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SECTION A

QUESTION 1

A wall built with 150 mm thick fireclay brick, is well insulated on one side. The wall, which
is initially at a uniform temperature of 20 °C, is exposed to hot gas at a temperature of 950 oC

with a convection coefficient of 100 W/m2.K.

L. How long will it take for the insulated surface of the wall to reach a temperature of

750 °C? 8)
1.2 How long will it take for that same surface of the wall to reach a temperature of 750 °C

if it was not insulated? Comment on your answer, (6)

Densit 2600 kg/m*
Heat Capacity 1000 J/kg. K
_Thermal conductivity | 1.5 W/m.K

TABLE 1: Properties of the fireclay brick

Temperature Time charts are on pages 7 & 8.

TOTAL 714/

UESTION 2

A heating element of 5 mm diameter, and at a constant surface temperature of 350 °C is
immersed horizontally in water at atmospheric pressure.

Calculate the electrical power dissipation per unit heater length.

The element has an emissivity of 0.25 and is made of mechanically polished stainless steel.

Equations/ Correlations are on pages 5 & 6.

Fluid properties are on page 10. Interpolation of properties is not required, use the closest

tabulated value.

TOTAL /16/
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QUESTION 3

Steam at 0.14 bar is condensing in a shell and tube heat exchanger. Cooling water enters on

0C and mean velocity of 1.25 m/s. The heat exchanger

passes. There are 130 brass tubes

the tube side at a temperature of 20

conﬁgurat'\on is such that there is one shell pass and two tube
A

havingtﬁéngth of 2 m and inner diameter of 13 mm and outer diameter of 16 mm. The heat

transfer coefficient on the outer tube surface is h, =13500 W/m2.K.

3.1 Use the Effectiveness-NTU method to calculate the exit temperature of the cooling
water. You may assume fully developed flow. (22)

3.2 Calculate the rate of condensation of the steam. 3)

Thermal conductivity of Brass = 114 W/m.K
Properties of water may be evaluated at 310 K (since the exit temperature is unknown).

Fluid properties are on page 10. Interpolation of properties is not required, use the closest

tabulated value.

Effectiveness-NTU relations are on page 9.

TOTAL  /25/
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SECTION B

QUESTION 4

Water is to be cooled from 323 to 290 K by means of a counter-current air stream entering a

cooling tower at 290 K with a relative humidity of 25 %. The flow of air is 0.6 m*/m’s and the

water throughput is 0.3 kg/m?s. What is the required height of packing?

Data

Gy o
skya

Latent heat of water at 273 K = 2495 kJ/kg

Specific heat of dry air = 1.003 kJ/kg.K

Specific heat of water vapour = 2.006 kJ/kg. K

Molecular weights: water = 18 kg/kmol; dry air = 29 kg/kmol

The molar volume of an ideal gas at Standard Temperature and Pressure is 22.4 dm”

Useful Equations
Energy balance equation for a cooling tower:

G,(H,, ~H,,)=G,(T,~T,)

The required height of packing can be determined from:

e G dH, h
Z. = Y (f,+4f, +2f, +4f, +
! ,;Lsklla(H_fH),) 3U' 424 4f 1 1)
Humid heat | ¢s = cpp + cpa*H
Total enthalpy H, = o(T-Ty) + HAy

A psychrometric chart is provided on Page 11 and the thermophysical properties of saturated
water are provided on page 10. A graph of air-enthalpy versus water temperature is provided

on page 12. This graph should be submitted together with your answer booklet.

TOTAL  /25/
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QUESTION 5

Heat exchange stream data for a chemical process is provided in Table 2

Stream \ Stream | Supply Target ] l-!_esit_Cai)_a_clt} ,
Number | Name Temperature, (°C) | Temperature, (°C) = Flowrate, CP, |
\ | | (KW/Q) .
_ | —— S W —_— —
| Reactor 1 20 180 | 200
L | Feed % N N SN
Rcactor 1 240 40 160
Producl o |
TReactor2 | 140 ! 220 | 300
| _F[Feed B ) S e I
| Produet | I
TABLE 2: Heat exchange stream data
5 1 Given ATmin = 20 °C, use the Problem Table Algorithm method to determine the

required interval temperatures.

(5)

5.2 Using the required interval temperatures determined in 5.1, set up and fill a

Problem Table with the following column headings: Required intervals; AT (°C);

YCPc — ECPy (MW/°C); AH (MW); Heat Cascade; Corrected Heat Cascade;

Stream lines.
(11)
5.3 Hence determine the following:
5.3.1 Minimum hot utility required (1)
5.3.2  Minimum cold utility required (1)
5.3.2 Hot pinch temperature (1)
5.3.4 Cold pinch temperature (N

TOTAL 20/
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CONVECTION CORRELATIONS

FORCED CONVECTION: INTERNAL FLOW

Fully developed Turbulent flow in smooth circular tubes: Dittus-Boelter

correlation

Nup = 0.023Re"/spr™

n=04ifT, >T,

n=03ifT, < T,

Valid if: 0.7 < Pr < 160
Rep = 10 000

Lip=10
(Properties evaluated at Tm)

FORCED CONVECTION: EXTERNAL FLOW

Horizontal cylinder in cross flow

0.62Re%5Pr'/3

0.4, /3
[1 +( ' /Pr) ]
Properties evaluated at T¢

For all Re, RePr 2 0.2

5/, /5
1+ ("*/582000) B]
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CORRELATIONS: BOILING

Rohsenow correlation for nucleate pool boiling (5 < AT, < 30)

o h

|
. - M C AT,
qj :,u;hrk[g(pf pl)j’ {C p.l €

s, fg

Values of Cyfand n may be found from Table 3

Film pool boiling (120 < AT. < 1100)
1
. ~ pp)hy, D3
Wi = C[Q(P! Pu)hyg ]
vvkv(Ts - Tsat)

C =0.62 for horizontal cylinders

C=0.67 for spheres

h}g = hfg +0. Bocp.v(Ts - Tsat)

43 1
h = hrom- T hrad h A

Z = ;oom' + % Emd lf ﬁrad <Emm'

Stefan Boltzmann constant = 5.676 X 108 W/m? K*

Surface-Fluid Combination Cs n
Water-copper
Scored 0.0068 1.0
Polished 0.0120 1.0
Water- stainless steel
Chemically etched 0.0130 1.0
Mechanically polished 0.0130 1.0
Ground and polished 0.0060 1.0

Table 3: Values of constants for various surface-fluid combinations
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TEMPERATURE TIME CHARTS

Dimensionless Ratios for Temperature Time charts

Y = To—T
Tw-Ty

at
*”lﬂ
X1

X1

x1= radius/ semi-thickness of conducting medium

FIGURE 2: CENTRE TEMPERATURE HISTORY FOR UNSTEADY STATE
TRANSPORT: FLAT PLATE
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FIGURE 2: TEMPERATURE TIME HISTORY FOR UNSTEADY STATE
TRANSPORT: FLAT PLATE
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TABLE 4: HEAT EXCHANGER EFFECTIVENESS RELATIONS

Flow Arrangement

Relation

Concentric Tube

Parallel flow . 1-exp[-NTU(1+C,)]
1+C,
Counterflow l-exp[-NTU(1-C)]
L))
I-C, exp[-NTU(1-C,)] "
NTU
= C =
e=roarw (&7
Shell and Tube -

,, One shell pass

(2, 4, ... tube passes)

172

T.e:% -NTU _+Q~ g

g =241+C +(1+C?) x
Tmi -NTU(1

n-Shell passes

(2n, 4n, ... tube
passes)

-1

u B m‘\

e _1 1-¢C,
1-¢

1-¢,C,
1-¢

“r)

Cross flow (single pass)

Both fluids unmixed

...,nTnxﬁ:ﬁPQAZHQVSU “nxnﬁ Azﬂﬁcfd :

Cinax (mixed),

Cin (unmixed)

1
£=|—
hﬁw

_T-%"-n [1-exp(-NTU)]})

Chin (mixed),

Cmax (unmixed)

¢, (1))

£= _|§i|ﬂ._ Tloxnﬁl

All exchangers (C, =

£=1-exp(-NTU)
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TABLE 5: PROPERTIES OF SATURATED WATER

e Heatof 5§ Thermal

wﬂu _..“e_r cxon“—n <_Hi~_~ Condoctlvity Prandd  Surface
Tempern: (whg)  luos, Ay K (N-gm) Who-K)  Number  Tenson,
ture, T Pressure, h —_— oy 10
L v P A S A L B Py }
m.is Tmeal 10 M) B ez aW e o s 182 B oms 73
75 000697 1000 1817 U9 A2l 1835 1682 .09 M 83 122 o? 153
0 000990 1000 1304 85 4498 1858 1422 829 m 186 1026 0825 748
28 001387 1000 994 un 4089 1861 1223 B4 90 189 &8I 083 743
290 001917 1001 697 61 Al LB6E 1080 L1 308 93 156 om 17
ns 02617 1002 SI%M M9 IR 1BE 959 R30 606 195 662 OBY ni ms 3
00 003831 1003 3913 4 4I19 1812 355 9.09 813 196 S8 oBsT 7T 2761 300
08 0TI 1005 29T 4% 418 1LETT T8 9229 620 201 320 085 709 3206 308
o 006221 1007 12N M AR LB 65 948 [) 04 462 0873 00 3619 3o
ns 008132 L0 1782 0 4179 LBEE 6 9.69 (32 207 416 08D 2 4004 s

989 640 00 )77 OB 683 267

0 0.109 198 90 Ai0 18 ST ,
35 0.1351 11.06 ne 4182 1903 58 100 &8 213 342 0501 675 412 25
30 (X4 o 26 4w 191 A9l g0 27 50508 w6 S0 I
s 02167 1 ;s 4l 190 4 o4y &6 0 288 09K g8 SI55 3
Mo 02113 34 142 408 1930 20 10.69 0 73 266 0928 649 5660 Mo
us 03312 1024 4,683 ar. ] 4090 1941 w9 10.89 (-] 726 245 0833 6.1 5934 5
150 04183 Lan I R46 m7 4195 19 65 1.0 L) np 1% oMz 62 6242 350
355 035100 .m0 1180 004 419 1968 po) ny 671 N3 214 09581 63 6521 358
360 ag  LoM 2es 291 42 B 3 9 gd 27 2l a0 614 6979 W0
365 07514 e 212 un 4200 199 06 1.6 677 u 191 0969 605 ol 365
0 oss LG4 1861 mES 424 207 W U 6@ M3 K o ss  Tar MW
s (o133 LoW. L6® ;T 4w 209 27 20 G0 ME 176 0984 S8 701 ITMIS
5 1.0815 1045 1.5 82 4220 1036 m ne [ 1} 149 170 o098l 56 01 ns
80 1.2869 1.049 133 me 4126 1087 240 n» 83 2154 161 099 56 28 30
385 1.5233 1.053 1.142 sl 4 2080 28 1249 685 58 153 1004 6.6 B4 s
390 1.754 1.058 0.580 iz 419 21 m 1269 &6 263 147 1013 156 B4l %
400 2455 1,067 Lkxl] 2183 43256 2158 ar 13.05 688 72 134 1003 56 396 400
10 S2 om 0SS WSy 4DE 2 M0 DDA 6 2124 108 SIS 9m 410
w o Los 04 23 4ME 230 WS 19 S8 B L6 Lms a4 ol 420
30 s LS Q3 MA A 2% T MM &5 34 18 Lo 42 40
“ 2aB Lo 026 259 436 246 162 1450 &2 33 104 L2 ds) “0
450 9319 1123 0.208 2004 440 256 152 1485 678 3 0% L4 29 450
460 nn L 0.167 1989 a4 268 143 1599 (1] M6 09 LT 0.1 460
a0 lss LT 0136 1951 448 27 136 1S54 6T 363 0®m LW 3RS o
480 17.90 1.167 (A} %12 45 2% 129 1588 660 3.1 LU X1 362 480
%0 @ LI 00m I8 45 L0 [ 1623 651 401 0B 125 WS - 190
500 2640 1.203 00766 1825 466 377 e @ [2H 23 085 128 6 _ 500
510 166 1 doesl 1 4m TA w3 168 e a7 o8 M W3 — 510
520 W0 L2440 008 10 4M 3T M08 1133 61 45 0B 135 269 - 520
530 WSk 128 0045 16 495 3% 14 11T B 506 085 139 M8 - 5%
40 £ 124 00¥S 1622 508 42 1o RIS 50 086 &3 2 = 540
550 61.19 Lm 0.0317 1564 54 464 9 186 580 513 051 147 191 - 550
360 208 1M5  ome 1% sS4 s M sl 6 @7 0% m 11 - 60
510 8216 1% 00228 1429 568 567 N 19.7 poL] %7 0M 159 150 -_— 570
580 S5 141 00193 13) 600 640 WS 204 SM 6T 09 168 128 - 580
590 1482 00163 1274 641 138 2] 215 513 8.0 105 1M 105 —_ 500
] |40 00137 176 700 RIS B MT 47 99 LM 215 B4 - 60
610 1612 00115 1068 745 1LI n 1 467 103 130 260 63 - alo
pwc 1705 0.0094 o1 938 154 mn 39 4 N4 152 246 45 - 620
625 L™ 0.0085 858 106 183 10 o 40 n 165 420 5 - 623
630 1.7 1.8% 0.0075 w128 220 &7 80 417 10 20 4R 16 - 630
65 1909 1835 D.0066 6B} 1864 216 2] 0.0 m 141 21 60 1.5 _ QWu
40 anx? s oSt S % 42 5 000 15 42 9 0N - &0
a5 2152 2351 00045 31 90 . s owo W o1 % [ - 845
673 N2 UM oo 0 0= o= 45 450 DBRO2W ® w00 - [y

“Adspicd from Reference 19.
*1 bar = 10" Nm,
Crirical temperature.
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FIGURE 3: PSYCHROMETRIC CHART FOR AIR-WATER SYSTEM
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