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Problem 1 (40%)
Multiple choice: Pick only one answer for each problem. Each problem is 2 points.

1. The outbreak of coronavirus disease 2019 (COVID-19) has caused a global pandemic
and significant impact on society, economy, and human life. To combat the virus,
wearing the mask and keep a safe social distance can help prevent the spread of
COVID-19. However, it was still broadly debated regarding “what is the safe social
distance”. Some studies recommended that at least 2 m of physical distance should be
kept from others, while others suggested that 2 m may not be adequate. To answer this
question, it is vital to fully understand the mechanism of virus spreading. The
respiratory infections occur usually through the transmission of virus-containing
droplets and aerosols exhaled from infected individuals during breathing, speaking,
coughing, and sneezing. Therefore, we can assume the spreading of the droplet is
similar to a falling particle in the air. Please identify the kinetic force (F%) acting on the
droplet. Assume  is the dynamic viscosity of airflow, R is the radius of the droplet, vt
is the falling (terminal) velocity.

(A) F, =muRv,, B) F,=2mRyv,,(C) F, =4mRv,, D) F, =6muRv,,
(E) F, =8muRy,

2. Please obtain the falling velocity of the droplet. [Hint] Use the force balance of
gravity force, buoyance force, and kinetic force. pq is the density of the droplet and p is
the density of the air.

A) v, = R*(p,—p)g
3u
B) v, = R*(ps—p)e

64
2 —
© v, =22k )z

D) y = ZRZ(Pd "P)g

t

3u

2 —
@) v, _2R(p, - plg
u

3. Assume the diameter, density, viscosity of the droplet is 5 pm, 0.997 g/cm?, and
1.86x10° kg/m-s, respectively. The density of the air is 1.184 kg/m? and gravity is
9.8 m/s2. If the initial height of the droplet is set as 1.5 m, please calculate the falling

time of the droplet. Choose the closest answer.
(A) 1 min, (B) 2 min, (C) 10 min, (D) 30 min, (E) 60 min
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4. If the evaporation of the droplet is considered, obviously, the small droplets would
evaporate first before falling on the ground. However, the evidence demonstrates that
large droplets are not affected by evaporation. Please calculate the minimum size (in
diameter) of the droplet before it falls on the groud. Assume the initial horizontal
velocity of the droplet is 2 m/s and the initial height of the droplet is set as 1.5 m. The
transmission distance is 2 m.

(A) 134 pm, (B) 226 pm, (C) 474 pm, (D) 508 pm, (E) 668 pm

5. As we know, the falling velocity of the particle can also be determined by
introducing the friction factor f concept when we assume kinetic force Fx=AKf. A is
a characteristic area and X is a characteristic kinetic energy. D is the diameter of the
particle. Please identify the correct answer.

@ f=l§22[p_dZ£J,(B) f=1g(p_d—_p),(c) f=ggzz(pd—p}
P 6v P

3 v, ~ 3val P
2gD( p, - x
) f=.§%_(£4_p_),(E) f:jg’_gzlz(&_e)
®° p voo p

6. If we try to introduce the kinetic force Fi from question 1, the correlation between

fand Re can be: ~

8 16 24

A) f=—,B =—,(C) f==—
()fRe()fRe()f

32 36
Re’(D) f_ﬁ?(E) =%

7. Please calculate the falling time of the droplet using the equation from question 5.
The initial height of the droplet is set as 1.5 m. Please choose the closest answer.
(A) 1 min, (B) 2 min, (C) 10 min, (D) 30 min, (E) 60 min

8. The falling velocity of the droplet may or may not be the same when using the
force balance method or friction factor method. If not the same, there should be a
reason behind that. Please choose the CORRECT answer.

(A) The falling velocities are the same, so there is no reason behind that.

(B) The falling velocities are not the same because the airflow is the creeping flow.
(C) The falling velocities are not the same because the air friction is dominant.

(D) The falling velocities are not the same because the density of the air can be
ignored.

(E) The falling velocities are not the same because the viscosity of the air is not
considered when using the friction factor method.
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9. Cough can increase the initial horizontal velocity of the droplets, allowing the
longer travel distance of the droplets. Usually, the average velocity of cough flow is
10 m/s. Please calculate the Reynolds number of the cough flow. Assume the opening
of the mouth is 1 cm in diameter. Choose the closest answer.

(A) 500, (B) 1000, (C) 3000, (D) 5000, (E) 6000

10. Wearing the face mask can provide a critical barrier, reducing most infectious
viruses during coughing, especially of asymptomatic people and those with mild
symptoms of COVID-19. Please calculate the force of cough flow acting on the mask.
Assume the mask perfectly covers the mouth. The velocity of cough flow is 10 m/s
and the opening of the mouth is 1 cm in diameter.

(A)0.001 N

(B)0.01N

(C)0.1IN

M) 1IN

(E) 10N

11. What is the ST unit of mass flux? :
(A) Kgfs, (B) g/(s cm?), (C) Kg/(s m?), (D) g/s

12. Concerning the SI units of kinematic viscosity, thermal diffusivity, and mass
diffusivity, which of the following statements is true?

(A) All three are different.

(B) All three are the same as m?/s.

(C) All three are the same as s/m>.

(D) All three are the same as s/cm?.

13. For the following mixtures, (a) H2-Oz at 1 atm and 273 K, (b) N2-Oz at 1 atm and
273 K, (c) dilute aqueous ethanol solution at 298 K, and (d) Cd in Cu at 293 K, place
them in the order of increasing mass diffusivity.

(A) (@®)()(d), B) ()(d)(@)(®), (C) (d)(c)(@)b), (D) (d)(c)(b)(2)

14. For flow of a binary gas mixture over a flat plate, boundary layers of velocity and
concentration develop. Which of the following statements concerning the thicknesses
of the velocity (8) and concentration (3:) boundary layers is true?

(A) 8 << &, (B) 8~38¢, (C) 8 >> &, (D) none of the above
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15. Consider a spherical particle A of radius R dissolving in a stagnant liquid B. Once
dissolved, A and B react to form C with an irreversible first-order reaction (reaction rate
constant k1). The solubility of A in B, Cao, is small and the system can be approximated
as a dilute binary system. The diffusivity of A in B is Das. The system can be treated as
in a pseudo-steady state. Let b? denote (k1R*/Dag). What is the molar flux of A at the
particle surface? ‘

DapCao(1+b) DaBCao
(A) 22l () Pancho (c

DagCacR DapR
ABLAo0 . (D) AB
(1+b) Cao(1+D)

16. Continued from the above problem, what is dm4/dt? (Ma=molecular weight of A,
ma=mass of particle A)

(A) —4mRMyDypCao/(1 + b)

(B) 4mRMyDypCyo(1 + b)

(C) 4mRMDypCso/(1 + b)

(D) —4nRMD4pCao(1 + b)

17. Consider the absorption of gas A by a laminar falling film of liquid B. Gas A is only
slightly soluble in B, and the diffusion takes place so slowly in the liquid film that A
will not penetrate very far into B. The concentration of A at the interface is maintained
at Cao and the maximum velocity of the fluid is Vmax. Let x be the coordinate into the
liquid film, z the coordinate down the liquid film, and Dag the mass diffusivity of A in
B. The molar concentration of A, Ca, is a function of x and z. Which of the following
statements is true?

(A) Ca increases with increasing x.

(B) Ca decreases with increasing z.

(C) Ca increases with decreasing Vmax at fixed x and z.

(D) Ca decreases with increasing Das at fixed x and z.

18. Continued from the above problem, what is the molar absorptiofl rate of A at the
gas/liquid interface? Here, /¥ and L are the width and length of the liquid film exposed
to gas A.

(A) WLCyo /“’Af;m“"

4CaoVma
(B) WLD,p [-2A0mes

(C) WLCy [2mex

Dapml

(D) WLD, |max

CAQT[L
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19. The equation of continuity of A in a dilute binary solution can be written as

a(,;,, +v-VC,=D,,V’C,+R,,

Here, v is the mass average velocity and Ra is the molar reaction rate of A. For the
situation of pure diffusion in solids, what will the above equation be reduced to?
(A) v-VC,=D,V*C,+R,

®) Sty =0

©) % =D,V’C,+R,
aC

®) tA = DABVZCA

20. Which of the following statements is true?

(A) Eddy diffusivity is a physical property of a fluid.

(B) Eddy diffusivity depends on turbulent intensity of the flow.

(C) Nusselt number of heat transfer is analogous to Schmidt number of mass transfer.
(D) Chilton-Colburn analogy applies to laminar tube flow.
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Problem 2 (9%)

Answer the following questions regarding the fundamentals of energy transport.
(a) Provide the definitions of forced convection and natural (free) convection. (4%)

(b) Give the definitions and physical meanings of Prandt] number (Pr), Nusselt number
(Nu), and Grashof number (Gr). (3%)

(c) What are the important dimensionless groups governing the Nusselt number in
forced convection? (2%) |

Problem 3 (11%)
A sphere of radius R and thermal conductivity k; is embedded in an infinite solid of
thermal conductivity ko. The center of the sphere is located at the origin of coordinates
and there is a constant temperature gradient 4 in the positive z direction far from the

sphere. The temperature at the center of the sphere is 7°.
The steady-state temperature distribution in the sphere 77 and in the surrounding
medium Ty have been shown to be:

Ty(r,6) —T° = [k o ]Arcose r<kR (1)
0 kl kO
To(r,0) = T° = [1-k o By3] Arcost r2R ()
0

(a) What are the partial differential equations that must be satisfied by Eq. (1) and (2) ?
(2%) ’

(b) Write down the boundary conditions that apply atr =R. (3%)

(c) Show that T; and T; satisfy their respective partial differential equations in (a). (3 %)
(d) Show that Egs. (1) and (2) satisfy the boundary conditions in (b). (3%)

THE EQUATION OF ENERGY FOR PURE NEWTONIAN
FLUIDS WITH CONSTANT* p AND k

[pC,DT/Dt = KVT + pb,]

Cartesian coordinates (x, Y, 2):
aT oT FT T  &FT
pC,(at+v,ax+v,ay+v,az) k[ax’ ay’+az’]+#°
Cylindrical coordinates (r, 6, 2):
VooT 19 18T 3T
pC ';?+v'37+739+v‘iz) k[-;a—(rﬁ-)+rzaoz+azz]+p.¢
Spherical coordinates (r, 8, $):

or  voT, % T\ _J19(a0T), 1 oT 1 ST
Pc’(dt+'5r+f80+rsm93¢) k[:ar('zar)",zsmgaa(s ) ) ,zsng,;¢1]+"°
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Problem 4 (12%)

Diffusion through a dialysis membrane.

A dialysis process is designed to recover solute A from a solution of 0.02 M (c;). The
end product contains A at the concentration of 0.003 M (c2). The membrane thickness
(L) is 1.59 x10° m, the distribution (partition) coefficient Kp is 0.7 and the effective
diffusivity of A in membrane D4 is 3.5 X 10" m¥s. The mass transfer coefficients in
the solution on both sides of the membrane are k.;= 3.5 x 10" m/s and k2 =2.1 x 10
m/s. (Kp= cis/ci)

(a) Calculate the membrane coefficient, knt (=Das Kn/L). (2%)

(b) Calculate the overall mass transfer coefficient, X and the percent resistance of
membrane. (3%)

(c) Calculate the flux, Na (kg mol/m?-s). The area required (m?) for-a transfer rate

of 0.001 kg mol of A/s. (4%)

(d) By increasing the mixing intensity of both liquid phases, we manage to increase the
mass coefficients k.; and k.2 to double their current values. What will be the percent
increase in N4? (3%)
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Problem 5 (8%)

A therapeutic protein (at 1.0 mg/ml) is purified by an adsorption column. The
breakthrough curve can be represented by the following data:

X-axis 0 -5 6 7 8
time (hr)

y-axis 0 0 0.5 1.0 1.0
(mg/ml)

If the breakthrough concentration is 0.05 mg/ml, what is the fraction capacity used at
break point? ‘

Problem 6 (8%)

Asilicone oil having a temperature of 185 °C, heat capacity of 5.0 kJ/(kg K) and a flow
rate of 150 kg/min is used for pre-heating the soybean oil (i.e., for biodiesel production)
by using the following heat exchanger (see the plot shown below).

Based on the design, the temperatures of the silicone oil leaving the shell is preferred
(but not necessary) to be =170 °C. The temperature of the soybean oil entering the

pipes is 20 °C, and the target temperature of the soybean oil at the exit of the tubes/pipes
is =80 °C. Here, the heat capacity of soybean oil is assumed to be 80% of the heat

capacity of silicone oil regardless of the variation in their temperatures. The flow rate
of soybean oil is targeted to be at least 3600 kg/hour.

(a) What is the name of this heat exchanger shown above? (2%6)



B FERE 110 £ 5 ZH RS ANFRA

hrrsan) LRI RELRB LR

248 (R5): HERLRE A (0901)

£ 10_R"%_9 R *HE [BE5] %
(b) To simplify the analysis, we choose the method for the study of a double pipe heat
exchanger. The cold flow (in the tubes/pipes) is assumed to be in the inner pipe (10 cm
in diameter) of this double pipe heat exchanger, and the hot flow in the shell is assumed
to be in the outer tube (20 cm in diameter) of this double pipe heat exchanger. The
overall heat transfer coefficient is 1000 W/m?*K. The streams of silicone oil and
soybean oil are counter-current.
What is the heat transfer area required to achieve the minimum target temperature of
the soybean oil at the exit of the pipes (i.e., 80 °C, when flow rate of soybean oil is at
the minimum value)? (2%)
Is the final temperature of the silicone oil leaving the shell below 170 °C? Full
derivations to the answers are required. (2%)
(c) (Continued on (b)) Fouling is a severe issue to this heat exchanger, resulting ina
decline of overall heat transfer coefficient. Through an operation under the minimum
flow rate of soybean oil, the predicted overall heat transfer coefficients are linearly
decreased to 900 W/m2*K and 800 W/m?*K in the first and the second months,
respectively. What is the minimum heat transfer area required to achieve the target
temperature of the soybean oil at the exit of the heat exchanger during the 2-month
operation (i.e., 80 °C)? (2%)

Problem 7 (12%)

A chemical engineer designs a continuous unit for separating a liquid feed with a flow
rate of 200 kg/min. The compositions (in weight percentage, wt%) of the feed are
constant with time: 50.0 wt% of Component A, 48.0 wt% of Component B, 1.5 wt% of
Component C and 0.5 wt% of other traceable components (denoted as Component D).
A fractionation distillation column is employed for this separation, and the target
composition of the overhead product, as collected by a total condenser, is 95 mol% of
Component A and the target composition of the bottom product is 95 mol% of

ComponentB.  --
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The molecular masses of Component A, B and C are 100 g/mol, 150 g/mol and 32
g/mol, respectively. Component D is mainly CH20 with an estimated molecular mass
of 30 g/mol. Knowing that Component C and Component D are relatively more volatile
than Component A and B, the engineer chooses to use a flash distillation to completely

remove Component C and D prior to the fractionation distillation column.

The equilibrium data, based on a binary system of Component A and Component B, are
summarized in a record book, showing the terriperatures of bubble points are 120 °C,
110 °C, 100 °C, 90 °C, 85 °C and 80 °C when the molar fractions of A (xa) are 0, 0.2,
0.4, 0.6, 0.8 and 1.0, respectively. The temperatures of dew points are 120 °C, 115 °C,
110 °C, 100 °C, 95 °C and 80 °C when the molar fractions of A (xa) are 0, 0.2, 0.4, 0.6,
0.8 and 1.0, respectively.

Please provide your answers to the followings:

(a) What is the reflux ratio for having the minimum number of stages (1%)? What is

the value of minimum number of stages (1%4)?

(b) If the liquid feed is pre-heated to become a saturated vapor, please determine (1) the
flow rates of the distillate and the bottom products (2%), and (2) number of actual plates
required if the plate efficiency is 60% of the ideal plate. The reflux ratio is set at 2 times
the minimum reflux ratio (4%).

(c) Continued on (b): Due to the demand from the customer, the chemical engineer
further increases the targeted molar concentration of the Component A to be 98% in the
overhead product by increasing the reflux ratio. The target composition in the bottom
product is the same (i.e., 95 mol% of Component B). (1) What is the new reflux ratio,
if the reflux ratio is set at 2.5 times the minimum reflux ratio (2%3)? (2) What are the
production rates of the overhead and bottom products after the tuning to the new reflux
ratio (2%) ?



