for the convection processes, Ry and R, o, are of similar magnitude
according to the results of part (b), we expect to see U, significantly increase with increasing water mean

velocity and air cross-flow velocity.



PROBLEM 11.16

KNOWN: Inner tube diameter (D = 0.02 m) and fluid inlet and outlet temperatures corresponding to
design conditions for a concentric tube heat exchanger. Overall heat transfer coefficient (U = 500
W/m?K) and desired heat rate (q = 3000 W). Cold fluid outlet temperature after three years of operation.

FIND: (a) Required heat exchanger length, (b) Heat rate, hot fluid outlet temperature, overall heat
transfer coefficient, and fouling factor after three years.

SCHEMATIC:

_— Th,=160°C
Oil

T Tho=140°C

T, o = 80 °C or 65 °C

Water TC i= 20 °C

O —_— L

X
ASSUMPTIONS: (1) Negligible heat loss to the surroundings and kinetic and potential energy changes,
(2) Negligible tube wall conduction resistance, (3) Constant properties.

ANALYSIS: (a) The tube length needed to achieve the prescribed conditions may be obtained from Egs.
11.14 and 11.15 where AT, = Thj - T¢o = 80°C and AT, = Tho - Tei = 120°C. Hence, ATim = (120 -
80)°C/In(120/80) = 98.7°C and

q 3000W
= = =0.968m <
(MD)UATim  (71x0.02m)500W/ m2[K x98.7°C

(b) With g = C(T¢o - Te.i), the following ratio may be formed in terms of the design and 3 year
conditions.

q_ Cc(Tc,o‘Tc,i) =60°C
a3 Cg (Tc,o‘Tc,i) 45°C

=1.333
3

Hence,
a3 = q/1.33 = 3000W/1.333 =2250W <

Having determined the ratio of heat rates, it follows that
q_Cn (Th,i -Th,o) _ 20°C

- = =1.333
a3 Ch (Th,i—Th,o) 160°C-Th,o(3)

3
Hence,

Th,o(3) =160°C-20°C/1.333 =145°C <
With ATjm 3 =(125-95)/In(125/95) =109.3°C,
B _ 2250W
(DL )ATym 3 n(0.0Zm)O.968m(109.3°C)

Uz =338W/m2K <

Continued...



PROBLEM 11.16 (Cont.)

1

With U =F{/h; ) +(ho ) and Ug = {/h; ) +(¥ho) +Rt o

., 1 1.01 100 4 2
R} c=— ->=f> -~ m? K/W =950 x10 *m? K/W
f.e=U; U ~Feas so00" B/ /

COMMENTS: Over time fouling will always contribute to a degradation of heat exchanger
performance. In practiceit is desirable to remove fluid contaminants and to implement aregular
maintenance (cleaning) procedure.



PROBLEM 11.20
KNOWN: Counterflow concentric tube heat exchanger.

FIND: (&) Total heat transfer rate and outlet temperature of the water and (b) Required length.

SCHEMATIC:
Thi=100 CT<l—ﬂ'u.=0-1/<9/s
% =6QM 2
b oo g —vmezatksls Waterd
1
X

c,0 Concentric tube:

o =60 .
T.,i=30°C geotfmeK

ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible kinetic and potentia energy
changes, (3) Negligible thermal resistance due to tube wall thickness.

PROPERTIES: (given):

r(kgm)  cp (koK)  n(mls) k (W/mK)  Pr
Water 1000 4200 77 107 0.64 47
oil 800 1900 17107 0.134 140

ANALYSIS: (a) With the outlet temperature, T o = 60°C, from an overall energy balance on the hot
(ail) fluid, find

A= ch(Th,i - Th,o) =0-1kg/s” 1900J/k g=K (100- 60)°C= 7600 W. <

From an energy baance on the cold (water) fluid, find
TC,O =TC,| +q/mc CC =300C +7600W/01kg/3, 4200J/kg >4< =48.10C. <

(b) Using the LMTD method, the length of the CF heat exchanger follows from
q = UADT|m,cF = U(pDL ) DTjm,cF L=q/U(pD)DTimcr

where
DT oF = DT;- DT, _ (60- 30)°C- (100 -48.1) °C _ 40.0°C
M~ 1n(DTy/ DT) In(30/51.9) '

L =7600W/60W/m? X (p~ 0.025m)" 40.0°C = 40.3m. <

COMMENTS: Using the e-NTU method, find Cy,iy = C, = 190 W/K and Cppg = C. = 420 WIK.
Hence

dmax = Crmin (Th,i - Tej ) =190 W / K(100- 30)K =13,300 W
and e=0/Qmax = 0.571. With C; = Cpy;i/Cax = 0.452 and using Eq. 11.30b,

A 1 &ee-10 1 571-1 S
U e a 2 05 o 1.00

NTU = = Ng T n 7 =1
Cmin Cr-1 &eCr-1y 0452-1 &0.571 0.452- 1g

so that with A = pDL, find L =40.3 m.



PROBLEM 11.21

KNOWN: Counterflow, concentric tube heat exchanger undergoing test after service for an extended
period of time; surface areaof 5 m2 and design value for the overall heat transfer coefficient of
Ug = 38 W/m?IK.

FIND: Fouling factor, if any, based upon the test results of engine oil flowing at 0.1 kg/s cooled from
110°C to 66°C by water supplied at 25°C and a flow rate of 0.2 kg/s.

SCHEMATIC:
N
Th,i=110°C mp, = 0.1 kg/s
. Tho =66°C
Teo A=5m?
i Ug = 38 W/im2-K
me = 0.2 kg/s - Tei=25°C

S
7

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible lossesto the surroundings and kinetic
and potential energy changes, (3) Constant properties.

PROPERTIES: Table A-5, Engine ail (Th = 361 K): c = 2166 JkgK; Table A-6, Water
(‘T’C =304 K, assuming Te o = 36°C) : ¢=4178 JkgK.

ANALYSIS: For the CF conditions shown in the Schematic, find the heat rate, g, from an energy

balance on the hot fluid (oil); the cold fluid outlet temperature, T¢ o, from an energy balance on the
cold fluid (water); the overall coefficient U from the rate equation; and a fouling factor, R, by

comparison with the design value, Ug.
Energy balance on hot fluid
q=mmpCh (Thi —Th,o) =01kg/sx2166 J/ kg K (110 ~66)K =9530 W
Energy balance on the cold fluid
q=mece (Teo ~Teji): find T =364°C
Rate equation
q=UAAT/ncF

Thi —Tco) =(Tho —Tei 110-364)°C—-(66-25)"C
ATyncF = (h,l c,o) (h,o c,|) :( ) ( )

= . OC
o(Thi = Te,0)/ (Thio = Tei)] /[73.6/41.0] >

9530 W = U x5 m2 x557°C

U=342W/m? K
Overall resistance including fouling factor

U=1/[1/Uq +R}
342 W/ m? K =1/[1/38W/m2 K +R}

R} = 00029 m? K /W <



