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QUESTION 1

1.1.  Show that A2F21 = A1F1. for two infinitely large parallel flat surfaces of
unequal size. (6)

1.2.  Around black body ball of diameter 0.1m at an initial
temperature of 527°C is suspended in the centre of a spherical
oven of diameter 1m, filled with air at a temperature of 677°C
and lined on the inside with brick at a temperature of 1027°C.
The brick lining exhibits the same non-grey body
characteristics as kaolin. Calculate the net radiation heat

transfer to the ball. Show view factors in your calculations. (15)
[21]
QUESTION 2 —
Steam at 1 atmosphere needs to condense at a rate of 0.001kgs™ on
the outside of a tube with inside and outside diameter of 0.10mand — —
0.12m respectively and length 2m. The (turbulent) water flowing Steam
inside the tube is at 330K (average Tm) to provide the cooling, and 8
the thermal resistance of the pipe is negligible. I =
2.1.  What should the temperature of tube surface be? (35)
2.2.  What should the Reynold’s number (Re) of the cooling —
water inside the tube be to ensure such a surface temperature? (18)
[53]
QUESTION 3
A flat slab of naphthalene of dimensions 20cm x
|:>Air p—"7 | " 10cm x 1cm (Ixbxt) is exposed at the top to (fresh)

128.16gmol, and the vapour pressure of
naphthalene for the operating conditions (Total
pressure = latm and 27°C) is 11.9Pa, with
Dag=0.62x10°m?st. Mass transfer from the ends of the slab may be neglected.

‘rmptha,ene air flowing at 12ms™. The MW naphthalene =

3.1. Draw a diagram of the naphthalene concentration profile above the plate.(10)

3.2.  Estimate the mass loss (g) of naphthalene after 24 hours of exposure to the air.
(35)

[45]
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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 md*/6
Absorbtivity and emissivity of Kaolin Thermal conductivity of Kaolin
insulating brick: insulating brick:
800K €=0.70 2WmK?
1200K €=0.57
1400K €=0.47 € =e(T)anda =€ (T)
1 1 1 1 1 2
16(\nV ~—-—NECD

TABLE A.4 Thermophysical Properties
of Gases at Atmospheric Pressure®

T p ¢, pe 100 w10 k- 10° - 10°
(K)y (kg/m® (kFkg-K) (N-sim®) (m¥%s) (Wm-K) (m%s) Pr
Air
100 3.5562 1.032 711 2.00 9.34 254 0786
150 23364 1.012 103.4 4426 13.8 584 0758
200 1.7458 1.007 132.5 7.5390 18.1 103 0737
250 1.3947 1.006 159.6 11.44 223 15.9 0.720
300 1.1614 1.007 154.6 15.89 26.3 225 0707
350 0.9950 1.009 208.2 2042 300 299  0.700
400 0.8711 1014 2301 26.41 338 38.3 0.690
450 0.7740 1.021 250.7 3239 373 472 {.686
500 0.6564 1.030 27001 38.79 407 36.7 0.684
550 06329 1.040) 2884 45.57 43.9 60.7 0.683
a0 05804 1.051 303.8 52.69 46.9 769  0.685
630 0.5356 1.063 3225 60.21 49.7 873 0650
700 04975 1.075 338.8 68.10 52.4 980  0.6895
750 04643 1.087 354.6 70.37 249 1% 0.702
300 04334 1.09g 369.8 84.93 57.3 120 0.709
a0 04097 1.110 384.3 93.80 39.6 131 0716
QoG 03865 1121 398.1 132.9 62.0 143 (1.720
950 0.3666 1.131 411.3 112.2 64.3 155 0.723
1000 (L3432 1.141 424.4 121.9 66.7 168 (1726
1100 03166 1.159 449.(} 141.8 715 195 0728
1200 0.2902 1.173 473.0 162.9 76.3 224 (.728
1300 0.2679 1.189 496.0 185.1 g2 238 0.719
1400 0.2488 1.207 530 213 9l 303 0.703
1500 0.2322 1.230 557 240 Loo 350 {.685
1600 02177 1.248 384 268 106 390 {).688



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

a,b,e

Correlation Conditions
f = 64/Re; (8.19) Laminar, fully developed
Nup = 4.36 (8.53) Laminar, fully developed, uniform g, Pr = 0.6
Nuy, = 3.66 (8.55) Laminar, fully developed, uniform T,, Pr = 0.6
Nup = 3.66
0.0668(DfL)Rey P
(DIL)Rep Pr 7 (8.56) Laminar, thermal entry length {Pr 1 or an unheated starting
1 + 0.04[(DYL)Rey, Pr] length), uniform 7,
or
— Re. Pri13 014
Nty = 1.86 ( I"J"D ”) (h’i) (8.57) Laminar, combined entry length
* {[Rep PrI(L/D)"P(uuf )%} = 2, uniform T,
0.48 < Pr < 16,700, 0.0044 < {u/p) < 9.75
f = 0.316Re;" (8.20a)° Turbulent, fully developed, Rep, = 2 X 10*
f = 0.184 Rep (8.20b)°  Turbulent, fully developed, Rep =2 X 10*
or
F=(©.790 In Rep — 1.64)2 {8.21) Turbulent, fully developed, 3000 < Rep = 5 X 108
Nuy, = 0.023Re ) Pr (8.60)" Turbulent, fully developed, 0.6 = Pr = 160,
Rep = 10,000, {L/D) = 10,n = 04 for T, > T,,
andn=03for T, < T,
or
e
Nip = 0.027Re* Pr'® | o 8617 Turbulent, fully developed, 0.7 < Pr < 16,700,
Rep = 10,000, L/D = 10
or (f/8)(Re,, — 1000)Pr
up = T (8.63)° Turbulent, fully developed, 0.5 < Pr < 2000,
1+ 127(fB)™(Pr=° - 1) 3000 < Re, < 5 X 10°, (L/D) = 10
Nug = 4.82 + 0.0185(Rep, Pr)™ (8.65) Liquid metals, turbulent, fully developed, uniform ¢,
3.6 X 10° < Rep < 9.05 X 105, 107 < Pe, < 10°
Nup = 5.0 + 0.025(Re, Pr)°® (8.66) Liquid metals, turbulent, fully developed,

uniform 7T,, Pey > 100

“The mass transfer correlations may be cbtained by replacing Nu; and Pr by Shy and Sc, respectively.

*Properties in Equations 8.53, 8.55, 8.60, 8.61, 8.63, 8.65, and 8.66 are based on T,,; properties in Equations 8.19, 8.20, and 8.21 are based on
T, = (T, + T,)/2; properties in Equations 8.56 and 8.57 are based on 7, = (T, + T,.,)/2.

“Equations .20 and 8.21 pertain to smooth tubes. For rough tubes, Equation 8.63 should be used with the results of Figure 8.3,

9As a first approximation, Equation 8.60, 8.61, or 8.63 may be used to evaluate the average Nusselt number Nuj, over the entire tube length, if
(L/D) = 10. The properties should then be evaluated at the average of the mean temperature, 7,, = (7,,; + T, ,)/2. -

“For tubes of noncircular cross section, Rep = Dy, /v, D, = 4A /P, and u,, = mipA,. Results for fully developed laminar flow are provided in
Table 8.1. For turbulent flow, Equation 8.60 may be used as a first approximation.



TABLE 7.9 Summary of convection heat transfer correlations for external flow™ ®

Correlation Geometry Conditions
8§ =5xRe]'? (7.19) Flat plate Laminar, T,
Cp. = 0.664Re; 12 (7.20) Flat plate Laminar, local, T
Nu, = 0.332Re)* PP (7.23) Flat plate Laminar, local, T, 0.6 < Pr = 50
8 =8P 13 (7.24) Flat plate Laminar, T,
C;. = 1.328Re; ' {7.30) Flat plate Laminar, average, T,
Nut, = 0.664Re!? Pr (7.31) Flas plate Laminar, average, Ty, 0.6 = Pr = 50
Nu, = 0.565P¢)? (7.33) Flat plate Laminar, local, T,. Pr = 0.05
Cp = 0.0592Re; " {(7.35) Flat plate Turbulent, local, T}, Re, = 10°
5 =037xRe] ' (7.36) Flat plate Turbulent, local, T, Re, < 10%
Nu, = 0.0296Re¥> Pr'? (.37 Flat plate Turbulent, local, Ty, Re, = 10,
0.6 = Pr=060
Cyz = 0.074Re; " — 1742Re;! (7.43) Flat plate Mixed, average, Ty, Re, , = 5 X 10%,
Re, < 10°
Nuy = (0.037Rel" — 871)Pr” (741) Flat plate Mixed, average, Ty, Re, . = 5 X 1{?,
Re, = 105, 0.6 < Pr << 60
Nup, = CRel Pr'? (7.55b) Cylinder Average, T;, 0.4 < Rej, < 4 % 10°,
(Table 7.2} Pr=07
Nup = C Rely PP(PrlPr)" (7.56) Cylinder Average, T.,, 1 < Rep, < 105,
(Table 7.4) 0.7 < Pr < 500
Nup = 0.3 + [0.62Rel? Pr'? Cylinder Average, Ty, Rep, Pr> 0.2
X [1 + (0.4/PryP)4) .
X [1 + (Rep/282,000)%3}¥5 (7.57)
Nup =2+ (0.4Rel? Sphere Average, T., 3.5 < Rep < 7.6 X 10,
+ 0.06ReZ*)Pr"4 0.71 < Pr <380
X (W)™ (7.59)
Nup =2 + 0.6Re}? Pr' (7.60) Falling drop Average, T,
Nup = 1.13C,Re} s Pr'”? (7.63) Tube bank® Average, T, 2000 < Rep, pey < 4 X 10,
(Tables 7.5, 7.6) Pr=07 _
Nup = C R} oy Pr*(PriPr )" Tube bank® Average, T, 1000 < Rep < 2 X 10°,
(Tables 7.7, 7.8) (7.67) 0.7 < Pr<500
Single round nozzle (1.79) Impinging jet Average, Tj, 2000 < Re < 4 X 10°,
2<(H/D)<12,25<(/D)<15
Single slot nozzle (7.82) Impinging jet Average, Ty, 3000 < Re <9 X 104,
2 < (H/W) < 10,4 < (/W) < 20
Array of round nozzles (7.84) Impinging jet Average, T, 2000 < Re < 10°,
2 < (H/D) < 12, 0.004 < A, < 0.04
Array of slot nozzles (7.87) Impinging jet Average, Ty, 1500 < Re < 4 X 10%,
2 < (H/W) < 80,0.008 < A, < 2.54,,
&y = &), = 2.06Re;* (7.91) Packed bed Average, T, 90 < Rep, < 4000, Pr ~ 0.7
of spheres®

“Correlations in this table pertain to isothermal surfaces; for special cases involving an unheated starting length or a uniform surface heat flux,
see Section 7.2.4.

"When the heat and mass transfer analogy is applicable, the corresponding mass transfer correlations may be obtained by replacing Nu and Pr
by Sh and S, respectively. _

“For tube banks and packed beds, properties are evaluated at the average fluid temperature, T = (T; + T,)/2, or the average film temperature,
T,= (T, + T)/2.



TABLE 6.2 Selected dimensionless groups of heat and mass transfer

Group Definition Interpretation
Biot number AL Ratio of the internal thermal resistance of a solid
(Bi) k. to the boundary layer thermal resistance,
Mass transfer hL Ratio of the internal species transfer resistance to
Biot number m the boundary layer species transfer resistance.
: D
(Bi,) AB
Bond number 2o, — p)L* Ratilo of gravitationat and surface
(Bo) — 7 tension forces.
Coefficient . Dimensionless surface shear stress.
of friction ;
(€ pVi2
Eckert number V2 Kinetic energy of the flow relative to the
(Ec) T — T.) boundary layer enthalpy difference.
Fourier number at Ratio of the heat conduction rate to the rate of
{Fo} 2 thermal energy storage in a sotid. Dimensionless
time.
Mass transfer Dpt Ratio of the species diffusion rate to the rate of
Fourier number Iz species storage. Dimensionless time.
(Fo,,)
Friction factor Ap Dimensionless pressure drop for internal flow.
&) (LIDX(pu/2)
Grashof number gB(T, — T Ratio of buoyancy to viscous forces.
Gr) e
Colburn f factor St pri Dimensionless heat transfer coefficient.
(Jw)
Colbum j factor 51, 5c¢2? Dimensionless mass transfer coefficient.
()
c (Ts _Tsnl) i i
Jakob number opTs T Ratio of sensible to latent energy absorbed
(Ja) by, during liquid—vapor phase change.
Lewis number & Ratio of the thermal and mass diffusivities.
(Le) Dy
Nusselt number kL Dimensionless temperature gradient at
(Nu,) ks the surface.
Peclet number VL _p. p Dimensionless independent heat transfer
(Pey) o Ralr parameter.
Prandtl number Gy Ratio of the momentum and thermat diffusivities.
(Pr) & o
Reynolds number 1173 Ratio of the inertia and viscous forces.
(Re;) v
Schmidt number v Ratio of the momentum and mass diffusivities.
(§¢c) D,y
Sherwood number h,L Dimensionless concentration gradient at
(Shy) D., the surface.
Stanton number B _ Ny Meodified Nusselt number.
(50 pVc, Re Pr
Mass transfer h,  Sh, Moedified Sherwood number.
Stanton number Vv o Re,Sc
(St,,)
Weber number pVL Ratio of inertia to surface tension forces.
(We) T
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Heat absorbed
Q=mC,AT

Fourier’s law in one dimension:

. dT
g, =k
dx

Newton’s law of cooling:

d, =h(Ts —T.) use ATuw for varying (Tg -T,)

Stefan Boltzmann Law:

q =oTd
q =eT
G-= FSurrSaaTS‘er

o =5.67x10°*Wm—=2K*

Thermal diffusivity:

o=—

Py

Average heat transfer coefficient for a
generic surface and a flat plate:

ho 1
h_Asih.dAs

_ 1k
h=E.([h.dx

Heat transfer at a boiling surface:
s = (T, =T, )=hAT, .....10.3

Nucleate boiling correlation:
1/2
o [9le-p.)
(2

prlATe
C,; hfg Pr

q; = KN

TaBLE 1.1 Typical values of the
conveetion heat transfer coefficient

Process h
(W/m? - K)
Free convection
Gases 2-25
Liquids 50-1000
Forced convection
Gases 25-250
Liguids 100-20.000

Convection with phase change

Boiling or condensation 2500-100,000

TaBLE 10.1 Values of C, ; for various
surface—fluid combinations [5-7]

Surface-Fluid Combination Cet n
Water—copper

Scored 0.0068 1.0

Polished 0.0130 1.0
Water—stainless steel

Chemically etched 0.0130 1.0

Mechanically polished 0.0130 1.0

Ground and polished 0.0060 1.0
Water—brass 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 1.7
Benzene—chromium 0.0101 1.7
Ethyl aleohol—chromium 0.0027 1.7




Critical heat flux (Kutateladze and Zuber):

( ) 1/4
0, =0.149h, p, {agp'—_pV} 10.7

2| eeeees

Py

Minimum heat flux (Zuber) (moderate pressures):

( ) 1/4
Omin = 0.09,h {W'—_’Og} ...... 10.8
(o +p,)

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

— , %
Noony-D :c.[ga(p' _p”)hngs} 109

NUD — _conv’

I(v Vy kv (Ts _Tsat)
C = 0.62 for horizontal cylinders and C = 0.67 for spheres.
h'fg = hfg +0'80Cp,v(TS _Tsat)

Film pool boiling for Ts>300°C:
A7 =h23, + P

conv rad
If I‘_]rad = I‘_]conv;
o 10.10
4
4 4
where h,, o (T, ~ T
T, -T

External forced convection boiling of a cylinder in cross flow:

=l

o () (0)

phV 1697 g92awels

High velocity: O _ 1 1+

pvhfgv T

Low velocity:

PV 2D
o

We, =



14 %
If 0 e < {0'275}{ﬂ|} +1 then the velocity is high, otherwise it is low
pvhfgv T IDV

CONDENSATION:
Nusselt laminar film condensation correlation:

h, .L
uL:;
L

Z|

. h' .L3 1/4
=0.943{’OL9(”L A } 1031

/uL'kL (Tsat _Ts)
Modified latent heat of formation term for condensation (Rohsenow):

hy, =h,(1+0.68Ja)......10.26
Total heat transfer to the surface:
q=h. AT, -T).....10.32

Total condensation rate:

zizﬁL.A(Tsat—TS)
hiy hiy

....10.33

Reynolds number for condensation
_4m  4pu. o
- p b - He

Condensate mass flowrate:

Re, o035

m(x) = p,u,bS(x)

b 9o (P| _pv)é'(x)?’ .....10.19
3y,

m(x) =

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

Thickness of condensate:

1/4
4kllul (Tsat _TS )X:|

o =
(X) l:gpl(pl _pv)hfg

Res < 30 for wave-free laminar flow:

— 2 % )
DT grre ... 1037
| _ _H
30<Re; < 1800 for wavy laminar flow: Vi = ;
|
HL (V|2 /g)% _ Re;

K,  1.08Ret?-52



Res > 1800 for turbulent flow:

ﬁL (V|2 /g)% B Re,
K, 8750+58Pr*°(Re 2'75 —253)

Radiation Data:
Stefan Boltzmann constant = 5.67 x 10°8Wm=2K-1

View factors:
-Two parallel infinite surfaces:
F,=F,=1
-Concentric cylinders, spheres and in general:
Py = oA (Reciprocity Theorem)

For metals: g1 = £1(T1) and a1 = £1(VT112)

TABLE 1.5 Summary of heat transfer processes

Transport
Equation Property or
Mode Mechanism(s) Rate Equation Number Coefficient
Conduction Diffusion of energy due 4, (W/m%) = —k% (1.D k (W/m - K)
to random molecular
motion
Convection Diffusion of energy due g (Wim?) = h(T, — T..) (1.3a) h (Wim? - K)
to random molecular
motion plus energy .
transfer due to bulk
motion (advection)
Radiation Energy transfer by g (Wim?) = ea(T! — T%) (L.7) €
electromagnetic waves org (W) =hA(T, —T,,) (1.8) h, (W/m? K)




TARLE 13.3 Special Diffuse, Gray, Two-Surface Enclosures

L ]

Large (Infinite) Parallel Planes

Ay T g

4= Aa(T} — T3)
Ay B Az = 1]—12 (13.24)
A Ta 8 Fo=1 — 4 — =1
€ &
Long (Infinite) Concentric
Cylinders
f
A _ oAT T
rs A, N qi2 L l-e/r (13.25)
i + J—
Fpy = £ &2 "
Concentric Spheres
A A  gA((TI T
A, A e Lloa(ny (13.26)
Fi,=1 & 2 B
Small Convex Object in a Large Cavity
A Ty N
. A 4 4
A—*O qlzz(fAlEl(Tl - TQ) (13.27)
2

= A, T, 85 Frp=1




TABLE 14.1 Summary of Species Diffusion Solutions for Stationary

Media with Specified Surface Concentrations®

Species Concentration

Species Diffusion

1

Geometry Distribution, x,(x) or x,(r) Resistance, R, 4
X b
XA(JC) = (xA-S‘Z - xA.sE) Z + X451 R, it = m
Xa, 51
-
Tan T a2 (7 In (ro/r,)°
= — |+ x5 =2
XA(r) In (I‘I/}"Q) In (rz) Xas0 Rm.dlr 27TLDAB
" ‘ _ Xasi T Xas2 1 1 1 1
Fa XA(r)_ lllrg - 1/7"2 (f Fa +XA'52 R"Ldif_m "".T "_2
XA, 52
xA, 51

|

“Assuming C and D,y are constant.
hNA,x = (Casi = Ca )Ry gt !
Nar = (Can = Ca Ry, g

TABLE 3.3 One-dimensional, steady-state solutions

to the heat equation with no generation
L ]

Plane Wall Cylindrical Wall® Spherical Wall®
, d*T _ 14 dry_ Ldf,4T)_
Heat equation i ] r dr (r dr) ¢ wy (r dr) 1]
In {riry} 1 —(nfr)
Temperature _arX L+ AT 2 T, — AT[
distribution T ATL Lz In {r/ry) ] 1 —(rfr)
" AT kAT kAT
Heat fl k— I —_—
eat flux (7)) L rin(ryfr)) () — (Uil
AT 2aLk AT 4wk AT
Heat rate (q) kT In (7,/y) i) — 1y
Thermal L lﬂ(rlf‘rl) (1!‘}'])—{1;?'2)
kA 2Lk dak

resistance (R, ,,..)

“The critical radius of insulation is . = &/h for the cylinder and r, = 24&/4 for the sphere.




