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Exercise 6.1

A bank of tubes uses an aligned arrangement of 10mm diameter tubed with Sp = S, = 20mm. There
are 10 rows of tubes with 50 tubes in each row. Consider an application for which cold water flows
through the tubes, maintaining the outer surface temperature at 27°C', while flue gases at 427°C and a
velocity of 5m/s are in cross flow over the tubes. The properties of the flue gas may be approximated
as those of atmospheric air with temperature of 427°C'. What is the total rate of heat transfer per
unit length of the tubes in the bank?

Note: For air use v = 68.1 - 1075m?/s k = 0.0524W/mK, p = 0.498kg/m>, Pr = 0.695 ¢, =
1075 /kgK.
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Solution

Assumptions: (1) Steady-state conditions, (2) Negligible radiation effects, (3) Gas properties are
approximately those of air.

Properties: Table A-4, Air (300 K, 1 atm): Pr = 0.707, Table A-4, Air (700 K, 1 atm): v =
68.1-107% k = 0.0542W/mK, Pr = 0.695, p = 0.498kg/m?, ¢, = 1075J /kgK

Analysis: The rate of the heat transfer per unit length of tubes is

(Ts = Ti) — (Ts = To)
In[(Ts = Ty) / (Ts — To)]

q = hN7DAT},, = hN7D

With Viyax = STS%DV = %5111/8 = 10m/s, Rep max = Vm;j"D = 618?inx/1s;_06'$§1;5 = 1468. Tables 7.7 and

7.8 give C = 0.27,m = 0.63 and Cy = 0.97. Hence from the Zukauskas correlation, including the
correction factor Cy for a tube bank with less than 20 rows of tubes (N < 20) is:

Nup = CCoRef} 0 Pr¥30 (Pr/Prg)/* = 0.26(1468)*%(0.695)°36(0.695/0.707) /4

where Prg = 0.707 is the Prandtl number calculated for the fluid at the temperature of the tube
surface (in this case Ts = 27C).

_ _ k___
Nup =224 h= g Nup = 0.0524W/m - K x 22.4/0.01m = 117W/m? - K.

Hence,

7DNh 7 x 0.0lm x 500 x 117W/m? - K
T, —T,) = (Ts — T; —— | = —400K -
( )= ) exp < pVNTSTcp> P ( 0.498kg /m® (5m/)50(0.02m) 1075J kg - K)
Ty — Tgp = —201.3K
and the heat rate is

(—400 + 201.3)K

in[(—a00)/(—2013)] ~ o2kW/m

q = (117W/m? - K) 5007(0.01m)
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Exercise 6.2

Ethylene glycol flows at 0.01kg/s through a 3mm diameter, thin-walled tube. The tube is submerged
in a well-stirred water bath maintained at 25°C. If the fluid enters the tube at 85°C' what heat transfer
rate and tube length are required for the fluid to leave at 35°C?

Use the following properties of ethylene glycol at T, = (85 + 35)/2 = 60°C' = 333K:
cp = 2562J kg K

p=0.522-1072Ns/m?

k = 0.260W/mK

Pr =513
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Solution

Assumptions: (1) steady-state conditions; (2) tube wall thermal resistance negligible; (3) convection
coefficient on water side infinite, cooling process approximates constant wall surface temperature
distribution; (4) incompressible liquid with negligible viscous dissipation; (5) constant properties; (6)
negligible heat transfer enhancement associated with the coiling.

Analysis: From an overall energy balance on the tube:
Qconv = mcp(Tin,o — Tini) = 0.01kg/s x 2562J/kg x (35 — 85)°C = —1281W

We thus see that convection removes heat from the fluid (as expected considered that the fluid is
cooling).

Because the bath is well stirred and maintained at 25C' we can use the constant surface temperature
condition to write:

Qconv = EAS ATlm

where AT, — AT, (25— 35)°C — (25 — 85)°C
ATy, = AT, = B = -27.9°C
AT, 85— 25
We then observe that:
s = 7Qcom) — DL
hAT),,

Thus we need to find h to calculate As and to obtain L.

We know we are in forced internal convection. We now need to determine the flow condition to choose
the right correlation. Therefore we calculate:

puD  4m 4 % 0.01kg/s
Rep = = = = 813 < 2300
ep i 7Dp 7 x 0.003m x 0.522 x 1072Ns/m? <

Hence, the flow is laminar and, assuming the flow is fully developed, the appropriate correlation
is:

hD — k 0.260W/mK

=31 ’K
0.003m SLW/m
Finally, the required area As and the tube length are:

1281W

Ay = = 0.1448m?
* T 31TW/m?K x 27.9°C "

A 0.1448m?

I — _ o REOIE
D 7w x 0.003m

=15.4m

Comments:

The hydrodynamics entry length is x4, = 0.05RepD = 0.12m, so it is reasonable to assume the
flow is fully developed. However, with xtq; = 2¢q4,Pr = 6.3m, the temperature is developing over
a significant portion of length. To be more accurate we should thus use the Hausen correlation is
appropriate. Assuming L = 15.4m, this yields Nup = 4.13. h = 358W/m?K, L = 13.6m. Further
iterations converge to L = 13.4m

4
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Exercise 6.3

The evaporator section of a heat pump is installed in a large tank of water, which is used as a heat
source during the winter. As energy is extracted from the water, it begins to freeze, creating an
ice/water bath at 0°C, which may be used for air conditioning during the summer. Consider summer
cooling conditions for which air is passed through an array of copper tubes, each of inside diameter
D = 50mm, submerged in the bath.

a) If air enters each tube at a mean temperature of T;,, ; = 24°C' and a flow rate of 7 = 0.01kg/s
what tube length L is needed to provide an exit temperature of T}, , = 14°C? Assume fully
developed flow inside the tube.

b) With 10 tubes passing through a tank of total volume V' = 10m3, which initially contains 80%
ice by volume, how long would it take to completely melt the ice?

The density and latent heat of fusion of ice are pjce = 920kg/ m? and frice = 3.34 - 1057 /kg, respec-
tively.

Determine the properties of air from Table A4 (at the end of this document) at the appropriate
temperature.
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— ce bath — ——
= v=10m3f,= 0.8
D=005m — _—/—_ T =00C N =10 tubes
' //
0,005 £m< 005 kg's !
|« -
| L |

Assumptions: (1) Steady-state, (2) Ideal gas with negligible viscous dissipation and pressure varia-
tion, (3) Constant properties, (4) Fully developed flow throughout each tube, (5) Negligible tube wall
thermal resistance.

Properties: Table A.4, air (assume Ty, = 292K): ¢, = 1007 J/kg K, = 180.6 - 107"N - s/m?
k = 0.0257W/m - K, Pr = 0.709; Ice: p = 920kg/m3, hy = 3.34 - 10°J /kg

Analysis:

(a)

Considered that the we have a water/ice bath whose temperature will stay constant at Ts = 0C,
we can use the constant tube surface boundary condition. The overall energy balance over the tube
gives:

where P =D

Thus to find the length of the tube we only have to determine the average convection coefficient. We
note that we are in forced internal convection in circular tubes and we calculate:

Rep = 4 /7Dy = 4(0.01kg/s)/7(0.05m)180.6 x 107 'N.N - s/m? = 14,100 > 2300
Thus the flow is turbulent and we use:
Nup = Nup = 0.023Re%®Pr%3 = 0.023(14, 100)°8(0.709)%3 = 43.3
h = Nup(k/D) = 43.3(0.0257W /m - K/0.05m) = 22.2W/m? - K

Substituting we obtain:
L =1.56m
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(b) The time required to completely melt the ice may be obtained from an energy balance where the
total heat needed to melt the volume of ice is removed through convection within the 10 tubes:

Qeonv = N1irey(Tomi — Trmo) = 10(0.01kg/s)1007.] /kg - K(10K) = 1007W
Qice,melt[J] = fl,ice%cepice = Qcom} [W]t[s]

Hence,
0.8 (10m?*) (920kg/m?) 3.34 - 10°J /kg
t = = 2.44 x 105 = 28.3d
1007TW © AU By
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Exercise 6.4

Water at 290K and 0.2kg/s flows through a Teflon tube (k = 0.35W/mK) of inner and outer radii
equal to 10mm and 13mm respectively. A thin electrical heating tape wrapped around the outer
surface of the tube delivers a uniform surface heat flux of 2000W/m?, while a convection coefficient of
25W/m?K is maintained on the outer surface of the tape by ambient air at 300/K. What is the outer
surface temperature of the Teflon tube? What is the fraction of the power dissipated by the tape,
which is transferred to the water?

Determine the properties of water from Table A6 at the appropriate temperature.

Hint 1: start by drawing the equivalent thermal circuit for this problem. The heater can be assumed
to have negligible thickness (no associated thermal resistance). It only contributes with the input heat
flux.

Hint 2: you can use the inlet temperature of water to estimate its physical properties
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o
T
P (AT
=300 #
‘ L‘E ﬁo-ZSW_fm? K _?" T.;,a
i | +—g"=2000 OW/m? Enlrylry) 3
Fp=13mm| __j 2mlk
[ =290K 3
L_L_—__::E_bﬁm Q2kgls (bih)
Teflon, t ) T
k=035 Wimk-ER 77777777 9|

Assumptions: (1) Steady-state conditions, (2) Fully developed flow, (3) One-dimensional conduction,
(4) Negligible tape contact and conduction resistances.

Properties: Table A-6 Water(T,, = 290K): u = 1080 - 10 %kg/s - m, k = 0.598W/m - K, Pr =
7.56.

Analysis:

We can look at the thermal circuit and write the sum of the heat transfer rates at the node corre-
sponding to the tube surface as:

(27roL) ¢" Tso = Toc T+ Tso = T
O o2mreL) T T (In(ro/r5) /27LK) + (1/27riLhy)
Ts,o - Tm

1" = ho (Tso = Too) 4 (TG /0) (/) /i

All the terms are known except for the h; and therefore we have to use the appropriate internal forced
convection correlation to find it. First we calculate:

Rep = 41h/(7Dy) = 4(0.2kg/s)/ [7(0.02m)1080 - 10~%kg/s - m] = 11,789 > 2300

and therefore the flow is turbulent. We thus use:

Nup = 0.023Re;]” Pro-

from which we obtain:

= (k/D;) 0.023Re "PrO* = (0.598/0.02)(0.023)(11,789)*/5(7.56)%4 = 2792W/m? - K.
Hence

Ts.0 — 290K

2000W/m? = 25W/m? - K (Ts,, — 300K
/m /m”- K (T, )& [0.013m /0 35W /m - K) In(1.3) + (1.3)/ (2792W/m? - K)

Solving for Ts o,
T = 308.3K



Heat and Mass Transfer ME-341 .(I)f\.
Prof. Giulia Tagliabue EXERCISE SET 6 BCOLE FOLYTECHNIQUE
EPFL-STI-GM-LNET FEDERALE DE LAUSANNE

We can now go back to the thermal circuit and calculate the heat flux to the air:
dr =ho (Tso — Too) = 25W/m? - K(308.3 — 300)K = 207.5W /m?.

Hence, the fraction of heat that is transferred to the fluid inside the tubes is:

” ”»

/" = L= — (2000 — 207.5)W /m2/2000W /m? = 0.90.
q

Comments: The resistance to heat transfer by convection to the air substantially exceeds that due
to conduction in the teflon and convection in the water. Hence, most of the heat is transferred to the
water.

10
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TABLE 4.4 Thermophyeical Propertices

of Gaces at Atmogpheric Pressure®

T o =N g 107 v 10F Jee 10F o 10F
) (kghe® (kIEe-E) Mesfmo®) (mofs (Wim-K) fmis) B
Aijr
100 L6652 1.0%2 T1.1 2m R 261 0O¥EG
180 2.3%5d 1013 10%.4 4.4 128 hAL 07R3
J0 1.7aes L.oo7 1225 T80 151 102 077
280 1.%%ay 100 1806 11.44 22.% 155 0720
0 1.1s1d 1.007 1846 16.20 ) 225 0707
20 055E0 105 282 252 200 25 0700
a0 0a&T1l 1.014 231 .41 28 B2 0ga0
L N N ] 1.021 2007 22,40 YR 472 0526
B0 0oehed 1.020 2m1 EL ] 40,7 By 0Rsd
BED 0BLD 1.0d0 2881 45 &7 410 BT 0583
g0 05304 1.08] 6E ha.EA 450 wh  0R2%
ga0 05355 1.053 2324 g0.21 do, 7 AT2  0ga0
o 0dGTs 1.074 AL g&.10 6a.d a0 0gos
TR0 0dedd 1.057 R N 6,57 L] J{ILE] 02
a0 0.dind 1054 ETER 4.9 YR 13 0.5
860 0.d0aT 1.110 254 4 L1 TR 131 07la
& I W N 1.131 EL| 10245 G620 1d3 0720
GeD 0.%E5 1.131 q11.% 112.2 ) 155 0733
1000 02d=2 1.14] d2d 1214 5.7 168 0726
1100 03les 1.154 ddn 141.2 715 195 0738
1200 0202 1.174 470 16245 5.2 224 07233
130 0T 1.150 Lk Al 1861 22 248 07la
1400 02488 1.207 q20 21% =] | a0 0.2
1800 02322 1.24] 0aT 241 1 20 0584
e 02177 1.243 b3 28 105 0 0E28
10 0.20dn 1.257 611 hEL 114 435 0E84
1800 01625 1.285 G637 120 12 482 0E84
1500 01222 1.7 B53 w32 128 had 0577
20 01vdl 1.2%7 B0 K 3 137 B 0572
210 0lsss 1.272 714 41l 147 G5 a7
220 01ss2 1.417 Tan d&s 1&0 71 51
20 016813 1.474 ] 3] 17 T8 057
2000 01dds 1668 e iy 155 20 Dsa0
2000 01380 16540 Zla E a2 G 0E1a
0 01134 27% L1 ad] 45 1570 0536
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TarlE A.6 Thermophysical Properties of Saturated Water®

Specific Heat of S pecific Thecmal Expansion
Yolume Yapor- Heat Yisoosi Conductivity Prandil  Surface oeffi-

Tempara- (mj.fkg] zation, KT kg - K) M s'md) Wm-K) Number Tension, ciant, Temper-
ture, T Pmure; _— Tipg o 10 By 10 ature,
K) pibas)®  wp 1F u, kIkg) oy g st W 100 R I E1F Py Py (N &Y T{K)
27318 000811 1000 2063 2502 4217 1.3%4 1760 a0z 669 182 1283 0815 6.6 — 6308 273.15
275 00oss7 1000 1817 24497 4211  1.3%8 1662 209 671 183 1222 0417 6.3 —32.74 278
280 00090 1000 1304 2488 4198 1.388 1432 .29 632 186 1026 0825 Th.A 46 04 280
286 001387 1.000 954 2473 4183 1.861 1228 3449 590 154 281 0.833 ] 1141 235
2490 001417 100l 69.7 2461 4.134  1.36d  10&0 &.649 3 193 756 0.541 73T 1740 280
235 002617 looz 51.94 2449 4.131  1.363 959 &89 GOG 13.5 662 0.549 TaT 2278 295
300 003631 1003 3813 2438 4179 1872 885 909 E13 196 683  0.887 .7 2761 00
308 004712 1008 29.74 2426 4173 1.&77 TEY 9.29 [241] an.l 5.20  0.588 A 3306 1L
3lo 006221 1007 22.93 2414 4178  1.882 635 9413 e a0.4 462 0873 m.ao 36149 310
318 00&l3z 1009 17.82 2402 4.179  1.388 631 4.69 34 an.7 416 0.583 9.2 400.4 38
320 01053 1.011 15.93 2390 4130  1.39% 877 9.59 40 alLn ATT O 0.45% 3.5 436.7 320
328 01381 1013 11.08 2378 4182 1.903 528 1004 45 213 342 04901 7.5 471.2 328
330 01719 1016 &.82 2366 4134  1.911 439 10.29 [£1] aLT 315 0.5908 G6.5 G040 330
335 02167 101& T0a 23654 4186 1.9 453 1044 56 azn 288 04916 B6.8 635.5 338
340 02713 1ozl 6.74 2342 4188 1.930 420 10,64 BED 23 266 0.928 B4 0] 340
345 03572 1024 4.683 2329 4.191  1.941 pLiz] 1089 1] 226 245  0.933 4.1 G954 5
350 04163 1.027 3246 2317 4195 1.9%4 366 11.0%9 1] asn 228 0.542 3.2 Gad.2 360
355 05100 1.030 3.180 2304 4.199  1.963 343 11.29 671 233 214 0.981 62.3 f52.5 368
360 06204 1034 2.645 az4l 4.3 1.983 324 1141 GTd as7 a0z 0.980 f1.4 Ga7.4 360
365 07614 1032 2.a12 2278 4.9 1.999 306 11.649 ETY 241 191  0.964 f0.5 7071 368
370 09040 1.041 1.361 2268 4.314 2017 289 11.24 678 4.5 120 0478 9.6 TaET 30
37318 10133 1.044 1.679 2267 4,217 2.029 274 lanz i) ad.a L76  0.584 63.9 TE0.1 37314
378 10815 1.045 1.574 2282 4220 2.036 274 1209 6&1 249 L7 0.587 83.6 76l 378
380 1.2869 1.044 1.537 ] 4.226 2097 260 1229 %] 254 LBl 0.59% 87.6 T 380
385 1.6233 1.083 1.142 2228 4.232 2080 248 1244 [i2:33 2638 153 1004 666 214 328
3480 1.7494 1.068 0.930 2212 4,339 2104 237 1264 GG a6.3 147 1013 666 241 380
400 2465 1067 0.73l al83 4.266 2148 217 1308 Ga ara 134 1.033 83.6 296 400
410 3302 1077 0.663 2163 4.278 2.2 2m 1342 (it a3.2 1.24 1084 1.6 952 410
420 4370 1085 0428 alzs 4502 2.291 135 1579 G 29.8 116 1078 49.4 1010 420
430 6.699 1099 0.331 0491 4.331 2384 173 1414 [i2:33 30.4 109 1.10 47.2 430

TAELE A.6&  Continued

5 pecific Heatof  5paific Thermal Enpansion

mee Vapoe- Ipzat Yiscosi Conductivity Prandt ~ Sucface  Coeffi-
Tempera- {m®ikg) ization, (k] kg -K) {0 - s/} {Wim - K) Numbee ~ Temsion,  cieat,  Temper.
ture, T Pnessumﬁ, - Tiyg oy 1F Byl ature,
{K) plhasy w100 v, kIKD gy G sl el ke lF Bl Py By (Nim) Eh T{K)
440 7333 LII0 0.261 2080 436 246 162 1480 682 37 LM L1z 48l 440
450 9319 1123 0208 20X 440 286 162 1486 678 331 088 114 420 480
460 1171 1137 0187 1983 444 268 148 1819 673 346 088 117 407 460
470 148 1152 013 1961 448 279 13 1684 GET 363 082 L0 B 470
430 17.90 L167 0111 1912 48% 294 12 188& &6 381 089 123 6.2 450
490 2183 1184 00822 181 489 310 12 1623 Bl 401 087 128 339 - 490
500 2640 1203 00786 la: 466 327 118 165D 642 423 086 1z 316 - i
510 5LEE L222 00831 17T 474 347 113 1E9E g3 447 035 13 203 - E10
g0 3770 1244 00826 17W 484 30 108 1733 62 475 084 135 269 - g20
ga0 4458 1268 0048 1679 49 396 1M 1772 68 806 088 139 2 - §30
540 5238 L294  00%S  lex  S0E 427 100 181 504 540 088 143 22l - £40
860 £119 1323 0037 186 624 464 o 186 £a0 £83  0&7 147 187 - g60
860 7104 1356 00269 14 643 608 w101 853 637 040 182 173 - ]
§70 8216 1392 00228 1420 668 667 a1 197 548 TET 084 159 15D — &70
gan 84 51 1433 00193 1363 GO0 G40 & 04 628 TET 048 LES 124 - 880
g0 1083 1432 00163 127 B4l 738 o 28 513 a1 105 lad 108 - 890
B00 1238 1841 00137 117 700 878 al 227 197 928 114 218 a4 - ]
B10 1373 1LE12 00118 1088 788 111 w4l 467 103 130 260 £.3 - £10
B0 1501 1705 00094 94l 93 154 T 254 444 114 152 346 45 - 520
Bas 1641 1778 00088 &8s 106 183 W 270 12 LEE 420 3.8 - £28
B30 1797 186 00078 7El 126 21 87 280 412 130 20 48 28 - B30
B8 1904 1935 0006 B&F 164 276 B 300 302 141 27 ED 1.8 - B3E
B400 027 2076 00087 S6D 26 42 g 320 37 186 42 96 0.4 - B4
B46 262 2361 008 36 90 - B 370 3| 178 12 2% 0l - Bas
B47.3 2212 5170 00052 ] ® 45 450 3 238 w 0n - BAT.5
‘Adapted from Befeeres 22,
41 bae = 10F MinE.
A itical lmparatuce.
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Exercise 6.5 FOR REVISION

To cool a summer home without using a vapor-compression refrigeration cycle, air is routed through
a plastic pipe (k = 0.15W/mK, D; = 0.15m, D, = 0.17m) that is submerged in an adjoining
body of water. The water temperature is nominally at T, = 17C and a convection coefficient of
ho = 1500W/m?2 K is maintained at the outer surface of the pipe. If air from the home enters the pipe
at a temperature of T,,,; = 29C and a volumetric flow rate of V; = 0.025m?/s, What pipe length L is
needed to provide a discharge temperature of T,,, , = 21°C”

Additional Question: Now that you know the flow conditions and the length of the pipe, can you
calculate the fan power required to move the air through this length of pipe if its inner surface is
smooth? From your previous courses you should remember how the pumping power depends on the
pressure drop and the volumetric flow rate as well as how the pressure drop is related to the friction
factor.

Determine the properties of air from Table A4 at the appropriate temperature.

13
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Solution

hg = 1500 W/m2-K

D,=0,17Tm Tm.o = 219C
D,=0.15m b
ERAir >
¥ = 0.025 m¥s Plastic pipe
T = 29°C f = — k = 0,15 Wim-K

—

Assumptions: (1) Steady-state, (2) Ideal gas with negligible viscous dissipation and pressure vari-
ation, (3) Constant properties, (4) Smooth interior surface, (5) Negligible heat transfer from air in
vertical legs of pipe.

Properties: Table A.4, air(Tp,; = 29°C) :  p; = 1.155kg/m?>. Air (T, = 25°C) : ¢, = 1007J/kgK,
p=183.6-10""N-s/m? k, = 0.0261W/m - K, Pr = 0.707.

Analysis:

The surface of the pipe is maintained at a constant value through convection by the external water
flow. Therefore, from an energy balance over the tube we would get:

Too — Tm,o . (_UA5>

Too — Trns e,

where

1 In (Dy/D; 1
+n(0/ )+

= \—1
UA) ' = Ry = =
(UA:) ot DL orLk homDoL

as we have to include not only the internal convection but also the conduction through the wall of the
pipe and the external convection.

The internal convection coefficient h; is the only missing information. We know that we are in internal
forced convection and we have to determine the flow condition. So we calculate:

Rep = 41 /7Dsp = 4pV /wDip = 13,350 > 2300

and so the flow in the pipe is turbulent.
Assuming fully developed flow throughout the pipe we use:
Nup = 0.023Re7.° Pro?

Therefore:

0.0261W/m - K x 0.023
0.15m

_ k.,
hi = ﬁ0.023Re4D/ P03 =

(13,350)%/°(0.707)%3 = 7.20W/m? - K

14
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T4, = 1 1 N In(0.17/0.15) N 1
T L\721W/m2 - K x 7 x 0.15m 27 x 0.15W/m-K = 1500W/m?2 - K x 7 x 0.17m
UAs = L = 2.335L W/K
® (0294 +0.133 +0.001)
Too — Tmo 17-21 2.335L
2 = =0.333 = - = —0.0802L
Too — T 17— 29 P ( 0.0289kg /s x 1007 /kg - K) exp( )
In(0.333)
= =13,
00802 o™

Additional Question:
We know that for turbulent flow the friction coefficient in a smooth circular pipe is equal to:
f = (0.790InRep — 1.64) 2 = 0.029

Furthermore, we know that :

_Ap/AzD;

=0.029
puz, /2

f=

where

Uy =V /A =V/(nD?}/4) = 1.415m/s

If we consider Ax = L The pumping power will be given by:

1.155kg/m?3(1.415m/s)?
2(0.15m)

2
Plm ;v
LV =0.029
2D;

P=—ApV =f 13.7m x 0.025m? /s = 0.078W

Comments: (1) with L/D; = 91, the assumption of fully developed flow throughout the pipe is
justified. (2) The fan power requirement is small and the process is economical. (3) The resistance to
heat transfer associated with convection at the outer surface is negligible.
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Exercise 6.6 FOR REVISION

Water at 300K and a flow rate of 5kg/s enters a black, thin-walled tube, which passes through a large
furnace whose walls and air are at a temperature of 700K. The diameter and length of the tube are
0.25m and 8m, respectively. Convection coefficients associated with water flow through the tube and
air flow over the tube are 300W/m2?K and 50W/m?K, respectively.

a) Write an expression for the linearized radiation coefficient corresponding to radiation exchange
between the outer surface of the pipe and the furnace walls. Explain how to calculate this
coefficient if the surface temperature of the tube is represented by the arithmetic mean of its
inlet and outlet values.

Determine the properties of water from Table A6 (at the end of this document) using Ty, = (Trn; +
Thno)/2 = 331K.
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Solution

To=T700K Toar =T

he=50 Wim?%K (B = . \ R -
< \ Gev,o / Ty /  Qrad Trur = 700 K Revo o Rrad
.{\;I:t-a;\.? / - L
o~

ms—;: _& '''''''''''' k} 1()' """""""" 'r?‘ § Revi

\— D=025m,L=8m.e=1 '
Tmi=300K h; = 300 W/m?K Tmo Tm= (TmitTmo)2

Assumptions: (1) steady-state conditions; (2) tube is small object with large, isothermal surround-
ings; (3) furnace air and walls are the same temperature; (4) tube is thin-walled with black surface
(e = 1); (5) incompressible liquid with negligible viscous dissipation.

Properties: Table A6, Water (T}, = (Trn,i + Tm,0)/2 = 331K): ¢, = 4192J /kgK.
Analysis:

a) The linearized radiation coefficient follows from:
- = = =2 2
h’Tad = O'(Tt + Tfur)(Tt + Tfur)

where T; represents the average tube wall surface temperature, which can be evaluated from an
energy balance on the tube as represented by the thermal circuit above.

T+ 71,
T, = m,i . m,o
1

Riot = Rey i + 1—_|_1
Rcv,o Rrad

T, ~T, _ T)-Tp,

Rcv,i 1 + 1

Rcv,o Rrad

The thermal resistances, with A; = PL = wDL, are:

1
Rcv o= Rrad = T
rad

b) The outlet temperature can be calculated using the energy balance relation with T't,, = Too:

Too - Tm o < 1 )
Too T mo oo (o 0.1
Ty — Tm,i mchtot ( )

where ¢, is evaluated at T5,.
Using THT, the following results were obtained:
Reyi =6.631 x 107°K/W, Repo=3978 x 107*K/W, Ryaq=4.724 x 107*K/W

T = 331K, Ty =418K, Ty, = 362K

Comments: Since T, = Ty, it was possible to use Ry, in expression How would you
write the energy balance relation if T, # Tryr ?
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