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Problem 1 (20%) 
Each sub-question is 2% in score. 

1. Apheresis is a process ofremoving specific blood cells of the blood while returning 
the remaining components in blood plasma (the yellowish liquid) into the body. The 
separated blood cells can be used for other medical applicat ions such as cell therapy. 
This process can be performed using a continuous flow centrifuge. To understand the 
fundamental physics of the blood separation, the viscosity of blood, therefore, is a 
critical parameter to be addressed. Numerous empirical model fo r the viscosity of blood 
is proposed below: 

( 
6 ) SH 

µ H = µexp I+ y o15 (I - H)os 

where µBis the viscosity of blood, µ is the viscosity of plasma, y is the shear rate, and 
H is the fractional volume concentration of cells or hematocrit. If the H and µ are 
constant, please identify the blood belongs to which flu id. 
(A)Newtonian fluid, (B) Shear-thinning fluid, (C) Shear-thickening fluid, 
(D) Bingham fluid , (E) None of the above. 

2. The normal range for hematocrit is different between the sexes and is approximately 
45% to 52% for men and 37% to 48% for women. Please choose the highest viscosity 
of blood based on the equation in Question 1 of Problem l . 
(A) The men' s blood at 25°C, (B) The men ' s blood at 37 °C, (C) The women ' s blood 
at 25 °C, (D) The women ' s blood at 37°C, (E) Not enough information to answer. 

3. The sedimenting velocity (vs) of a cell suspended in plasma at the infinite dilution 
can be determined from Stokes ' Law. During the centrifugation process, a single cell 
(radius R, density ps) suspended in the plasma (density p, viscosityµ) is under three 

different forces: buoyance force (F
8 

=inR3,az), fluid drag force (F
0 

= 6nµ8 Rv«)' 

and centrifugal force (Fe= ~nR3 psa ). The symbol "a" refers to the centrifugal 
3 

acceleration. Assume the plasma around the cells is a creeping flow. Please identify 
Vs. 

(A) v = 2R2(Ps - p )a ' (B) 
s 9µ 

V = 4R2(ps - p)a ' (C) 
s 9µ 

4R3(Ps - p )a 
V = ' 

s 9µ 

(D) v, = 4R3(p- pJa ' (E) 
. 9µ 

4R3(ps + p)a 
V =-~~~- . 

s 9µ 
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4. If a single white blood cell (R = 6 µm, Ps = 1.062 g/cm3
) is centrifuged from a tube 

containing 10 cm-hight plasma solution (p = 1.024 g/cm3
, µ = 1.32 cp) at 500 RCF (g 

force), how much time does it take to centrifuge the cell down to the bottom of the 
tube? [Note: 1 RCF = 9.8 rn/s2

) 

(A) 1 min, (B) 1.5 min, (C) 2.5 min, (D) 5 min , (E) 10 min . 

5. The sedimenting velocity of high concentrated white blood cells vw can be 
expressed as the following equation: 

(1 J:1-l Xi H )0.5 
v,.. =vs x -,,,,, - , where t = PR -p 

6.6H Pw - P 

Assume the density red blood cell PR is 1.096 g/cm3
, the density of white blood cells 

pw is 1.062 g/cm3
, and the density of plasma pis 1.024 g/cm3

. Hematocrit His equal 
to 40%. Please calculate the required time to centrifuge a high concentration of white 
blood cells to the bottom of the 10-cm length tube. 
(A) 5 min, (B) 10 min, (C) 15 min, (D) 20 min, (E) 25 min. 

6. Another approach to obtain the single-cell sedimenting velocity is based on the plot 
of friction factor f (or drag coefficient) verse Reynolds number. Friction factor and 
Reynolds number can be derived as the following equation. 

f = ~ aD(Ps - p ), Re= Dv,p 
3v_; p µ 

To avoid the unknown Vs, a simple technique is used to obtain the relationship between 
f and Re by combining them to fitj-Re plot. Please identify which combination is an 
appropriate step. 

Re f Re [i 
(A) Ref , (B) - , (C) -, (D) fl, (E) Re f . 

f Re f 

7. Continue the above question. Please calculate the number of the combination of Re 
and f. Assume all parameters are the same with Question 4 of Problem 1. 
(A) 0.1, (B) 0.2, (C) 0.3, (D) 0.4, (E) 0.5 

8. A straight line from the combination of Re and f can intersect with the curve of/­
Re plot. Based on the intersection point, please identify actual Re from the /-Re plot 
illustrated below. [Hint] set/ = 1 and I 04 to obtain corresponding Re 
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Reynolds number Re= Du. p/µ. 

(A) 0.001 , (B) 0.005, (C) 0.01, (D) 0.05, (E) 0.1 

9. Using the friction factor correlation, the sedimenting velocity can be calculated 
from the obtained Re. What is the percentage difference between the sedimenting 
velocity of a single cell obtained from Stokes ' Law and friction factor methods? 
Please choose the close answer. 
(A) I%, (B) 5%, ( C) 10%, (D) 15%, (E) 20%. 

I 0. Please choose the WRONG answer. 
(A) Stoke's Law is the force required to move a sphere through a given viscous fluid 
at low uniform velocity is directly proportional to the velocity and radius of the sphere. 
(B) For creeping flow, the convection can be ignored. 
(C) Diffusion plays no role in centrifugal separations. 
(D) Shear enhances the cell sedimentation process. 
(E) For the flow around spheres, there is a well defined laminar-turbulent transition. 
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Problem 2 (20%) 
Each sub-question is 2% in score. 
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LIQUI D MOLE FRACTION OF M ETHANOL 

The equilibrium curve of methanol and water is given as above. 
lt is necessary to separate a saturated liquid mixture of 10 kgmol/hr containing 50 mo)% 
of methanol and 50 mo!% of water into a distillate containing 95% of methanol and a 
bottom product containing 95 mo!% of water 

11 . Which of the following is closest to the minimum number of stage required for this 
separation? 
(A) 3, (B) 5,(C) 7,(D) 9, (E) 11 

12. Which of the following is closest to minimum reflux required for this separation? 
(A) 0.25 , (B) 0.45, (C) 0.65, (D) 0.85, (E) 1.05 

13. Which of the following is closest to the optimal reflux required for this separation? 
(A) 0.1, (B) 0.5, (C) 1, (D) 5, (E) 10 

14. Which of the following is closest to the actual the number of stage required if the 
reflux ratio is I 
(A) 3, (B) 5, (C) 7, (D) 9, (E) 11 

In Question 15, 16, 17 and 18 of Problem 2: If feed is changed into a saturated vapor 
15 . What will happen to minimum number of stage required for this separation? 
(A) Increase, (B) Decrease, (C) Unchanged. 

16. What will happen to minimum reflux required for this separation? 
(A) Increase, (B) Decrease, (C) Unchanged. 
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17. What will happen to condenser duty required for this separation? 
(A) Increase, (B) Decrease, (C) Unchanged. 

18. What will happen to reboiler duty required for this separation? 
(A) Jncrease, (B) Decrease, (C) Unchanged. 

ln Question 19 and 20 of Problem 2: It was found that the latent heat of a liquid of 95 
mo!% methanol is about 40000 kJ/kgmol. The condensing temperature is about 65 °C. 
Given that the feed is saturated liquid and reflux ratio is 1 as in Question 14 of Problem 
2: 

19. What is the condenser duty required? 
(A) 40000 kJ/hr, (B) 200000 kJ/hr, (C) 400000 kJ/hr, (D) 2000000 kJ/hr, (E) 4000000 
kJ/hr 

20. If cooling water at 25 °C is used and exit temperature is about 45 °C, which of the 
following is closest to the Log Mean Temperature Difference (LMTD) in the condenser? 
(A) 20 °C, (B) 25 °C, (C) 30 °C, (D) 35 °C, (E) 40 °C 
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Problem 3 (10%) 

Pd film 

Response time 
' . PdH 

...... 
h 

A 1-0 hydrogen (H2) sensor made of metallic palladium (Pd) thin film through the 
formation of palladium hydride (PdH). The amount of H2 is reflected in the change in 
the measured resistance due to the lower conductivity of PdH compare with Pd. An 
important feature of H2 sensor is the response time, i.e., how fast the sensor respond to 
a certain concentration. The response of a Pd based hydrogen sensor is typically limited 
by the mass transfer of atomic hydrogen inside the Pd metal described by Fick' s 2nd law 
of diffusion. With the aforementioned information, please answer the following: 

(1) What is the mathematical form ofFick' s 2nd law of diffusion in 1-0 form? (2%) 

(a) . = -'.!) d[H] (b) a[H] = -'.!) d
2
[H] (c) a(H] = fl'\ d

2
[H] (d) a[H] = -'.!) d

2
[H] 

J tlf ' at d.f2 ' a-e ..u df2 ' at dt2 

(2) Assuming the concentration of hydrogen at the surface is equal to the bulk 
concentration [H2]00Ik- What are the boundary conditions best describing this problem? 
(3%) 

(a) At y=O, [H2]=[H2]bu1k ; at y=W, [H2]=[H2]bulk 
(b) At x=O, [H2]=[H2]bu1k ; at y=h, [H2]=0 
(c) At z=O, [H2]=[H2]buik; at z=L, [H2]=[H2]bulk 
( d) At x=O, [H2]=0 ; at x=h, [H2]=[H2]bu1k 

(3) In order to accelerate the response (decrease response time), one can decrease the 
diffusion length (I) of hydrogen atom in Pd. How does response time (tR) changes with 
film thickness l? (5%) 

(a) tR oc .f, (b) tR oc .f2
, (c) tR oc 1 , (d) tR oc -e

1
2 
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Problem 4 (10%) 

salt plate 

water h 

uu 
An infinite large salt plate is placed above a stagnant water layer. The dissolved salt 
creates a concentration gradient in the z-direction. A density gradient is simultaneously 
created which may cause the denser water at the top to sink resulting in natural 
circulation. 
(]) Assuming the concentration gradient is constant with fixed boundary conditions, 
under which situation would natural convection occur? (1%) 

(2) G . h . f . - (DVz) ap 8
2vz 7( -) (5%:) 1ven t e equation o motion: p Dt = - az - µ ari + P9z'> w - w o; 

In order to perform dimensional analysis, dimensionless quantities must be defined 
using the characteristic quantities. Please write down the expression for the 
dimensionless quantities listed below, using the following boundary conditions: 

B.C. l : at z=O, v=O, w=wo 
B.C.2: at z=h, v=O, w=wh (wh>wo) 

(a) Dimensionless length z (1 %) 
(b) Dimensionless time t (1%) 

(c) Dimensionless differential operator d (1 %) 
dz 

(d) Dimensionless concentration w (1%) 
(e) Characteristic velocity v0 (1%) 

(3) The dimensionless form of equation of motion is given as: 

(
Di7z) afi a217z 2 n ~ 1 
Dt = - az - Sc ar2 - GrwSC g (w - 2) 

Please answer the following: 
(a) What is the mathematical definition of the Schmidt number (Sc)? (1%) 
(b) What is the mathematical definition of diffusional Grashofnumber (Grw)? (1%) 
( c) If we assume steady state with no pressure gradient, how can the above 
expression be simplified and under what kind of fluid property would the favor the 
occurrence of natural convection? (2%) 
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Problem 5 (6%) 
Surface-modified nanoparticles (NP) preserved in an aqueous solution were made to 
become pellet structure, which can be used to remove organic contaminants. The 
density of NP is 1.02 g/cm3

, and the weight concentration of NP preserved in the 
aqueous solution is 20 wt%. The rest (80 wt% of the aqueous solution) is assumed to 
be pure water. 
During the industrial operation, Waste Water (WW) at a volumetric flow rate of 5.0 
m3/hour is generated. The majority of contaminants in WW is phenol, and the 
concentration of phenol in the WW is 0.5 wt%. Today, we use NP in pellet form to 
remove the phenol from WW via a batch layout: (l) Firstly 10 L of the NP aqueous 
solution was dried to become NP pellet for one batch reaction, and (2) WW was 
co llected for 1 hour and react with NP pellet in a batch reactor. Presumably all of the 
particles are replaced with the fresh ones every batch reaction. For simplicity in 
calculation, we assume the density of WW and the aqueous solution to be the same with 
the pure water (i.e., 1.0 g/cm3

) during operation) 
After 1 hour of operation in a batch reactor: 

(a) What is the maximum amount of phenol can be removed to NP pellet? (3%) 
(b) What is the concentration of phenol presenting in the WW? (3%) 

From a literature study: a graduate student in NTHU has done an adsorption isotherm 
study, showing that the maximum capacity of NP for the adsorption of phenol ( Ws) 
varies with the equilibrium concentration of phenol in the WW ( Cs). The results show 
that Ws equals to 10 kg of phenol per kg of NP when Cs = 1.0 kg/m3 of WW. By 
increasing Cs from 1.0 kg/m3 of WW to 2.0 kg/m3 of WW, Ws increases to 15 kg of 
phenol per kg of NP. With a further increase of Cs to 3.0 kg/m3 of WW, Ws slightly 
increases to 17 kg of pheno I per kg of NP. Here we identify that the increase of Ws is 
negligible when Cs> 3.0 kg/m3 of WW. 

Problem 6 (4%) 
A (50wt% water + 50wt% ethanol) solvent is used to extract heat-sensitive vitamin X 
(molecular mass of 2000 g/mol) from a special seed. The amount of the vitamin X in 
the special seed is about 10 kg/kg of the seed. The vitamin X is shown to be more 
soluble in ethanol than in water with a boiling point of 80 °C. Using ICP-MS, the 
amount of the sodium in the special seed is 10 g/kg of the seed. After extraction the 
vitamin X for 10 hours, the amount of sodium in the extract increases from 0 g/L to I 
g/L. 
If you want to effectively decrease the amount of the sodium in the extract after 8-h 
operation, what can you do based on the following suggestions from (a) to (k)? Also, 
please also provide your justification to the correct answer(s). 
The correct answer might be multiple answers, and no partial credit will be given. 
(a) Use a distillation process on the extracted product above 100 °C. (b) Use a spray­
drying device on the seed prior to the solid extraction. (c) Use a low-pressure distillation 
process on the extracted product at a temperature above 100 °C. (d)Change to use 
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another seed with lower concentrations of vitamin X and sodium. (e) Change to use 
another seed with higher concentrations of vitamin X and sodium. (f) Use a freeze 
vacuum-drying device on the seed prior to the solid extraction. (g) Use an 
ultracentrifugation device on the extract. (h) Use a membrane separation with a pore 
size of 0.1 mm. (i) Use mechanical filtration with a filter paper of 0.1 mm in pore size. 
(j) Use dialysis via a membrane with a pore size of 2 nm. (k) None of the above is 
working. 

Problem 7 (5%) 
Mechanica l separation is often used to remove particles in the aqueous so lution. In 
some cases, it can be used to classify particle or be used to study particle size 
distribution of particle suspension. Disc centrifugation is commonly used to measure 
particle size distribution of particle in the aqueous solution. A gradient solution having 
a viscosity of 2.5* 104 Pa*s is used as the medium solution for this mechanical 
separat ion process. The injection point (i .e., entrance of the particle) is located close to 
the center of the disc, and the distance between the injection point and the center of the 
disc is assumed to be 0.5 cm. The discharge point of the disc (exit of the particle) is 
located at rim of the disc, and the distance between the discharge point and the center 
of the disc is 10.5 cm. The traveling distance from the injection point to the discharge 
point of the disc is 10.0 cm. 
Based on vendor's information, the nominal size of the spherical particle product is 
about 30 nm, and the density of the spherical particle is 5.0 g/cm3

• We can operate at 
the centrifugation speed either 5000 revolutions/min or 20000 revolutions/min. 
(a) Please choose a correct operating condition (centrifugation speed) based on your 
justification through detailed calculations. (2%) 
The minimum operating time should be >2 min (to keep sufficient resolution), and the 
maximum operating time should be below 50 minutes (to have efficiency in the 
analysis). 
(b) Followed on (a): At a constant centrifugation speed, particles with different 
diameter of the spherical particle will come out of the disc in sequence. Please draw a 
plot of the measured particle diameter versus operation time, t (i.e., from t = 0 min tot 
= 50 min; You may only choose t = 4 min and 49 min). (2%) 
(c) Followed on (b): If the peak population is shown at t = 10 min, what is the actual 
measured peak diameter of the particle? (1%) 

Problem 8 (5%) 
After mechanical separation, a large particle-free aqueous solution containing the 
vitamin XX is formed. The density of the aqueous solution is assumed to be 1 g/cm3

, 

and the concentration of vitamin XX is 2 wt%. During the evaporation of the water in 
the solution, vitamin XX will start to precipitate to become dry powder. 
Aerosol-based drying process, via a formation of fine spray in the air flow, is shown to 
be effective for the formation of powder vitamin XX via a fast removal of water. Using 
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an aerosol-based measurement, the number concentration of dried vitamin XX particle 
is 108/cm3 of the air. The spray rate of the solution is then calculated based on the 
information by assuming that (1) the number of aerosol dried vitamin XX particles 
equals to the droplets generated, and (2) the diameter of the droplet is about 300 nm. 
Here the flow rate of the air is IO Umin. The residence time defined for the constant 
heating process is 1 minute. A complete dried vitamin XX powder is formed . 
(a) What is the actual drying rate in this system, in term of kg of solvent per minute? 
(2%) 
(b) Followed on (a): If we increase the spray rate of the solution to be 5 times and still 
see a complete formation of dried vitamin XX powder under the same operation, what 
is the actual drying rate? (1%) 
(c) Followed on (b): lfthe average drying rate at the first 5 minutes is 2X of the average 
drying rate during the 5-10 minutes: what is the average drying rate at the first 5 minutes? 
(2%) 

Problem 9 (8%) 
Answer the following problems relating to the fundamentals of energy transport. 
(]) Temperature measurements taken in a complicated energy transport problem have 
been fitted with a polynominal with result T= 60 +0.2 x? -0.03x4, where Tis in °C and 
x 1s m cm. If the thermal conductivity of the medium is 60 WlmK, what is the energy 
flux, qx, at x = 5 cm? · Is the medium where the measurements were taken, a gas, liquid 
or solid? (4%) 
(2) Consider the following equation of change for temperature: 

pCpDT =k'V 2T-(alnp) Dp +µ<'P 
Dt a1nT p Dt V 

(a) Describe the physical meaning of substantial time derivative DT/Dt. (2%) 
(b) What is the origin of the µ<l>v term in the equation? (2%) 

Problem 10 (12%) 
An annular chemical reactor consists of a packed bed of catalyst between two coaxial 
cylinders. The inner and outer cylinders have radii of Ro and R1, respectively. It is 
reasonable to assume that there is no heat transfer through the surface of the inner 
cylinder, which is at a constant temperature To. The catalytic reaction releases heat at a 
uniform volumetric rate S throughout the reactor, whose effective thermal conductivity 
k may be considered a function of temperature ask= ko +AT.Neglect the temperature 
gradients in the axial direction. 
(a) Derive a second-order differential equation to describe the radial temperature 
distribution in the annular reactor starting with a shell energy balance. (5%) 
(b) Establish the radial temperature distribution by solving the differential equation. 
(4%) 
( c) Develop an expression for the temperature at the outer cylindrical wall of the reactor. 
(3%) 


