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QUESTION 1

A 2m long black body metal wire of diameter 0.005m and at a temperature of Ty, = 400K
runs through a grey body hard rubber pipe of outer and inner diameter 0.05m and 0.025m. A
vacuum exists between the wire and the inner hard rubber pipe surface. The hard rubber pipe
is coated on the outside with a layer of soft rubber, the thickness of which is given on Bb.
Draw an annotated diagram of the system. If the temperature of the inner hard rubber area
exposed to the vacuum is Ts; = 300K, what is the temperature of the outer soft rubber surface,
Tho, at steady state in K? Ignore edge effects and use the thermal conductivity of rubber at

300K.
[33]

QUESTION 2

2.1. Derive the mass diffusion equation (in the radial direction) for steady state one-
dimensional diffusion through a stationary cylindrical medium and answer the
question on Bb. 4)

Helium gas is transported outside a factory in Durban at 20°C through a silica pipe with outer
diameter 0.05m and wall thickness of given on Bb. The absolute pressure in the pipe is
maintained at S00kPa.

What is the rate of diffusion of the helium
through the silica pipe wall in mols™! per
meter of pipe length? (20)

If air blows over the pipe at a velocity
given on Bb, what is the coefficient, hn in
ms!, for helium mass transfer from the
outer surface of the pipe to the
surrounding air? (16)

[40]

UESTION 3

Boiling water at 0.2ms™ flows over a heated cylinder of
outer diameter 0.05m.

3.1. What is the heat flux q” in Wm? if it is maintained

at 80% of the maximum possible? The diameter of
the cylinder is given on Bb. Assume a pressure of

latm. (27)
3.2. Describe the boiling process. (3)
[30]

TOTAL MARKS =103
FULL MARKS =103
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DATA SHEETS
Lengths, areas and volumes:

Circumference of a circle nd
Area of a cylinder ndL.

Area of a circle nd%/4
Surface area of a sphere nd?

Volume of a sphere nd*/6

Radiation:
) . .
Fy 4, =F,4 Surface Material _—ﬂ—'EmISSW'_ E('i-oefﬁCIent
Rubber Nat Hard 0.91 ;
Rubber Nat Soft 0.86

TARE A3 Cortinued

o "
Other Materinls {Continned) ) .
L
. Density, Thermal Specific
Description/ Temperatare P Condectivity,t  Heal,c
Composition (K) kgm (W -E) Ay D)
iee m 910 188 2040
233 — 203 1945
Leather (solc) 300 998 0.159 -
Paper 300 930 0.180 1340
Paraffin 300 500 0.240 2890
Rock
Granite, Bare 300 2630 21 s
Limnestone, Safem 30 2320 215 810
Marble. Halston 300 2680 280 530
Quartzite, Sionx 3o 2640 5.38 1105
Sandstone. Berea 300 2150 280 745
Rubber. vulcanized s
Soft 300 1100 LA k] 2010
Hand o 1190 n.i6 -
Sand 300 1515 0.27 800
Soil 300 2050 0.52 1840
Suow 273 110 D049 -
500 0.190 =
Teflon kL)) 2200 035 -
400 045 -
Tissue, human
Skin 300 037 —
Fat layer (adipose) 300 — 02 —_
Muscle 300 - 041 -
Wood, cross grain
Balsa 00 140 0.055 —
Cypress 300 465 0.097 ~
Fir 300 415 0.11 2720
Oak 300 545 0.17 285
Yeliow pie 300 640 0.15 2505
White pine 0 435 0.11 ==
Waood, radial
Ok - 360 545 019 2385
Fir 300

420 0.14 720

"Adapied from References 1 and §-13. 4/
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TanLE 13.3 Special Diffuse, Gray, Two-Surface Enclosures

Large (Infinite) Parallel Planes
Ay, Ty 8
“_| A, =As
LSRR ATy gy Fp,=1
Long (Infinite) Concentric
Cylinders
A_n
Az_ - ra
Fi;=
A _A
4 7
FIZ = |

A

Aa(T$— T3

quu= 7T (13.24)
11
—t—1
B &

_ GATI-TY

T el (13.25)
5t % \n

= ogA(T1 - T

2T I—afry  (1326)
5t 5 \n

g =aAg(T)—T3) (13.27)
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TaBiLE A.9 Henry’s Constant for Selected Gases in Water at Moderate Pressure®

T
H =p, Jx,,  (bars)

¥ §
K) NH, Cch, B8 30, Co, CH, 0, H;
273 21 265 260 165 710 22,880 25,500 58,000
280 23 365 335 210 960 27,300 30,500 61,500
290 26 480 450 315 1300 35,200 37,600 66,500
300 30 615 510 440 1730 42,800 45,700 71,600
310 — 755 700° 600 2175 50,000 52,500 76,000
320 —_ 860 835 800 2650 56,300 56,800 78,600
23 — 890 370 850 2870 58,000 58,000 79,000
#Adapred with permission from Referenca 23.

TasLE A.10 The Solubility of

Selected Gases and Solids”
T
8 5= C,ulb

Gas Solid K {kmol/m® - bar)

Q Rubber 298 312 x 1077

N, Rubber 298 1.56 x 1072

CO, Rubber 298 40.15 % 1077

He Si0, 293 0.45 x 107*

H, Ni 358 901 % 107°

“Adepted with permission frows Reference 22,

TABLE 14.1 Summary of Species Diffusion Solutions for Stationary
Media with Specified Surface Concentrations®

K" X2 {11
) = Y = Ui, (r Tz) +5a

. 7 Species Concentration Species Diffusion
Geometry Distribution, x,{x} or x,({r) Ry o
xR = (Guo = xaa) 5+ Lt
4= Ga = 2 T+ as Rt = Dol
Xy o™ X, &
st (£) - =

“Assuming C and Dy are constant. -
bNM = (CA‘.II = cA.n)’Rm. dit
Nar = (Cpst = CaRo i
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NH, Air 208 0.28 X 14
H0 Al 298 026 % 1671
o, Air 298 016 % Wt
Hy Al 2098 041 X 1%
Q, Air 298 021 % 1ot
He Air 293 070 % W
Anetsoe Adr 275 011 % Wt
Benzene Air 298 088 x 10~
Naphthalene Ade 300 052 X 10~
Ar N, 293 0.19 x 107*
H, 0, m 0.70 % 194
H, N, 213 058 x 107
H, 0, por 055 % 10
o0, Ny 293 0.16 % 107*
<o, O, m 0.34 X 10
0, N, 73 0.18 x 107°
Ditute Solutions

Calffeine HO 298 053 x 167
Ethanol HO 298 052X 10t
= i = e

.4
. H0 298 g;% x 1?:
HO 298 X1

g?’ H0 298 0.24 % 10~*
H; HO 298 0.63 x 107
N; HO b 0.26 %
Sollds

o, Rubber . 0.2% % -
N, Rubber 28 0.15x 107"
0y Rubber 298 0.1 % 10~
He 80, 3 04 % "
H, Fe 293 026 x 101
od Ca 203 0.27 % 107
Al Cu 293 013 x [

mmmmmnzx,mn
SAssuming sdzat gos bebavior, uwﬂm%mm‘iﬁuﬂumﬂhﬁmha

TaBLE 3.3 One-dimensional, steady-state solutions
to the heat equation with no generation

Plane Wall  Cylindrical Wall* Spherical Watl*
. LT 14 ar\_ Ld{ .dr
Heat equation d\;-o -"dr( dr)—o 3dr( dr) =0
In {riry) [ = (n |ff)]
Temperature X MY —_ — v
dismgbet:ﬂon Ta - ATE Lat AT]JJ {nfry) Li~-ar 1—(nir)
” AT EAT kAT
ﬂ L L - I — e —
Heat flax (7) "1 rin (r,/r) PI(1r) - ()]
AT 2oLk AT 4wk AT
Heat rate (4} kA I (rafr) W) — (1)
Thermal L In (rz,ﬂ) (]h"} - (llrz)
resistance (R, aug) kA 2xlk 4ok

“The eritical radius of insulation is ;. = &% for the cylinder and r,, = 2&#% for the sphere.

...
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TABLE 8.4 Summary of convection correlations for flow in a circular tube®**

Correlation Conditions
§=64/Re, - (5.19) Laminar, fully developed
Nup = 4.36 (853) Laminar, fully developed, oniform g, Pr = 0.6
Nup =366 (8.55) Laminar, fully developed, uniform 7, Pr = 0.6
Nitp = 366 ‘
0.0668(I¥L)Re,, Pr
8.56 Laminar, thermal Pra1i i
1+ 00D s, PP (8.56) -yl ;,mwh( or an unheated starting
or
—_ Reg Privs f pu \ew
Nag = h&ﬁ( ) (—-) (857) Laminar, combined
ubn | \M {[Rep PrAL/DY ™/ l‘l 22, uniform 7,,
0.48 < Pr < 16,700, 0,004 < (/) < 9.75
f = 0.316Rex"™ (820a  Turbulent, fully developed, Rep = 2 X 10°
f=0.184Rep" (8206  Turbulent, fuily developed, Rep = 2 X 10*
ar
f=(0.7901n Rep — 1.69)% {821y Turbulent, fully developed, 3000 55 Re, =5 5 X 10°
Naup = 0.023Re 2" P (880¥  Turbulent, fully developed, 0.6 < Pr = 160,
Rep = 10,000, /D)2 10, n=04F2 T, > T,
ada=03foc T, <T,
or .
-4
Nug = 0.027Re 3° Pr'® (-E_;) (8.61¢ Turbulent, foily developed, 0.7 =< Pr = 16,700,
o Rey, = 10,000, LD = 10
or
(f/8)(Rep —~ 1000)Pr
= 9.53F  Turbulent, 0.5 < Pr < 2000,
Mo = T+ i 7mmer® - 1) ¢ 3000 = Rg,?gys x 1?, wo) =10
Nup = 4.82 + 0.0185(Rep, PrP¥ (8.65) Liguid metals, turbutent, fully developed, uniform ¢,

3.6 X 0P < Rep < 9.05 X 10°, 10° < Pep, < 10°

Nip = 5.0 + 0.025(Rep Pr)o" (8.66) Liquid metals, curbulent, fully developed,
uniform T, Pep > 100

*The mass transfer comelations may be cbtained by repiscing Nup and Pr by Sk and Se, respectively.

*Properties in Bquations 8,53, 8.45, 8,60, 8.61, 8.63, 8.65, and .66 are based on 7),; properties in Bquations 8,19, .20, and 8.21 are based on
T, w (T, + T)/2: properties in Bquations 8.56 and B.57 are based on 7, 2 (T.., + T )2, -
‘Equmsmmulmmmmmmmmmsssmummmmwmu .
‘Mlhmﬂmﬁmﬁqnmsm,IGl.u&ﬁamybeuledmewlmmemNnueltmmbu'm,mﬁemﬁmmbemgh,;f
(UD)2m'l‘hepmpetﬁﬂinuldlhmbsmlnmdanhuvmseofms-nmmm,rn-(rm+ru)n

“For tobes of noncircular eross section, Rep = Dy, /v, D, ™ 44JP, and u, = m/pA,. Results for fully developed lsminar flow are providad in
Table 8.1. For tarbilent fiow, Equation 8.60 may be used as a first approximation.

8/...
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TABLE 7.9 Summary of convection heat transfer correlations for external flow™ b
-

o |
Carrelation Geometry Conditions
3=5xRe;™ 719 Flat plate Laninar, Ty
.= 0.664Re] 12 (7.20) Flat plate Laminzr, local, T
Nu, = 0.332Re}” Pr'P (7.23) Flat plate Laminar, local, T, 0.6 5 Pr = 50
8= 5P (1.24)  Plat plate Laminar,
), = 1.328Re; {7.30) Flat plate Laminar, average, T
Nu, = 0.664Re)” Pr (1.31) Flat plate Laminar, average, 77, 0.6 < Pr= 50
Nut, = 056577 (7.3% Flat plate Laminar, local, T), Pr 5 0.05
C), = 0.0592Re; \° (7.35) Flat plate Turbulent, local, Ty, Re, < 10°
5=037tRe;"™ (126) Plat plate Terbulent, local, 7}, Re, < 10"
Nu, = 0.0296ReYS pP7 (130 Flat plate Turbulent, local, T), Re, < 103,
0.6 =< Pr= 60
Gz =007T4Re; " — 1742Re;! (1.43) Flat plate Mixed, average, T, Re, . = 5 X 10°,
Re, 5 108
Nty = (0.037Re}® — 871)Pr\2 {7.41) Flat plate . Mixed, average, T, Re, . = 5 % 105,
Re, < 10%,06 < Pr< 60
Nup = CREL PP (7.55b) Cylinder Average, T;, 04 < Rep < 4 X 10,
(Tabie 7.2} Pr=07
Ny = CRel Pri{PriPr)y" {7.56) Cylinder AVerage, I, 1 < Kep < It
(Table 7.4) _ 0.7 < Pr<500
Nup = 0.3 + [0.62Re? PR Cylinder Average, Ty, Reg, Pr>> 0.2
X (1 + (@A/PrYPY 1)
X [1 + (Rep/282,0005"1*> (&L |
Nup =2 + (04Re}? Sphere Average, To, 3.5 < Rep < 7.6 X 10%,
+ 0.06RP)Pr 0.71 < Pr <380
X (i)™ (7.59) '
Nup =2+ O.6Relf? PF (1.60) Falling drop Averags, T.,
Niig 2= 1.13C, Ref gy Pr' (7.63) Tube bank® Average, T), 2000 < Rep, o <4 X 10%,
(Tables 7.5, 7.6) Pr=07_
Niipy = C R o PPHPHPrYW Tube bank” Aversge, T, 1000 < Rep < 2 % 10F,
(Tables 7.7, 7.8) (767 0.7 < Pr <500
Single round nozzle (1.79) Impinging jet Average, T, 2000 < Re < 4 X 10°,
2< (/D)< 12,25 < (M) <15
Single slot nozzle (7.82) Impinging jet Avernge, Ty, 3000 < Re <9 % 10%,
2 < (BW) < 10,4 < (W) < 20
Arsy of round nozzles (1.84) Tmpinging jet Average, T}, 2000 < Re < 10°,
2 < (H/D) < 12,0.004 < A, < 0.04
Amray of slot nozzles (1.87) Impinging jet Average, 77, 1500 < Re < 4 X 10%,
2 < (H/W) < 80,0.008 < A, < 2.54,,
gy = &y = 206Re5™"” (1.91) Packed bed Aversge, T, 90 < Rep, < 4000, Pr =+ 0.7
of spheres®

Corvelations in this table pertain w iscthormal surfaces; for special cascs invalving an unheated starting length or a uniform surface heat flux,

see Section 1.2.4.

ihen the heat and mass wansfer anslogy is applicable, the corresponding mass transfer comelations may be obizined by replaciag Nit and Pr

by Sk and Sc, respectively.

For tube banks and packed beds, properties are evaluated at the average floid temperatute, T= (T; + T,V2, or the averags film temperature,

To= (T, + TY2.

9/...
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TABLE 7.2 Constants of Equation

7.55b for the circular cylinder

in cross flow [14, 15]
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TABLE 6.2 Selected dimensionless groups of heat and mass transfer

Group Pefinition Interpretation
Biot nomber kL Ratio of the internal thermal resistance of a solid
(8i) k, to the boundary layer thermal resistance.
Mass tragsfer kL Ratio of the internal species transfer resistance to
Biot nnmber = the boundary layer species transfer resistance.
(Bi,) Dyy
Bond number - 2 Ratio of gravitationat and surface
(Bo) o ,,-p")L tension forces.
Coefficient r Dimensionless surface shear stress.
of friction 2
(€p ovi2
Eckert number Ww Kinetic energy of the flow relative to the
(Ec) T, — Tw) bounndary layer enthelpy difference.
Fouriet aumbet at Rutio of the heat conduction rate to the rate of
(Fo) X thermal encrgy storage in a solid. Dimensionless
time,
Mass transfer Dast Ratia of the species diffusior rate to the rate of
a'o;:i)unumbet N species storage. Dimensionless time.
Friction factor op Dimensionless pressure drop for internal flow.
0 (WDXpiif2)
%:Bhof number  og(T - T, )3 Ratic of buoyancy to viscous forces.
Colburn j factor 5t ;:.m Dimensionless heat transfer coefficient.
G
Colburn j factor 51, Sc&° Dimensionless mass transfer coefficient.
()
Jakob number M Ratio of sensible to latent energy ahsorbed
(Ja) hy, during tiquid—vapor phase change.
Lewis number - Ratio of the thermal and mass diffusivities.
(Le) Dy
Nusselt nomber hL Dimensionless temperature gradient at
(Vuy) ke the surface.
Peclet number VL_ pe p Dimensionless independent heat transfer
(Pey) o T Retr parameter.
Prandil numbesr Sl Ratio of the momentum and thermal diffusivities.
(Pr) - o a
Reynolds number VL Ratio of the inertia and viscous forces.
(Rey) v
Schmidt tumber v Ratic of the momentum and diffusivities.
(§¢c) Dy
Sherwaod number Il Dimensionless concentration gradient at
(Shy) Dy the surface.
Stanton number N Modified Nusselt number.
59 pVc, Re Pr
Mass transfer hy _ Shy Modified Sherwood number.
Stanton number V  ReSc
(5%.)
‘Weber number pVL Ratio of inertia to surface tension forces.
o

(We)

12/...
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Heat transfer at a boiling surface:

g5 =T ~ T, )= hAT, .....10.3

Nucleate boiling correlation:

3
" h g(p[_pv) "2 Cp.!AT; :
Is =Hlgl ™ C h. P
) s, f " fg il

1/4
Gee = 0-149h,gpv[M;p“)} veren10.7
p

v

TABLE 10.1 Values of C, ; for various

surface—fluid combinations [5-7]
Surface-Fluld Combination Cos "
Water—copper

Scored 0.0068 1.0

Polished 0.0130 1.0
Water—stainless steel

Chemically etched 0.0130 10

Mechanically polished 0.0130 1.0

Ground and polished 0.0060 1.0
Water—hbrass 0.0060 1.0
Water-nickel 0.006 1.0
Water-platinum 0.0130 1.0
n-Pentane-copper
- Polished 0.0154 1.7

Lapped 0.0049 L7
Benzene—chromium 0.0101 1.7

0.0027 L7

Ethyl alcohol~chromium.

Minimum heat flux (Zuber) (moderate pressures):

( . ) 1/4

” O\ — P

Gmin =0.090,h [—~—————J veeens10.8
% (p! +pv)2

Film pool boiling for Ts<300°C (radiation component low):

k

v

— Y
. _ hl D3 .
NuFM:c.[gG(p’ pu)y } ...10.9

v,k (T - T,)

C = 0.62 for horizontal cylinders and C = 0.67 for spheres.

K, =h, +0.80c,, (T, ~T,,)

Film pool boiling for Ts>300°C:
I R Y

if hmd =< hcmw;

_eo(T*-T2)
T T

sat
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External forced convection boiling of a cylinder in cross flow:...10.12 (High:a Low:b)

. ” }é
High velocity: —=— = L 1+( 4 J

phV = We,

G max _(p[pv)% +(p[p,,)%

phgV 1697 19omwels

Low velocity:

_pV’D
o

We,

" %
I Jo < [@} 21" 41 then the velocity is high, otherwise it is low
phgV L om Ipv

CONDENSATION:

Nusselt laminar film condensation correlation:
h,.L

L

Nu, =

174
p.8(p, — py )iy L 1031
wk (T, =Ty | 7

Modified latent heat of formation term for condensation (Rohsenow):

hy, =h,;(1+0.68Ja)......10.26

= 0.943[

Total heat transfer to the surface:

g=h AT, -T;).....10.32
Total condensation rate:
_ 4 AT mT) | 1033
e, h,

Reynolds number for condensation

o 4
Re, = 4 _ o0
ppb He

Condensate mass flowrate:

e 10,35

m(x) = pyu, b6 (x)

=b go/(p - p, )0 (x)’ o-.10.19
3u,

m(x)

I = mean velocity,d = thickness,b = breadth of plate

14/...
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Thickness of condensate:

1/4
4knu:(Tsa: _Ts)x:l
go:(p, —pv‘)hj:g

o(x)= {
Res < 30 for wave-free laminar flow:

T2, K4
W87 | 47Re ... 1037

!
Hi
30<Re;s < 1800 for wavy laminar flow: Vi=—"
P
ROH2)" _ Re,
k, 1.08 Ro:ﬁfs'22 —-52
Res > 1800 for turbulent flow:
A% Re,
k, 8750+ 58Pr % (Reg:75—253)
TABLE 1.5 Summary of heat transfer processes
]
Transport
Equation Property or
Mode . Mechauism(s} Rate Equation Number Coefficient
Conduction Diffusion of energy due 4 (Wim?) = -—k% (LD k(Wim - K)
to random molecular
motion
Convection Diffusion of cnergy due g (Wim®) = l(T, = 1.) (1.3a) h (Wim' - K)
to random molecular
metion plus energy
transfer due to bulk
motion (advection)
Radiation Energy transfer by FiWm®) = sa(r} = TH) an €
electromagnetic wuves org (W) = AT, — T,,) (1.8) k. (Wim? - K)
TaBLE 10.1 Values of C, ; for various
surface-fluid combinations [5-7]
L —
Surface-Fiuid Combination Cos a
Water—copper
Scored 0.0068 140
Polished 0.6130 1.0
Water—stainiess stee]
Chemically etched 0.0130 14
Mechanicaily pofished 00130 10
Ground and polished 0.0060 1.0
Water-brass 00060 1.0
Water-nickel 0008 1.0
Water-platinum 0.0130 1.0
n-Pentane—copper
Paolished 0.0154 L7
Lapped 0.0049 1.7
Benzene—~chromium 0.0101 1.7

Ethy! alcohol-chrontium 0.0027 1.7




