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Problem 1 (20 Points

Multiple choice: (Pick only one answer for each problem.)

1. What is the SI unit of mass diffusivity?
(A)Kg/s, (B) m/s, (C) mole/s, (D) Kmole/s.

2. What 1s the SI unit of Schmidt number?

(A)1/m, (B) 1/Kg, (C) 1/Kmole, (D) none of the above.

3. For the tollowing mixtures, (a) Ar-O, at 1 atm and 273 K, (b) Ar-O, at 1 atm and
373 K, (¢) Ar-O; at 0.1 atm and 373 K, and (d) H,-O, at 0.1 atm and 373 K, place
them in the order of increasing mass diffusivity.

(A)(b)(a)(d)(c), (B) (b)(a)(c)(d), (C) (a)(b)(c)(d), (D) (a)(b)(d)(c).

4. Ior gas mixtures, the Schmidt numbers are with an order of magnitude of:
(A)<<1, (B) ~1, (C)>>1, (D) none of the above.

5. Consider a spherical particle A of radius R dissolving 1n a stagnant liquid B. Once
dissolved, A and B react to form C with a first order reaction (reaction rate
constant ;). The solubility of A in B, Cag, 1s small and the system can be
approximated as a dilute binary system. The diffusivity of A in B is Dagp. The
system can be treated as in a pseudo-steady state. Let b* denote (k1 R*/Dag). What
1s the concentration distribution of A?

s ’ =€ 3
C, R C. 7 Co T

(D) C, :r_eb(rKR-—l)

CAD R
6. Continued from the above problem, what 1s dR/dt? (Ma=molecular weight of A,
p ,=density of A)

(A) C. zie‘f’("/ﬁ“l) (B) C4 :,Eebfrff?—l) (C) Cy _ R _prneny

) IR - MDyCu(4b) AR M,DyChy o AR MD,C,
dt Rp, d  Rp,(l+b) d RpA(lﬁ-b)
D) d_R M,D,5Cho(1+5)

Rp,
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In a vertical tube, a liquid B moves slowly upward through a slightly soluble
porous plug of A. Then A slowly disappears by a first order reaction {with a
reaction rate constant k) after it has dissolved. Let z be the coordinate upward
from the plug. Assume that the velocity profile 1s approximately flat across the
tube with an average velocity of vy. Let Cyg be the solubility of A 1n B and Dag the
mass diffusivity. Assume dilute binary systems and steady state. What 1s the

concentration distribution of A? Let a denote 2;’ —\/ 1+4k D, /v, — 1_ and
AB B
b denote . \/1+4k]DAB/v§ -1].
2D, L i}
(A) =%, (B) A =e",(C) —A=e, (D) 4=,
CAO CAO CAO CA[]

Continued from the above problem, what will Cy tend to if vy becomes very large?
(A)Cao, (B) 0, (C) infinity, (D) none of the above.
The equation of continuity of A in a dtlute binary solution can be written as

a;“‘ +v-VC,=D,,V'C,+R,

Here, v 1s the mass average velocity and R 1s the molar reaction rate of A. For

the situation of stationary liquid and no reactions, what will the above equation be
reduced to?

*(A)V-VC'A=DABV2CA+RA,(B) 6;A+V-VCA:O,
oC oC
(C) &A = DABVECA + R, , (D) GIA = DABVZCA '

The equation of continuity of A in a binary gas mixture can be written as

a;;“i +z$-YCﬁ1 =D V'C,+(C,R,—C,R,)/C,

Here, v 1s the molar average velocity and Rg 1s the molar reaction rate of B and

C is the total molar concentration. For the situation of equi-molar
counter-diffusion in gases with no reactions, what will the above equation be
reduced to?

(A) 6;‘4 =D, VC,+(C,R,~C,R,)/C;(B) 5;

(C) a;A =D V*C,;(D) v -VC,=D,V'C,+(C,R,—C,R,)/C.

A+ Y-* VO, = DABV2CA ;




SEE ARG 104 B F AR LA RN S AR

ZPrHEA D] b2 T A2 2 4 B 3

A B (RA5) D WER KR E TERE0901)
£ 8 R % 3 R A [BEE]IH%

UATFERBFLE [EEH] KL

Problem 2 (20 Points)

A uniform liquid film coated on a polymer substrate as shown 1n the figure
1s placed inside an oven for drying test. Properties of the liquid film and the

polymer substrate are as follows:

(1) Liquid film
(a) Composition
(1) Si10, particles (20%)
(2) polyvinyl alcohol (PVA) (10%)
(3) water (70%)
(b) Properties: heat capacity / thermal conductivity / density
(1)  S10,: Co/ Ks/ p s
(2) PVA:C,/ Kpv/ py
(3) Water: C,/ K/ pw
(4) Latent heat of water: A,
(2) Polymer substrate
(1)  Heat capacity: Cy,
(2)  Thermal conductivity: Ky,
(3) Density: p,,

The 1nitial dimensions of the liquid film and the substrate are given in the
figure. Imtially hot air of temperature T,; 1s blowing on the film which
temperature 1s around room temperature Ty, after a few minutes, the air
temperature 1s switched to Tay, because 1t 1s believed that diffusion of water

molecules 1s a critical step for drying and T a» 1s necessary for fast drying.

FETR)
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Please answer the following questions:
(I) True and False. (10%)
(a) The film 1s dried mainly by free convection.
(b) When the film is totally dried, the weight of the dry film (polymer
substrate not included) 1s around 20% of the initial weight.
(c) For defect-free drying, T 4; should be lower than T s, Ta; should be less
than 100°C
(d) It 1s better to dry the film from both top and bottom together.
(e) Polymer substrate is usually a very good thermal conducting medium.
(II) (f)Please estimate the total amount of heat required to dry the liquid film.
(47%)
(1II)
(g) Please write down the 1-D time dependent heat transfer equation for
the liquid film and the polymer substrate separately. (4%)
(h) Write down the proper initial and boundary conditions for the 1-D heat
transter equation for the diffusion-controlled regime of the film. i.e.,

phase change at the liquid surface will not reduce the film thickness

significantly. (2%)
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Problem 3 (10 Points)

7F— 3/8 in. schedule 40 &4, HERNHEIEVEAE h, B 1500 W/m2-C
B IMBIBEAAEL hy By 2500 W/m™-C > £BE 7 EE 4 W% 57 W/m-C - {x
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Problem 4 (10 Points
EHHE (EE 1.0 mg/ml) /KERLIKH S ETE

EL-i

16 o HZEAEMERLLUT

—,

REIETR
X-ax1S 0 3 4 S 6
i3l (hr)
y-axis o | o0 0.33 0.67 1.0
=¥ (mg/ml)

R OEEE] B 0.05 mg/ml,

(a) SEIEI R ZERRERT » B 2 EHZCERE BA? (5 %)

(b) WARFMBRAHEFEAI - EAMERNEHTERI &
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Problem 5 (20 Points)

(a) (10%)A square pan with its bottom surface maintained at 350 K is exposed to
water vapor at 1 atm pressure and 373 K. The pan has a lip all around so the
condensate that forms can not flow away. How deep will the condensate film be
after 10 min have elapsed at this condition?

(b) (10%) A hollow square duct of the configuration shown (left) has its surfaces
maintained at 200 K and 100 K, respectively. Determine the steady-state heat
transter rate between the hot and cold surface of this duct. The wall material has a

thermal conductivity of 1.21 W/m'K. We may take advantage of the eightfold

symmetry of this figure to lay out the simple square grid shown below (right).
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Problem 6 (10 Points)

A stream of water of diameter d = 0.1 m flows steadily from a tank of diameter D =
1.0 m. What is the flow rate, Q (m’/s), needed from the inflow pipe 1f the water depth

inside the tank remains constant at h = 2.0 m?

*Assume steady, iviscid, incompressible flow
g=9.81m/s’

Problem 7 (10 Points)

A wide moving belt passes through a container of viscous liquid. The belt moves
vertically upward with a constant velocity V. Because of viscous forces, the belt
picks up a film of fluid of thickness h. Gravity tends to make the fluid drain down the
belt. Find the velocity distribution of the fluid film as it i1s dragged up by the moving
belt.

* The liquad 1s Newtonian fluid with constant density and viscosity

* Assume the flow 1s laminar, steady, and fully developed

* Assume shearing stress 1s zero on the film surface (that is, the drag of the air on the
film 1s negligible)

(# ™ H EQUATION)
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NEWTON’S LAW OF VISCOSITY
[v ="~ u(Vv + (VW) + Gy — k)(V - v)8]

Cartesian coordinates (x, y, z):

J
Tex = "#[ ;I] + G — k)V - v) (B.1-1)°
| X
v, |
Too = —u] 2 —2| + Gu — k)XV + ¥) (B.1-2)°
Yy ‘u’h ay_L a3l
i av; 5 |
Tz = —H) 2 97 FGu — )V - v) (B.1-3)"
dv,  gp, ‘
- Ty T T T TR ‘55 + c?y] (B.1-4)
v, v
Tyz = T:y = — M t:'l’y + ‘é*;] (BI‘S)
v, JU,
Toy = Tyy = — p,[ e 3:(:! (B.1-6)
in which
¢ dv 3
V-v) =224 2, 70 (B.1-7)

ax dy @ Oz

* When the fluid is assumed to have constant density, the term containing (V * v} may be omitted. For
monatomic gases at low density, the dilatational viscosity « is zero.

THE EQUATION OF CONTINUITY®
[op/at + (V- pv) = (]

Cartesian coordinates (x, y, z):

op . 9 J d, .\
5 T 5z (pv,) + 3y (pv,) pe (pv,) = (B.4-1)
Cylindrical coordinates (r, 6, z):
% .10 .1 d ., . |
Fn + ?E (prv,) ¥ 38 (pvy) + = (pv,) =0 (B.4-2)
Spherical coordinates (7, 6, ):
| 39 1 @ 1 8, . 1 g
' riu ' _ — _
A or PIU G0 WY SIn D) F T s o) =0 (B4D)

~ * When the fluid is assumed to have constant mass density p, the equation simplifies to (V- v) =

o dwm .

THE EQUATION OF MOTION IN TERMS OF 7
[pDv /Dt = —~Vp — [V 7] + pgl

Cartesian coordinates (x, i, z):*

5‘0:' i 33’ 30: &Uj - ap X (7, d | '
p( ral + v ) [3x +;,§ W+£T]+pgx (B.5-1)

ov av Ju o J
p(—l—l—v >y, =2+ y "") d ]:-i'?‘ + 2 +—€?—T]+pgy (B.5-2)

ax ay ¥ oz

[ 9V, du,  du, du,\  Ip 3 J J |
p( _ + v, ==+, -+ ) P I:&I +@ W+ETJ+p3‘ (B.5-3)

2 These equations have been written without making the assumption that 1 is symmetric. This means, for
example, that when the usual assumption is made that the stress tensor is symmetric, 7,, and 7,, may be
interchanged.



