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Transfer Processes 2A TPRCHAZ2: SSA

Question One [Total: 12 Marks]

Consider a cube of dimension d = 1 cm, temperature 400 K, emissivity 0.8 and
absorptivity 0.9 hanging in a room where the air temperature is 300 K and the
. wall, ceiling and floor are at 310 K. The relevant heat transfer coefficient is 10
;;' d Wm?2K11.1. Calculate the percentage of the total heat that is lost from the

cube surface due to convection. [10]
1.2.  What will happen to the temperature of the block with time? Explain. [2]

Question Two [Total: 34 Marks]

wiae 0.01 kgs™ of a pharmaceutical liquid, consisting mainly of water
(assume same physical properties), is to be sterilized by heating
= from 300 K to 350 K in a straight 0.02 m internal diameter
stainless-steel tube. For this tube, a uniform surface temperature
of 373 K is maintained by steam condensing on the outer surface
of the tube. Thermal resistance of the tube wall may be neglected,
#i=8+% and fully developed velocity and temperature profiles may be

assumed.

2.1.  Isthe steam temperature constant? Explain. [2]
2.2.  Draw an annotated diagram in your script and estimate the length of the tube. [30]
2.3.  What type of heat is used to increase the liquid temperature? [2]

Question Three [Total: 10 Marks]

Acetone diffuses through air at 273 K in an equimolar counter current flow mode through a
cylinder of length 1m and diameter increasing gradually from 0.1 m to 0.2 m. The drop in
acetone concentration from the inlet to the outlet of the cylinder is 5 molm™=. What is the steady
state diffusion rate of the acetone? [10]

Question Four [Total: 16 Marks]

Carbon dioxide is stored in an elevated square rubber tank with
wall thickness 0.01 m and dimensions 2mx3mx1m high at an

air absolute pressure of 200 kPa. Neglect the concentration of
=> ‘™ carbon dioxide in the air next to the tank and estimate how much
m carbon dioxide is lost from the tank in gd* due to diffusion
3m through all six surfaces in total. [16]

END [Total: 72 Marks]

Page 2 of 11



Transfer Processes 2A

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

Heat transfer data:

TaBLE 1.1 Typical values of the
conveetion heat transfer coefficient

Process h
(Wim?+ 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 1.5 Summary of heat transfer processes

TPRCHA2: SSA

Transport
Equation Property or
Mode Mechanism(s) Rate Equation Number Coefficient
. . . " 2N dr
Conduction Diffusion of energy due g, (W/m*) = —ka (1.1) k (W/m - K)
to random molecular
motion
Convection Diffusion of energy due q" (Wim? = (T, — T.,) (1.3a) h (W/m?- K)
to random molecular
motion plus energy
transfer due to bulk
motion (advection)
Radiation Energy transfer by q"(Wim? = eo(T} — T2, (1.7) £
electromagnetic waves orqg (W) =hA(T, — Ty (1.8) h, (W/m? - K)
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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
(Sh;) B; the surface.
Stanton number K _ Ny Modified Nusselt number.
1)) pVc, Re,Pr
Mass transfer h,  Shy Modified Sherwood number.
Stanton number V  Re,Sc
(8t,)
Weber number pV’L Ratio of inertia to surface tension forces.
(We) a

TPRCHA2: SSA
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TPRCHAZ2:

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 =0.37x Re; ' (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
Cyy = 0.074Re; ¥ — 1742Re;! (7.43) Flat piate 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 PriPriPr)" (7.56) Cylinder Average, T.,, 1 < Rep, < 105,
(Table 7.4) 0.7 < Pr< 500
Nup = 0.3 + [0.62Re? Pr'? Cylinder Average, Ty, Re, Pr> 0.2
X [1 + (0.4/PryP1 1) :
X [1 + (Rep/282,000)%3}¥5 (7.57)
Nup =2+ (0.4Re}? Sphere Average, T., 3.5 < Rep < 7.6 X 10,
+ 0.06ReZ)Pr*4 0.71 < Pr < 380
X (uip)" (7.59)
Nup =2 + 0.6Re}? Pr'# (7.60) Falling drop Average, T.,
Nup = 1.13C,Re} s Pr'”> (7.63) Tube bank® Average, Ty, 2000 < Rep, o < 4 X 10°,
gables 7.5,7.6) Pr=0.7 _
Nup = C R}y Pr*(PriPr )" Tube bank® Average, T, 1000 < Rep, < 2 X 105,
(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<(HMD)<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,,
&jy = &), = 2.06Rex*™ (7.91) Packed bed Average, T, 90 < Re, = 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,+ D

SSA
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Transfer Processes 2A TPRCHAZ2: SSA

TABLE A.4 Thermophysical Properties

of Gases at Atmospheric Pressure® _
__________________________________________________________________________________________________________ ]

T p ¢ pe 100 v 108 k-10° o - 10
K) (kg/m®) &JAkg -K) (N-s/m?) (m¥s) (Wm-K) (m¥%) Pr
Air
100 3.5562 1.032 71.1 2.00 9.34 254 Q786
150 2.3364 1.012 1034 4426 13.8 584 0.758
200 1.7458 1.007 1325 7.590 18.1 103 0.737
250  1.3947 1.006 159.6 11.44 223 159 0.720
300 1.1614 1.007 184.6 15.89 26.3 22.5 0.707
350 09950 1.009 208.2 20.92 300 299 0.700
400  0.8711 1.014 230.1 26.41 338 383 0.690
450  0.7740 1.021 250.7 32.39 37.3 47.2 0.686
500  0.6964 1.030 270.1 38.79 40.7 56.7 0.684
550 0.6329 1.040 288.4 45.57 439 66.7 0.683
600  0.5804 1.051 305.8 52.69 46.9 76.9 0.685
650  0.5356 1.063 322.5 60.21 497 873 0.690
700 04975 1.075 338.8 68.10 524 98.0 0.695
750 0.4643 1.087 354.6 76.37 54.9 109 0.702
800 0.4354 1.099 369.8 84.93 573 120 0.709
8§50 04097 1.110 384.3 93.80 59.6 131 0.716
900  0.3868 1.121 398.1 102.9 62.0 143 0.720
950 0.36606 1.131 411.3 112.2 64.3 155 0.723
1000 0.3482 1.141 424 .4 121.9 66.7 168 0.726
1100 0.3166 1.159 4490 141.8 7.5 195 0.728
1200  0.2902 1.175 473.0 162.9 76.3 224 0.728
1300 0.2679 1.189 496.0 185.1 82 238 0.719
1400  0.2488 1.207 530 213 91 303 0.703
1500  0.2322 1.230 557 240 100 350 0.685
1600 0.2177 1.248 584 268 106 390 0.688
1700  0.2049 1.267 611 298 113 435 0.685
1800  0.1935 1.286 637 329 120 4382 0.683
1900  0.1833 1.307 663 362 128 534 0.677
2000 0.1741 1.337 689 396 137 589 0.672
2100 0.1658 1.372 715 431 147 646 0.667
2200 0.1582 1.417 740 468 160 714 0.655
2300 0.1513 1.478 766 506 175 783 0.647
2400  0.1448 1.558 792 547 196 869 0.630
2500 0.1389 1.665 818 589 222 960 0.613
3000 0.1135 2.726 955 841 486 1570 0.536
Ammonia (NH;)
300 0.6894 2.158 101.5 14.7 24.7 16.6 0.887
320 0.6448 2.170 109 16.9 27.2 19.4 0.870
340  0.6059 2.192 116.5 19.2 29.3 22.1 0.872
360 0.5716 2.221 124 217 31.6 249 0.872
380  0.5410 2.254 131 24.2 340 279 0.869
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Transfer Processes 2A

TaBLE 3.3 One-dimensional, steady-state solutions

to the heat equation with no generation
L |

Plane Wall Cylindrical Wall” Spherical Wall®
, d*T _ 1d{ a7\ _ Ldf.dl)_
Heat equation ™ 0 r dr (r dr) 0 Y (r dr) 1]
In {rir;} 1 —{r/n
Temperature At T M T, — AT [—
distribution T — ATy w In (r\/ry) g 1 —(r/ry)
# AT kAT kAT
Heat l k= e —_—
cat flux (7)) L rin(ry/r) (e — (1))
AT 2wlk AT 4wk AT
Heat rate (¢) kAT In (r27y) ry) — (1)
Thermal L 1[1(?‘2!'.?'1) (1!'}”|)—{1/r2)
resistance (R, . kA 2wlk 41k

“The critical radius of insulation is r, = k/k for the cylinder and r, = 2&/h for the sphere.

Radiation Data:

Stefan Boltzmann constant = 5.67 x 108Wm2K1

TPRCHA2: SSA
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TPRCHA2: SSA

TaBLe 13.3  Special Diffuse, Gray, Two-Surface Enclosures

oo e e e e i e i e
Large (Infinite) Parallel Planes

A=A,
.‘12. Tz, 82 [‘]2 = l
Long (Infinite) Concentric
Cylinders
f%| o r,
A

qi2 = = (13.24)

oA(T =T
g1 —
I b‘z('”l) (13.25)
+ it

£ En L5

agA (T — T3)

1—&(r)? (13.26)
R U

12—

0|

G2 = 0A,6,(T1 — T 1327
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Diffusion Data:

TABLE A.8 Binary Diffusion Coefficients at One Atmosphere®®

L |
Substance A Substance B (K) (m*/s)
Gases

NH, Air 298 028 x 1074
H,0 Air 298 0.26 X 1074
Cco, Air 298 0.16 x 107*
H, Air 298 0.41 X 1074
0, Air 298 021 X 107
Acetone Air 273 0.11 X 107*
Benzene Air 298 0.88 X 1073
Naphthalene Air 300 0.62 X 1073
Ar N, 293 0.19 x 107*
H, 0, 273 0.70 X 10~
H, N, 273 0.68 X 107
H, CO, 273 0.55x 107
CO, N, 293 0.16 X 107*
CO, 0, 273 0.14 x 107*
0, N, 273 0.18 X 107*

Dilute Solutions

Caffeine H,0 298 0.63 X 107°
Ethanol H,0 298 0.12 x 1078
Glucose H,O 298 0.69 X 107°
Glycerol H,0 298 0.94 X 10~°
Acetone H,O 298 0.13 x 1078
co, H,0 298 020 X 1073
0, H,0 298 0.24 X 1078
H, H,0 298 0.63 X 1078
N, H,0 298 0.26 X 1078
Solids

0, Rubber 298 021 x 107°
N, Rubber 298 0.15 x 107°
Co, Rubber 298 0.11 X 107°
He Si0, 293 0.4 x 107"
H, Fe 293 0.26 X 10712
Cd Cu 293 027 X 1078
Al Cu 203 0.13 x 107%

“Adapted with permission from References 20, 21, and 22.
> Assuming ideal gas behavior, the pressure and temperature dependence of the diffusion coefficient for a
binary mixture of gases may be estimated from the relation

Dy p'T

TPRCHA2: SSA
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TABLE A.9 Henry’s Constant for Selected Gases in Water at Moderate Pressure®

TPRCHA2: SSA

H=p, /x, ;(bars)

T
(K) NH; Cl; H.S S0, CO, CH, 0, H,
273 21 265 260 165 710 22,880 25,500 58,000
280 23 365 335 210 960 27,800 30,500 61,500
290 26 480 430 315 1300 35,200 37,600 66,500
300 30 615 570 440 1730 42,800 45,700 71,600
e — 755 00 600 2175 50,000 52,500 76,000
320 — 860 835 800 2630 56,300 56,800 78,600
323 — 890 870 850 2R70 58,000 58,000 79,000
“Adapred with permission from Retference 23,
TABLE A.10 The Solubility of
Selected Gases and Solids®
r S = Cyifpas

Solid (K) (lkmol/m?® + bar)

Rubber 298 312 %1073

Rubber 208 1.56 x 107*

Rubber 298 40,15 x 1077

Si0, 293 .45 x 1072

Ni 358 9,01 X 1072

TABLE 14.1 Summary of Species Diffusion Solutions for Stationary

“sdapted with permission from Reference 22

Media with Specified Surface Concentrations®

Geometry

Species Concentration
Distribution, x,(x) or x,(r)

Species Diffusion
Resistance, R, ¢

Xa, 51

X, s1

r

@

2

X, 52

X4, 51

X
X4(X) = (Xg2 — X451 T + X451

x,(r) = Kas1 ™ Xas
A In (ryfry)
_ xA,.s'l - xA\sl 1
X0 = 15 1r, (

r
(?2) + Xa50

1
F_r—j) + x40

Ry git =

Rm,dif =

R

b

_L
DA

In (ro/r)°
27LD,g

“Assuming C and D,y are constant.
"N, ax = (Can = CadRy air-
Nar = (Casi — Candl/Ry air
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