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Problem 1 (70%)
Multiple choice: Pick only one answer for each question. Each problem is 2 points.

1. During 化e COVE)-19 pandemic,比e global shortage of semiconductor chips has 
drawn a spotlight on 也e importance of Taiwan’s semiconductor manufacturing 
industry. The Taiwanese semiconductor firms have success扣Ily es化Wished 也eir 
compet扣ve advantages in terms of cost, quality, speed, and flex化ility. Spin coating 
is a procedure widely used in 也e semiconductor industry to generate uniform 化in 
打 1ms on 打at substrates such as wafers. The procedure of tlie spin coating is 化 deposit 
a liquid on a disk with radius i? which is 化en 巧un at angular velocity 仍. Centrifugal 
拓rce causes 比e 月山d 化 be thrown out ra出ally, leading 化化 e layer getting 出inner 
over time. Assume 比e liquid is a Newtonian 円山d and 比e viscosity 片 and density yo 
o f liquid are constant. Tiie spin process is at p化udo^bady-state. There is no slip 
between the liquid and wafer. The liquid is so tiiin that gravity and pressure gradient 
can be ignored. Please derive the governing equation based on the following 
equations.

Equation o f  continuity
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2, Assume the coating layer thickness is 
conditions.

Please choose 化e correct boundary

(A) vr = 0 at r  = 〇5 — = 〇 at z = A (B )化= 0  at z = ‘ -=0  at z = I

(C) Vr = 0 at 么= 0，一 = 0 at 之= A (D )化= 0  at z = 0,

(E) vr = 0 a t 么=
de

-=0  at z =(

3. Please choose the correct fluid velocity i打 the radial directio打 of r. The velocity 
profile in 化e 巧 direction is just uni仿rm rotatio打 ve = 妨r  fbr all z.

(A) V =-

(D) V

-〇)

-cor ------ + .巧

，巧）v .= -

，巧）Vr三-

， （C) Vr=- ----- + •

----- + —■

4. With appropriate flow and velocity boun过ary CO打ditio打s， and considering a film 
化at is initially unifbrm，化e film 化iclaiess as a fon別ion of time, A(f)， was found 化 be 
as follows,

K  whei*e Ao is 化e film 化ickness at time zero and r is 化e spin time.

4Iiq p 份文t

Plea化 cho〇£；e 化e WRONG answer.
(A) The film thickness is the same at the different radius of the wafer.
(B ) Thefilm thicknessdecreaseswiththespintim e.
(C) The film thickness incireases wi化化e increase of 化e 打uid viscosity.
(D) The above equatio打 t:ells us the uniformity of the film can be expected with an 
irregular initial distribution of the liquid.
(E) The above equatio打 can only be applied to the Newtonia打打uid.

5. Pho1:oi*esist is a light-sensitive polymer primarily used in the 化mico打ductor process. 
It ca打 be unifbrmly coated on 化e wafer usi打g a spi打 coater. Assume 化e pho化resist 
has a viscosity of 5 mPa.s and a density of 1.1 g/mL. The spin speed is set t:o 4000 
rpm a打d 化e speed time is 60 s. The initial film 化ickness is 1 mm. Please estimate 化e 
打im thickness and choose the closest value.
(A) 50 jim, (B) 10 |Lim，（巧  5 (D) 1 ^m，（E) 0.5 Jim

6. Following Uie above question, please estimate the percen 化 ge of photoresists 打 ung 
off from 化e spinning process. Assume 化e wafer is 10 inches. The initially applied 
photoresist film is 4 cm in diameter and 1 mm in height.
(A) 98%，（B) 96%  (C) 80%  (D) 60%  (E) 12%
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7•人 shear-thi打打i打g liquid is applied to the wafer and spun using the spi打 coater. Please 
choose the correct velocity profile duri打g the initial coati打呂 process.

8* A high viscosity liquid is applied on tile wafer and spun using 也e spin coater. Please 
choose the correct velocity profile duri打g the i打itial coati打呂 process.

9. Small particles attached !;〇 1:he wafer surface can cause 化e wafer defect duri打g 化e 
spin coati打g， resulting in a dramatic loss of chip productio打• To identify 化e trajectory 
o f the particle, we can simply assume a single spherical particle movin亭 0 打 a surface. 
The particle has an initial velocity v〇 parallel !:〇 the surface with rotatio打al velocity. 
As soo打 as the particle moves， its translational momenUim is partly converted inU) 
angular momentum. Assume no roili打g resistance. Please us;e momentum balance 化 

obtain 化e velocity VI after rolling. [Hint] The angular momentum is J； = /似八 where /

is 1:he momentum of inertial of a sphere and I  = —m r \  f 、一 一 f

(A) 3/4 vo, (B) 3 ^  vo,（C) 5/7 (D) 2/3 VO,脚  2/5 VO 叩

10. A particle submerged in a liquid is spun out from a wafer using a spin coater. 
Please u化 centrifugal fbrce and drag force balance 化 estimate 化e particle velocUy at 
化e edge of 化e wafer wi化 radius 化 Assume 化e particle diameter is 坏 and 化e density 
is pp. The liquid has viscosity pi.

(A) 马 气 脚

d  口 P D

似  i ^ ，(D) I ^ ，脚

Pp dp Pp d  p  d  p
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P rob lem s (20。/〇、

Multiple choice: Pick only one answer for each question. Each problem is 2 points.

11. There exist mathematical and physical similarities between momentum and energy 
transfers. What is 也e physical quantity in energy transfer 也at is corresponding 化 

kinematic viscosity i打 momentum transfer?
(A) temperatu化 gradient
(B) specific heat capacity
(C) thermal diSusivity
(D ) 出ermal conductivity

12. What is 化e SI unit of heat 幻ux?
(A) J/s, (B) W/m^, (C) J/m^, (D) W/s.

13. For 化e following materials at room temperature, (a) wood, parallel 化 axis, (b) wood, 
normal to axis, (c) graphke, and (d) copper, pla化化 em in 化e order of increasing 
thermal conductivity.
(A) (c)脚 (aX斯 脚 (a)脚 似 峨 (C) (dXcXbXa)，(D )脚 (a)(c)(d).

14. For 也e following materials，（a) air (298 K， 1 atm),脚  aluminum (298 1C)，似 出 O 
口％ 1C)， and 州  Hg (298 IQ, place them in 也e order of increasing Prandtl numb化 

(A )州 脚 似 脚 ，脚 灿 州 似 脚 ，(C )抑 似 脚 (a)，脚 (b)(a)似 (d).

15. Consider an electric wire of radius 化 The electric current generates heat at a rate 
per unit volume of iSfe. The surface of 化e wire is coated with an ins山ating material of 
也ickn的s J  and 化ermal conductivity 皮. The surface of 出e wire is maintained at 
{611巧6巧111化 7b. At steady state, what is 化e relationship between 也e heat 円ow rate 
normal to 化6 interface of 化e wire and ins山ating material (A) and 化e heat generation 
rate by 也e electric current (B)?
(A) A=B, (B) A>B, (C) A<B, (D) cannot be determined.

W. Consider a Newtonian fl山d of constant density and viscosity,円owing between two 
large plates separated by a distance 占. The fluid 幻ow is driven by 化e motion of the 
upper plate at a constant velocky K The temperature of 出e lower plate (located at ;c=0) 
is maintained at 7b and 也at of 化e upper plate at Tij (located at 尸巧 . Let 原* be 化e 
Brinkman number o f the 打uid flow. Un三er what conditions will the temperature 
distribution be nonlinear?
(A )公尸0 ,田）斯< 0 ,（C )执> 0 ,（D) any 妨 .
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17. Consider the following steady state temperature pro打le in a laminated sys化m (Fig. 
10.6-1 of "Transport Phenomena" by R.B. Bird, W.E. Stewart, E.N. Lightfoot，2nd e d ， 

Wiley, 2002). WWdi of the fbllowing statements is true?

Fluid I i M

(A) 巧 脚  &12 是  >  &23 置  at X = 冷 ( C )护  £  =  fc23

(D )沪 >户 >护 1. X

i dT
= X艺，

18. Which of the following statements is wrong?
(A) Eddy thermal conductivity is not a physical property of a 日uid.
由  ̂Eddy 化ermal conductivity depends on turbulent inte打sity o f the flow.
(c j Prandtl number of heat tra打 sfer is analogous 化 Schmidt number of mass transfer.
(D) Chilton-Co化um analogy applies !:〇 laminartubeflow.

19. A solid material occupying 也e space from 尸=0 化 尸 0 0  is initially at 化mperature 
r 〇. At time 户0 ,1;he surface at 尸 0 is suddenly rai化d 化 temperature 打 a打d maintained 
at that temperature for />0. ( a  and 点 are 化e thermal 出ffusivity and 化ermal 
conductivity of 化e material，r的pectively.) Which of 化e following statements is c0 / r饼於

(A) The bmperature pro巧le reaches 江 steady state after a lo打g time.
(B) The normal heat flux at ;/=0 decreases witii increasingtime.

The thermal boundary layer 化ickness decreases with increasing time.
(D) The temperature will be iraised 拓ster if  化e material possesses a smaller 化ermal 
diffusivity,

20. Consider a moUen s化el of velocity V。 and temperature r。 幻owing over a flat

plate fixed in space whh its temperature maintained at Ts. There will be generated 
momentum and thermal boundary layers along 化e plate. What is the irelationship 
between the thicknesses of the momentum boimdaiy layer S  and thermal boundary 
layer 是r ?

(A)《= 餐 ；（B)是 > 餐 ；（C)資 < 餐 ；（D) none of 化e 化ove.

\
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Problem s (10%)
Multiple choice: Pick 0 打ly one answer for each questio打•巨ach problem is 2 points,

A hot stream with flow rate of I kg min-i and heat capacity of 2 kJ kg-iK—i must be 
cooled from 400 K 化 300 K. A cold stream with flow rate of 2 kg min-i a打d heat 
capacity of 1 kg'^K'^ is available at 300 K. If a temperature difference of 10 K must 
exist !;〇 drive effective heat transfer,

21. What is outlet 1:emperature of 也e cold stream if e=heat exchanged is carried 0 山 in 
过 coimtcrcurrc打t manner?
(A) 310 K，（B) 345 K，（C) 350 K，（D) 355 K，（E) 390 K

22. What is outlet temperatUK of 化e hot stream if heat exchanged is carried out in a 
countercurrent manner?
(A) 310 K，（B) 345 K，（C) 350 K，（D) 3巧  K，（E) 390 K

23. What is outlet t:emperature of tile cold stream if heat exchanged is carried out in a 
cocurrent manner?
(A) 310 K，（B) 345 K，（C) 350 K，（D) 355 K，（E) 390 K

24. What is outlet t:emperature of 也e hot stream if 1;he heat exchanged is carried out in 
a cocurrent manner?
(A) 310 K，（B) 345 K，（C) 350 K，（D) 355 K，脚  390 K

25. What is maximum heat exchanged between 化e two streams?
(A) 90 kJ/min，（B) 100 kJ/min，（C) 190 kJ/mi打，（D) 200 kJ/min，(E) None of the above

Problem 4 (10%)
Multiple choice: Pick only one answer for each question. Each problem is 2 points.

25000 kg/hr of saturated steam at 224°C is 化 be condensed. The latent heat is 1839 
kJ/kg. Cooling water is available at 20°C. The outlet water temperature is limited 1:0 45 
〇C. The specific heat capacity is 4.18 kJ/kg.

26. Assuming 化at 化ei*e is no heat loss 化化e surrounding， how much water is irequired?
(A) >25000 kg/hr
(B) <25000 kg/hr
(C) =25000 kg/hr
(D) None of above
(E) All of above

\
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27. What is 化e log mean temperature difference (LMTD) of 化e heat exchange?
(A ) =204K
(B ) =189K
(C) =196.5 K
(D ) > l% .5K and< 204K

(E) <196.5 K and >189 K

28. If 40000 kg/hr of cooling water was used， which of 化e followin呂 is poss化le?
(A ) 打eat is lost 化化e surrounding
(B) The outlet temperature of cooling is higher than 45°C
(C) The outlet temperature of cooling is less 化an 2〇DC
(D) None of above
(E) All of above

29. If 45000 kg/hr of cooling water was used, which of tile fbllowin呂 is poss化le?
(A) Heat is losUo 化e surrounding
(B^ The outlet t:emperature of cooling is higher 也an 45°C
(C) The outlet l:emperature of cooling is less 化an 20°C
(D) None of above
(E) All of above

30. Assuming 化at 化ere is no heat loss 化化e surrounding, and the overall heat transfer 
coefficient in the system is 1000 W/(m2-K) how much heat exchange area is required? 
(A )〜 234 m2
脚 〜 23408 m2
(C ) 〜 65 m2
(D ) 〜 842 m2
(E) None of above

\
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Problem 5 (5%)

A coal particle bums in air at 1145 K, 1 atm. The process is limited by difflision of 化e 
oxygen counterflow 化 the C〇2  and CO that are formed at 出e particle surface where

3C + 2.502 今 C0 + 2C02
Assume that 也e coal is pure carijon with a density of 1280 kg/m3 and 化at 化e particle 
is spherical wi化 an. initial diameter of 0.015 cm. Air (21 mol〇/> oxygen, 79 mol% 
nitrogen) exists several diameters away from the sphere. Provide the answers for the 
underlined blanks in the following questions.

?V〇2r (where is 化e molar flux of species A along the radial direction)

(b) The mole fraction of oxygen at 出e particle surface m the gas phase is ___. 片％>

(a)iVc〇r = 
(2%)

Problem 6 (15%)

A stationary liquid layer of B is bounded by planes z = 0 (a solid wall) and z  — b {z  gas- 
Hquid inte占ace). At 化ese planes 也e concentration of A is Cw and respectively. 
The diffusivity 货丑 is a function of 化 e concentration of A, ^托，公4 占= 公4 占(Ua).

(a) Write down 化e differential equation 也at can be V 
concentration distr化山ion.

(b) Show that 也e concentration distrib山ion is given by

■̂c^o 化B(。）d。 z

恐品石T芯"友
(c) Show that the molar flux at 出e solid-liquid interface is

Naz \z=o ~ t (  A4b (Q )
6心

化 derive 化e steady-state

(4%)

(4%)

(d) Now assume 化at the diffusivity 
concentration

be expressed as a Taylor series i打也e

化且的）= + & 値 - +片2(。- 。)2 + …]

In w h id i。 = 王（。〇 + and 化 B =  Then show 化at 冷％ )

1
化zlz=。= 的。- Qb)[l + - Qb)2 + …;

\
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Problem 7

1. C〇2  capture via chemical adsorption is studied (i.e.， at a 1:emperature of 450°C) in a 
small fixed-bed system (2 inches in diameter) with 200 grams of CaO particles, 
corresponding 化 a bed length of 10 cm.

Feed conditions are described as followed: the concentration of C〇2 in the feed (Co; s 
gas feed) is 0.001 mol/L, a打d the 幻ow rate of the feed is 2.0 L/min. We assume the 
density of 化e flow is CO打巧ant in 也ewholep.rocess•

A C〇2 non-destructive infrared spectrometer (ND-IR) is employed 化 measure 化e 
concentratio打 of C〇2  dow打stream (i.e.， at 曲e exit of the fixed-bed system) versus 
elution time (句■ According 化 the iresults of the experime打t， the conce打tration of C〇2 , 
C(。 ， equals 化 zero when 0 1 :0 3 h 片瓜， undetectable amount of C〇2). At f = 4 h， 5 h， 
and 6 h, surges of 化e C〇2 concentration 化 0.0001 mol/L，0.0005 mol/L， and 0.0009 
mol/L, respectively, are identified. The concentration of CO2  measured by the ND-IR is 
relatively CO打stant at 0.001 mol/L when Hs higher than 7 h.

Based on 化e informatio打 shown above, please:

(a) Draw a breakthrough curve in terms of relative CO打centration 片.6*, C(t)/C〇) versus 
化6 length of 化6 adsorption bed when f = 2 h versus f = 9 h. (2%̂

(b) If the U)Ierance concentratio打 of tile C〇2  em化ed is 5% of 化e original value， please
calculate the saturatio打 capacity of the adsorption bed terms of mol of CO2 per
gram of CaO particles). (3%)

(c) Followed 0 打（b): If we wanUo have the breakthrough time increased by 10 times， 
what is the required length of the bed? (i.e•，化e l:olerance CO打centration of 1;he CO2 

emitted is 5% of tile original value)

2. After a 也orough evaluation of 化e case in Problem 7.1, 1:he chemical adsorption 
system described above is concluded 化 be u打favorable for a lo打g-term operation in the 
specified plant. Instead of using the chemical adsorption process shown above, we aim 
化 operate 比edescr化edsystemasapacked-bedgasabsorption化 v̂er•

Our objective is to reduce the concentration of 也e emitted C〇2 l:o 10% of the original 
value. The original concentration of CO2 in 化6 gas flow， which is fed from 化e bottom 
of the padced-bed gas absorption tower, is 3 mol%. The to1:aI 呂as 打ow rate in the 反ed 
is 5 mol/s. Here 化e change of 化e 1;〇化1 gas flow rate is 打eglig化le 片瓜，sufficiently 
diluted).

\
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We use C〇2-free de-ionized water (i.e.， in the presence of 比e absorbent for C〇2 capture) 
as the solvent, which is fed from the top of the packed-bed gas absorption tower. The 
equilibrium correlation is expressed as ^e= 30xe- Here, ye and Xe are the equilibrium 
concentrations of CO2 in the gas and liquid phases, respectively. The change of total 
liquid flow rate is 打eglig化le in this case.

Accordin呂化 the informatio打 shown above:

(a) Determine 化e minimum solvent rate (王min)

(b) Determine 化e number of ideal stages irequii^ed when 五= 3Zmin (3%J

(c) Followed 0 打（b): If the stage height is 1 m， and 化e estimated efficiency of 化6 
plate/stage is 10%: what is 化e required 1;o1:al height of 化is packed-bed gas 
absorptio打 t:ower? Please show the detailed calculatio打 along with answers.

Problem 8 (5%)

Spray drying is a 打 attractive method for the 拉 St removal of water of 化 e aqueous colloid 
(i.e.， to become dried,打ne powder) under a relatively mild heat e打vironment. Here, we 
attempUo use a spray dryer 化 convert aqueous colloids of Particle A into dried,巧打 e
powders (i.e.， in the fbrm of nanoparticle clusters). Our goal is !:〇 remove 99.9995 wt% 
of the water from the sprayed droplet containing 20 wt% of solid particles. According 
化化 e mass bala打ce，化e composition of 也e droplet before drying is 化e same as 化e 
compositio打 of the aqueous colloid.

In general, the drying process involved two steps: a constant rate zone and a falling rate 
zoae. Due to the ikst evaporation under the drying condition，95% of water related 
1:0 the critical free moistuire content) is removed imme出ately. Hence the time required 
for 化e drying at the con巧a打t rate period is assumed 化 be 打eglig化le ^.e., the rate of 
dryin呂 is 1 kg of 战 0 /如 2-day) in 化is period). When 出e water content is below 5% of 
化e original amount (i.e•，化e 负llin呂-rate period)，化e drying rate is assumed 化 be 
linearly proportional 化 the free moisture content. Based o打化 e surface area 
measurement, the surface area of the dry solid Particle A available for drying is 1 •0 m2/g 
of solid Particle A.

B泣sed o打 the i打form汪tion shown above:

(a) Draw a plot of dryin呂 rate (unit: kg of H2〇/(m2-day)) versus free moisture content 
(unit: kg of H2〇/kg of solid Particle A) for an individual droplet, with detailed 
calculation. (2%)

(b) Determine 化e U)tal time of drying requi化d ( L i n k :  second) wkh detailed calculation.
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