UNIVERSITY OF RUHUNA

Faculty of Engineering

End-Semester 6 Examination in Engineering: May 2026
Module Number: MN6211 Module Name: Heat and Mass Transfer (C-23)
[Three Hours]

[Answer five (05) questions only, each question carries 14 marks]

Q1 (a) With the aid of appropriate sketches where necessary, briefly explain the
followings.
i) Conduction heat transfer
ii) 1-D steady state heat conduction
iii) Thermal conductivity of a material
iv) Thermal resistance of a plane wall
[4.0 marks]
(b) A 1.0m high and 1.8 m wide double-pane window consists of two 5.0 mm thick
layers of low emissivity glass with a thermal conductivity (k=0.85 W/m-K).
They are separated by an 8.0 mm wide stagnant airspace with a thermal
conductivity (k =0.03 W/m-K). On a normal day, the room is maintained at 22
°C while the temperature of the outdoors is (- 11 °C). Take the convection heat
transfer coefficients which include the effects of radiation on the inner and outer
surfaces of the window to be 15 W/m2K and 35 W/m?2K, respectively.
Clearly stating any assumptions, answer below questions.

i) Draw the thermal resistance network and calculate the total thermal

resistance. [3.0 Marks]
ii) Determine the steady rate of heat transfer through the double-pane
window. [3.0 Marks]

iii) Find the inner surface temperature of the window.
[2.0 Marks]
iv) If the temperature inside dropped to 19 °C, what is the percentage drop in
the rate of heat transfer. [2.0 Marks]

Page 1 of 7



Q2 (a) The maximum use temperature for an ASTM A240 410S stainless steel plate is
649 °C. The plate is treated such that it exhibits the following spectral emissivity:

g,=08, 0<LA<325pm
g,=196=06. 325pm<i<103pum
e;=03. 103pm<i<oo
Determine the following,
i. The average emissivity of the surface.
[04 Marks]
ii.  The rate of radiation emission from the surface, in W/m?2 at the maximum
use temperature.
[04 Marks]
(Refer Table Q2 for Blackbody Radiations Functions)
Table Q2 - Blackbody Radiation Function

AT, rF.
pm - K pm - K iy
280 £.00GG00 6200 0.754140
400 C.0C0C00 5400 3.769234
660 3.0G0000 6600  0.78319%
800 ¢.000015 6800  0.78612%
10C0 3.000321 7000 0.80810%
1240 0.002134 7206  0.819217
1450 £.007790 7400  (Q.B29527
16800 G.019718 7600  Q.838102
1840 ©.039341 7800  0Q.848005
2060 G.066728 2000 0.856288
2200 0.100888 8200 0.874508
2400 0.140256 9000  0.860029
2600 0.183120 9300  0.903085
28C0 227897 16,000 0.91419G
3000 0.273232 16,500  0.923710
3200 .318102 11.006 0.9318%C
3400 ¢.3581735 11,500 0.939559
3800 0.4035807 12,000 0.945098
3800 0,443382 13,000 0.8955139
4000 0.480877 14,000 0.562898
4260 05156014 15,000 0.969981
44G0 (.548796 16,000 0.873814
4500 C.579280 18,000  0.980860
4800 0.607559 20,000  0.985602
5000 0.633747 25000 0.899221%
52G0 0.658970 30,000  0.8995346
5400 0.680360 A0.000  0.997967
5600 0.701046 50,000  0.998953
h8C0 G. 720158 75000 0.999713
5000 0.737818 100,000 0.999905
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(b) Provide a brief explanation of the following:

Q3 (a)

(b)

©

i.  Blackbody.
ii.  Diffusely emitting surface.
iii. Gray surface.
iv.  Absorptivity.
[04 Marks]
Explain the variation of the blackbody emissive power with wavelength for
different temperatures using the Wien’'s Displacement Law.
[02 Marks]
Cold water (c, =4180]/kg-K) enters the tubes of a heat exchanger with two shell
passes and 20 tube passes at 15 °C at a rate of 4 kg/s, while hot oil
(cp =2200]/kg-K) enters the shell at 130 °C at the same mass flow rate and leaves
at 60 °C. If the overall heat transfer coefficient based on the outer surface of the
tube is 220 W/ m?2 K. Determine the following using the LMTD method,
i.  The rate of heat transfer.
[04 Marks]
ii.  The heat transfer surface area on the outer side of the tube.
[04 Marks]
(Refer Figure Q3 for Correction Factor, F)

Explain the different types of fouling encountered during heat exchanger

operation.

[04 Marks]
Briefly explain the term, “Fouling Factor” and its importance in heat exchanger

design.
[02 Marks]
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Figure Q3 - Correction factor F charts for common shell-and-tube and cross flow

heat exchangers.

(@) Define convective heat transfer and explain the fundamental difference between
natural (and forced convection. [flustrate each mode with one relevant everyday
application.

[03 Marks]
(b) Explain the variation of the local heat transfer coefficient with respect to velocity

boundary layer development on a heated flat plate.
[05 Marks]

(c) Explain four strategies to improve convective heat transfer.

[04 Marks]
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Q5

(d) Discuss the merits of staggered tube arrangements in heat exchangers.

[02 Marks]

In a ship, feed water entering to the furnace of a boiler is preheated by the jacket water
at 90 °C flowing through the heat exchanger tubes of a tube bank. Feed water enters
the tube bank at 20 °C and 1 atm with a mean velocity of 3.5 m/s, and flow over the
tubes in normal direction. The outer diameter of the tubes is 1.5 cm, and the tubes are
arranged in-line with longitudinal and transvers pitches of SL = ST= 6 cm. There are 6
rows in the flow direction with 12 tubes in each row as shown in the Figure Q5.
Determine;

i) The exit temperature of the feed water

ii) The rate of heat transfer per unit length of the tubes

Ts=90°C
ez 000008
yolms 000000
— OO0 0000
— OO0 0000
000000
O0O00O0O0
_’OOOOOO D=15cm
—0000008
_,O0000O0
OOOOOO ST=SL=6cm
T 000000y,
— 00000

2]

Figure Q5

Table Q5(1) Correction Factor

Correction factor Fto be used in Nup y, = FNup for N, < 16 and Re, > 1000
{(from Zukauskas, Ref 15, 1987].

N 1 2 3 4 5 7 10 13
In-line 070 | 0.80 | 0.86 | 0.90 | 093 | 0.96 | 0.98 | 0.99
Staggered | 0.64 | 0.76 | 0.84 | 0.89 | 0.93 | 0.96 | 0.88 | 0.99
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Table Q5(2) Nusselt Number Correlations

Nusselt number correlations for cross flow over tube banks for N > 16 and
0.7 < Pr < 500 (from Zukauskas, Ref. 15, 1987)*

Arrangement Range of Re, Correlation
0-100 Nup = 0.9 Red*Pro35(Pr/Pr,)0-25

T 100-1000 Nu, = 0.52 Red5Pro35(Pr/Pr,)0-25

1000-2 x 10° Nup = 0.27 Red53Pro:36(pPr/pr,)0-25

2 x 105-2 x 10° Nu, = 0.033 ReJ8Pro4(Pr/Pr)0-23

0-500 Nup = 1.04 Re*Pr®35(Pr/Pr,)°25

500-1000 Nu, = 0.71 Red5Pro-35(Pr/Pr)0-25

Staggered

1000-2 x 10%| Nup = 0.35(5;/S,)°2 Re24Pro36(Pr/Pr,)0-25
2 X 105-2 % 108 | Nup = 0.031(54/5,)°2 ReJB8Pr0-36(Pr/Pr,)0-25

Table Q5(3) Properties of water

Yolume
Enthalpy  Specsic Thermal Prandtl Expansian
Saturation Density of Heat Conductivity Synamic Yiscosity Number Caefiicient
Temp. Prassure p, kgim? Yaperization o, JkgK 4, Wik L. HEfmes Pr 3 LK
TG Po4Pa  Uquid  ‘apor A, klikg Uqud  VYapor  Liguid  Vapor Linuid ‘amor Liquid  Yapor Liquid
Q.01 0.5113 996.8 30048 2801 $217 1854 4.3681 BAOIF1 1792 w 1677 D822 x 1% 133 1GO :
3 Q.8721 9995 0.0068 2430 4205 1857 4571 00173 1.5319 < 1070 4934 #1077 (1.2 Lo > 4
10 1.2276 999.7 0.0094 2478 4194 1862 0380 GO0I76 L307 xi07P 0948 « 3845 190 2.733<l0°
1) 17081 5399.1 5.0128 2466 4185 1863 G.389 0.0179 1.133 =« 10-% §.358 % B.0S 100 3.138 % 107
20 233y 9980 Z.0173 2454 X182 1867 0588 QD182 2 < 107 3973 % 74 130 2.195 x 10~
25 3.169 9970 20231 2442 4183 187C 0507 00186 G821 < I 2 211 100 £.247 < 1077
20 4,245 2365  45.0304 2431 41738 1375 G415 00189 G.788 % 542 100 4294 x% 10!
35 5.628 2940 50397 2419 4178 13BO £.623 50182 5725 ¢ 197 w 433 100 9337 <« lo?
40 7384 9921 0.0512 2407 4379 1385 0.531 00196 0633 < 1Y 1081l I 432 130 5377
43 9.383 99C.t 50635 2395 1180 1832 J.0260 @ £ 1371 L0486 ¢ 3.9% 40 3415
30 12.38 388.1 00831 2383 4131 l9¢0 4.0204 X 10 1062 <1 3535 109 3458
35 13.76 985.2 91045 2371 4183 1908 0.0208 10 1077 x 3.25 L3230 d.483 .
50 18.54 983.3 .1304 2359  1:35 iG13 D012 Tk 03 1063 x 289 120 G517«
65 25.03 280.4 0.1814 2345 4187 136 00215 0433 £ 10°° Lilg 2.3 100
70 3115 9775 0.1383 2334 4190 1938 0.0221 04C4 4 104 1128 x 233 LG
75 38.38 974.7  D.2421 2321 4133 15948 09225 Q378 < 107 L1422 x 2,38 a0
3a 47.39 3718 0.2935 2309 4197 1982 0.0230 2355 <10 LI x 2,22 LG
83 57.83 968.1 23336 2296  420@ 1977 00235 4333 ¢ 1077 Lits r i 2.08 1.00
90 70.14 965.3 0.4235 2283 205 1592 G.0240 ©£.33153x 0% 1L.193 % 1 35 1.00
95 84.35 9813  0.5045 2270 4212 201G 0.0245 £.297 x 1073 12i0x .85 1,00
190 101.33 9529 Q.8978 2257 4217 2029 00251 0.282 « 27! 1287 < 10 75 100
110 133.27 950.6 0.8263 2230 4229 2071 0.0262 ©5.255 «£ 0% 1261 % 1073 & 1.06
120 198.33 943.4 1.t21 2203 4244 2120 0.0275 £1077 1.296 x 1077 144 1.00
130 270.1 9346 1.496 2t74 4263 277 0.0288 ® 10 1,330 % 077 .33 101
140 3513 321.7 1965 2143 4285 2244 0.583  (.030L NOIDTY 1,365 w 10 24 102
150 475.8 918.6 2548 2114 43:1 2314 0582 0.03i6 < 10-% 1.389%x 103 ll1s 102
160 817.8 307.4 3.238 2083 4340 2420 0830 0.0331 €307 1434k 107° 108 105
170 9.7 837.7 4.119 2050  437C  248C 0.577  0.0347 € 10° 1458 X 10°F 103 LO5
180 1.002.1 887.3 35153 2015 3410 25%C 0.673 0.0364 U.150 « 10°> 1502 x 1G™® Q.383 1.07
190 1,254.4 876.4 5.388 1979 4480 27O 0,869 C.0382 0.142 x 1070 1537 x 10°F 0847 1.09
200 1,533.8 8643 7.832 1841 2500 2840 G.863 0.04C1 0.134 x 107 L5571 % 107F 09i) 11l
220 2318 3a0.3 1150 1859 4519 3110 0550 00442 Q.122 x 10°Y 1541 % 1D°3 Q.865 L5
240 3,344 8137 1573 1767 4762 352C 0.632 0.0487 3111k 1074 1712k 10°° G.3836 1.24
260 4,688 783.7 23.5% 1663 457C 4070 9.609 0.0540 0102 x 10°F 1788 x 1079 0.832 1.35
220 5412 736.8 33.15 1544 5280 4835 05381 4Q.0605 0.094 x 10* 187Cx 1G> 92854 1.49
300 8,581 7138 46.15 1405 5759 5980 0.548 0.0695 0086 X 1073 1385 x 1073 03902 149
320 11.274 667.1 84.37 1239 3340 7900 0.5C8 0.0836 0.078 ¢ 1073 2.084 x 10°3 108 197
340 14,586 810.5 92.52 1028  B249 0483 0.112 0070« 1i0°® 2255« 16°* 123 243
360 18.651 328.3 140 720 14,390 25 0.427 D.178 9060 x 1073 2571k 187% 286 373
374.14 22050 3170 3170 3 — - = — 0.043 % 10°7 4313 % 1077
Note:

The exit temperature of the fluid can be determined from

_ha4s
T,=T,— (Ty —T;).e ™

The total heat transfer rate;
q = h.AgAT;p
Ag = N(nDL)
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_ (TS - Te) - (TS - Ti)
T In[(Ts — To)/(Ts — T7)]

AT;

All symbols are given their usual notations.

[14 Marks]
Q6 (a) Briefly explain the terms below.
i) Lumped system
ii) Time constant of a lumped system
iii) Characteristic length
iv) Biot number
[6.0 Marks]

(b) A glass 7.0 cm high and 6.0 cm in diameter is used to heat up milk by placing it
filled with milk in a large pan filled with hot water at 60 °C. The milk is stirred
continuously to maintain a uniform temperature throughout the heating process.
If the heat transfer coefficient between the water and the glass is 120 W/m2K,
answer the questions below by making all necessary assumptions.

(Thermal conductivity, density, and specific heat of of milk at 20 °C; are 0.607
W/m2K, 998 kg/m3, and 4.182 kJ /kg.K, respectively.)
i) Calculate the characteristic length and the Biot number for the glass of
milk and comment on the applicability of the “Lumped System Analysis”.
[4.0 Marks]
ii) Determine the time required for the milk to warm up from 3 °C to 38 °C.

[4.0 Marks]

The temperature of a body T(t) at a time ¢ is given by,

T(t) — Ty _ bt
T, =T
Where,
_ has
pVCp

All symbols are given in their usual notation.
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