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1. (16 pts) Fluid flows between two cylinders

An incompressible and Newtonian fluid (density p and viscosity ) Fluid flow between

two cylinders ;
is contained between two concentric cylinders of radii R; (inner) \(C /—E@‘D

and R, (outer). A schematic representation of the system is shown \\
in the ﬁgui'e on the right. Use the coordinates defined in the figure

to answer the following questions.

Assume v, = v, =0

ti—‘
\u
(a) (5 pts) The two cylinders are fixed initialiy, and the fluid is \s__/

correspondingly stationary at t < 0. When t > 0, the two cylinders start to rotate. The inner cylinder rotates
at an angular velocity of €); in the positive € direction, and the outer cylinder rotates at an angular velocity
of Q, in the positive 8 direction. Assume a laminar flow. Please write down the governing equation (in a
simplified form) using Navier-Stokes equation and the necessary boundary conditions for solving the
velocity profile, vg. Assume vy is independent of 8 and z.

(b) (5 pts) Follow problem 1(a), derive the velocity profile vg when the fluid reaches to steady-state.

(¢) (2 pts) Assume the inner and outer cylinders have the same angular velocity: Q; = Q, = w. Express the
velocity profile (vg) in terms of w and .

(d) (4 pts) Sketch velocity (vg) and stress profiles (t,¢) of the case in problem 1(c) from the top view.

2. (14 pts) Liquid film on an inclined plate

A Newtonian fluid flows with a film thickness of & on an

inclined plate as schematically shown on the right. The plate is Fluid flows along a p .

moving toward —x direction with speed of v,, v, > 0. The moving plate /

system has the gravity force pointing down. Assume the flow - :

is a laminar and steady-state flow. Use the coordinates

defined in the figure to answer the following questions.

(a) (8 pts) Derive the velocity profile (v,) and shear stress o &
profile (z,,,) of the liquid film.

(b) (2 pts) Sketch the velocity (v, ) profile if the velocity
contribution from v, and gravity is comparable.

(¢) (2 pts) Sketch the velocity (v, ) profile if the velocity

contribution from v, is significantly larger than the gravitational force so that v, < 0 for 0 <y < b.
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(d) (2 pts) If the plate is moving toward +x direction with speed of v, sketch the velocity (v,) profile if the
velocity contribution from v, and gravity is comparable.
Detailed derivations are needed for all answers.
(40 pts) An object of irregular shape 1 m long maintained at a constant temperature of 100°C is suspended in
an airstream having a free stream temperature of 0°C, a pressure of 1 atm, and a velocity of 120 m/s. The air
temperature measured at a point near the object in the airstream is 80°C. A second object having the same
shape is 2m long and is suspended in an airstream in the same manner. The air free stream velocity is 60 m/s.
Both the air and the object are at 50°C, and the total pressure is 1 atm. A plastic coating on the surface of the
object is being dried by this process. The molecular weight of the vapor is 82, and the saturation pressure at
50°C for the plastic material is 0.0323 atm. The mass diffusivity for the vapor in air at 50°C is 2.60 x 107>
m?/s. (a) (8 pts) Derive the heat diffusion equation based on the energy balance and Fourier’s law, with
appropriate assumptions. (b) (8 pts) Derive the heat convection equation based on the energy balance, with
appropriate assumptions. (¢) (6 pts) Use the equations you derived in (a) and (b) to construct the boundary
layer equation in the dimensionless form for the thermal boundary layers, with appropriate approximations and
definition of dimensionless groups. (d) (4 pts) Based on (c), analogously derive the boundary layer equation
for the concentration boundary layer and the corresponding dimensionless groups. (e) (7 pts) For the second
object, at a location corresponding to the point of measurement on the first object, determine the vapor
concentration and partial pressure on the basis of (¢) and (d). Explain why heat-mass transfer analogy is
applicable to the current case. (f) (7 pts) If the average heat flux g" is 2000 W/m? for the first object, determine

the average mass flux n)} (kg/s:m?) for the second object.

(30 pts) An equimolal T p ¢, e 107 v-10° k- 10° a-10°

X) (kg/m*) tk J/kg  K) (N+s/m?) (m?¥s) (Wi K) (m?¥s) Pr
mixture of 4 and B with a
. ) Air, M = 28.97 kg/kmol

relative volatility of 2.3 is 100 35562 1.032 711 2.00 934 254 0786
tob ated int 150 2.3364 1.012 103.4 4.426 138 584 0.758
0 be separated 1o a 200 1.7458 1.007 132.5 7.590 18.1 103 0.737
. . 250 1.3947 1.006 159.6 11.44 22.3 159 0.720
distillate product with98.5 300 {1614 1.007 184.6 15.89 263 225 0707
percent 4, a bottoms 350 0.9950 £.009 208.2 20.92 30.0 209 0700
] . 400 08711 1.014 230.1 26.41 33.8 383 0.690
product with 2 percent 4, 450 07740 1.021 250.7 3230 373 72 0686
d an it diate liquid 500 0.6964 1.030 270.1 38.79 407 567 0684
and an mtermediate qui 550 0.6329 1.040 288.4 45.57 439 66.7 0.683

product that is 80 percent A and has 40 percent of the A fed. (a) (12 pts) Derive the equations for the operating
lines in the rectifying, stripping, and middle sections of the column. (b) (10 pts) Calculate the amounts of each
product per 100 moles of feed, and determine the minimum reflux rate if the feed is liquid at the boiling point.

(¢) (8 pts) How much greater is the minimum reflux rate because of the withdrawal of the side-stream product?
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Al. Newton’s law of viscosity

Cylindrical coordinates (r,6,z)

ov,

Trrz_#[z”a_r“}'*'(%ﬂ“’c)(v'v)
16'!76 Uy 2

Tgg = —[L {2(;—(37+ 7‘)] +<§ﬂ—K>(V-V)
vy ]

Tzzz—#[z'b};_' +(§'ﬂ_’c)(v'v)

2 () +16&]

fre = Tor = TH|T5y r 06
= liliz_ﬁﬂ
Tgy =Tzg =~} 730 3z
av av.
16179 dv,
(V'V)‘ (”’T) 790 Tz

A2. The equation of continuity

Cylindrical coordinates (r, 0,z)

—_t l (prvr) + 19 (pvg) + (pvz) =0

Sphericdl coordinates (r, 8, ¢>)

14 11 1 @
9 29 .9 2 =
+ 75, (or*ve) + (pvg sin) +—— 5 (pvg) =0

rsing o

A3. The equation of motion for a Newtonian fluid with constant p and u.

Cylindrical coordinates (r, 0, z)

v, v, g OV, v, v 3 a(1d 1% 0%y 2 dv
<r ovr g OVy r 6)_ p+[ ( (r)> ( r H-l'pgr

ot Ty T e Y e T )T Tar e 72302 Vo2 T2 a8

+pgg

vy dvg  vedvg dvg  vrvg\_ 1dp 6 1 9%*vy  d%vg 2 dvr
(ac+far+rae Vi V)T 738 (") 7236 T 922 72 a0

<6vz dv,  vedv, 6vz> ap {1 6( avz) 1 0%y, 0%,
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