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M embrane separation processes have infiltrated both 
the academic and industrial worlds. Commercial 
successes have engendered a wealth of research 

activity and collaboration on projects ranging from nitrogen 
production to hemodialysis. Coverage of membrane topics 
in the undergraduate curriculum has lagged, however, as 
authors and educators wait to see if membrane processes 
are "for real." 

In this paper we present three design projects that have been 
used in chemical engineering classes to introduce membrane 
processes. The first project requires students to specify a treat­
ment plan for individuals undergoing hemodialysis. The sec­
ond and third projects highlight the manufacturing process 
used to produce hollow fiber membranes. One requires the 
design of a water distribution system for spinline quench 
baths, while the other seeks to recover solvent from the di­
lute, aqueous waste stream produced by the process. These 
projects do not require extensive knowledge of membrane 
transport phenomena, modules, or processes, but they do re­
quire application of fundamental chemical engineering prin­
ciples for design purposes while simultaneously providing 
an introduction to the manufacture and use of membranes. 

Project 1 

Hemodia/ysis Treatment 
(Mass and Energy Balances) 

This design problem, given to freshmen and sophomores 
in mass and energy balances classes, builds upon the hemo­
dialysis problem in Felder and Rousseau.DJ Instructors might 
encourage students to look up the dialysis process on the 
equipment CD that accompanies Felder and Rousseau or in 
the Membrane HandbookYl Hemodialysis replaces kidney 
function for individuals who have experienced total or par­
tial kidney failure. The preferred treatment is a kidney trans-

plant, but hemodialysis (or other replacement therapy such 
as peritoneal dialysis) is required when a donor is not avail­
able or the failure is expected to be temporary. 

Hemodialysis only partially replaces kidney function. The 
primary goals are removal of cell metabolism waste products 
and maintenance of the body's water balance. Typically, three 
times per week a patient will spend three to four hours in a 
clinic connected to a dialysis machine. Blood is taken from 
the patient and passed through an artificial kidney 
(hemodialyzer) where water and wastes are removed before 
being returned to the patient. 

Within the hemodialyzer, the patient's blood flows through 
the lumen of 10,000 to 15,000 hollow fiber membranes while 
simultaneously dialysate is pumped around the exterior of 
the fibers. The dialysate serves as a reservoir for accumula­
tion of metabolism wastes as they diffuse across the porous 
fiber wall. The incoming dialysate stream possesses a com­
position similar to blood plasma, excluding the wastes, to 
minimize loss of electrolytes and other low molecular weight 
plasma components. Large components such as red blood cells 
and albumin cannot diffuse or flow across the wall because 
the pores are too small. 

For the design problem, students are asked to specify a treat­
ment schedule (the time required for treatment, tct, and the 
time interval between treatments, \) for a patient weighing 
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135 lbm. They are given the above background information 
on kidney function, hollow fiber hemodialyzers, and the di­
alysis process. They are also given the following informa­
tion for the specific hemodialyzers and treatment processes 
they are to consider: 

• During treatment, blood and dialysate flow rates are held 
constant 

• The inlet blood flow rate equals the outlet blood flow rate 

• Blood cannot be withdrawn from the body at a rate greater 
than 400 ml/min 

• Dialysate cannot be introduced into the artificial kidney at 
a rate greater than 800 ml/min 

• The available artificial kidneys possess l m2 of membrane 
area and a mass transfer coefficient of 0.010 cm/min 

To simplify the analysis, urea is taken as a model waste 
solute-the only one for which mass balances are required to 
determine dialysis efficacy. Urea is produced by the body at 
a rate roughly given by r = 0.11 *M g/day, where M is the 
body mass in kilogramsPl The goal of treatment is to keep 
urea levels below 3 g/L-normal concentrations are approxi­
mately 0.5 g/L. 

Students are instructed to treat urea-containing fluid within 
the body like fluid within a single, well-stirred tank (CSTR). 
The fluid volume in liters is related to mass by V = 0.58*MPl 
They are also encouraged to consider what happens when a 
patient is undergoing therapy (Figure 1 shows a schematic of 
the treatment process) separately from what happens between 
treatments. During treatment, urea is removed (students are 
told to neglect urea generation during treatment) while urea 
is produced by the body between treatments. Finally, students 
are given the following equation to describe the performance 
of the hemodialyzer:[2J 

(1) 

where Qb is the blood flow rate, cb is the inlet blood urea 
concentration, cb,o is the outlet concentration, N = (kA)/Qb, 
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Figure 1. Schematic of hemodialysis treatment process. 
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Z = Q/Qct, k is the mass transfer coefficient, A is the mem­
brane area in the module, and Qct is the dialysate flow rate. 
Equation (1) provides the relationship between cb and cb.o in 
terms of membrane properties and process conditions that is 
required in mass balances. 

The analysis requires application of transient mass balances. 

These projects do not require 
extensive knowledge of membrane transport 
phenomena, modules, or processes, but they 

do require application of fundamental 
chemical engineering principles 

for design purposes ... 

A urea mass balance around the body ( tank) during the treat­
ment time leads to the differential equation 

(2) 

where cb is the blood urea concentration leaving the body 
(which equals the concentration entering the hemodialyzer), 
V is the urea distribution volume of the body (body fluid 
volume), Qb is the rate at which blood is withdrawn from the 
body (which equals the rate it enters the artificial kidney), 
and cb,o is the blood urea concentration entering the body 
(which equals the concentration leaving the hemodialyzer). 

Assuming k, A, Qb, Qct, and V do not change with time, 
substituting Eq. (1) into Eq. (2) gives a differential equation 
that can be readily integrated to give 

Cb = cb.d exp(-t / 1:) (3) 

where cb ct is the blood concentration at the beginning of treat­
ment and 1: is given by 

1: = ( ~ 1{1-Z exp[-N(l-Z)]} 
l Qb) l- exp[-N(l-Z)] 

(4) 

In between dialysis treatments, the material balance for urea 
in the body is given by 

d( Cb V) 
---=r 

dt 
(5) 

which one can readily integrate, assuming r is constant, to 
give 

(6) 

where cb b is the blood concentration at the beginning of the 
period between treatments. Therefore, the design equations 
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that relate concentration to treatment time, tct, and time be­
tween treatments, \' are 

cb,b = cb,d exp(-td 11:) 
cb,d = cb,b +rtb /V 

(7) 
( 8) 

Given values for M, kA, Qb, and Qct, these two equations in­
volve four unknowns: cb b' cb ct' tct. and\· Therefore, one must 
specify two more variabies before the problem is fully speci­
fied and the remaining dependent variables can be calculated. 
A spreadsheet can be used to rapidly solve the equations for 
a range of values for each variable. A typical solution is illus­
trated in Figure 2. 

With this analysis, students are asked to answer the fol-
lowing questions: 

• How long should each dialysis treatment last? 

• What are the desired flow rates of blood and dialysate? 

• What is the body fluid urea concentration at the beginning 
of treatment? At the end of treatment? 

• How much dialysate is used during each treatment? 

• How long can a person wait between treatments? Specify a 
practical treatment schedule; for example, it is not 
practical for a patient to visit the clinic every 2.3 days, so 
patients typically are scheduled at the same time on 
specific days during the week. 

• Is the assumption of no urea generation during dialysis a 
good one? 

Students are encouraged to minimize the time required for 
each treatment (to reduce treatment costs and improve pa­
tient well being), maximize the time between treatments (also 
to reduce treatment costs and improve patient well being), 
and minimize the amount of dialysate used (to reduce di­
alysate costs). One cannot achieve all of these goals si­
multaneously l 

Past experiences with this problem have been positive. The 
subject intrigues students-the problem also challenges them. 
The challenge comes not from the mathematics involved but 
from setting up the equations from the problem statement 
and identifying the constants, independent variables, and de­
pendent variables in each. This is often their first experience 
with an unstructured, open-ended design problem----0ne that 
requires arbitrarily specifying some variables to calculate 
others and to synthesize a solution from information presented 
not in order of use and in a variety of unit systems. 

Additionally, the problem involves processes and concepts 
that may not be familiar to them. With a little guidance and 
encouragement, though, they can obtain a solution. The pri­
mary negative feedback is that the students didn't want to 
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work in groups and be assigned a group grade despite at­
tempts to address these issues using approaches described in 
the literature.[4l We believe such criticism is common to group 
projects in classes across the curriculum and is not related to 
the membrane content of the problem. 

Project2 

Hollow Fiber Spinning Plant 
Water Distribution System Design 

(Fluid Mechanics) 

Polymeric membranes in the form of fine hollow fibers are 
used almost exclusively to form modules for gas separations 
and hemodialysis. The fibers are produced in a spinning pro­
cess similar to that used to produce textile and structural fibers. 

In this process, the polymer is mixed with one or more 
solvents to form a "spin dope." The spin dope is pumped 
through a spinneret to form a hollow liquid cylinder; a single 
extruder may feed multiple spinnerets while a single spin­
neret may produce from 10 to over 100 filaments. A second 
liquid or gas stream is fed to the spinneret to fill the cylinders 
and keep them from collapsing. The filaments pass through 
an air gap ("draw zone") and then one or more liquid baths 
("quench baths") to induce a desired wall structure and ex­
tract solvent. The most commonly used liquid is water. The 
filaments produced by a single spinneret travel through 
the process in a group referred to as a "tow." Figure 3 
illustrates the process. 

The membranes produced by this process commonly pos­
sess a porous wall in which pore size depends on position in 
the wall. T icall the smallest ores are ad·acent to one wall 
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Figure 2. Urea concentration changes during treatment and 
between treatments for Qb = 400 ml/min, Qd = 800 ml/min, 
cbd = 1.5 g/L, and td = 240 min. For these conditions, ebb= 
o.'ss g/L and tb = 4900 min (3.4 days). ' 
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and the largest adjacent to the other wall. Fibers range in size 
from approximately 100 to 400 microns outer diameter and 
7 5 to 300 microns inner diameter, while pore sizes range from 
Angstroms (molecular size) to microns. 

Students in fluid mechanics classes were asked to design a 
water distribution system for the water baths. The circulation 
loop contains an adsorption column to remove solvent since 
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Figure 3. Schematic of a typical fiber spinning plant with 
a single quench bath. 
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Figure 4. Water distribution system in a fiber spinning 
plant. 
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Figure 5. Bath schematic. 
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the solvent concentration in the baths must be kept below 
some critical level to produce "good" fiber. Figure 4 illus­
trates the water distribution system, while Figure 5 illustrates 
the dimensions of each water bath. 

For the analysis, a range of water flows was specified that 
would ensure the solvent concentration remains below the 
maximum allowable value. Simplified packed bed perfor­
mance and design guidelines were given for sizing purposes. 
Additionally, constraints on the piping, pumps, pump loca­
tion, and the storage tank were specified. These are summa­
rized in Table 1. 

The students were asked to provide 

• A piping diagram 
• Pump placement and horsepower 
• Packed bed dimensions and packing requirements 
• An inventory of required equipment 

The analysis consists primarily of application of macroscopic 
momentum balances (i.e., the Bernoulli equation), basic pump 
sizing principles, and mass balances. The equipment inven­
tory for a typical design is provided in Table 2 (next page). 

Student response to the problem was positive. Unsolicited 

TABLE 1 
Design Constraints for Water Distribution System 

[I Water flow rates range from 1 - 2 m3/hr and solvent concentra­
tion cannot exceed 1 % by weight. 

[I Centrifugal pumps are available in integral horsepower ratings 
from 1 to 10 hp and increments of 5 hp above 10 hp. Assume 
80% efficiency and NPSH = 2 m. 

[I Use 12-gauge stainless steel tubing and at most two sizes: one 
for the supply and one for the return. 

[I Minimum working distance between pump and tank is 0.5 m. 

[I Neglect pressure changes in the distribution manifold. 

[I Account for entrance and exit losses for all tanks. 

[I All fitting losses may be approximated by an increase in the 
required straight pipe length of 10% except for the specific ones 
mentioned above. 

[I The water stream is always near 25°C. 

[I The viscosity and density of the water stream do not change until 
the solvent concentration exceeds 10%. 

[I The packed beds are mounted vertically and flow is upward. The 
bottom of each bed is 0.5 m off the ground. The stream exiting 
from the packed bed empties into the top of the storage tanks. 

[I Packing is I -cm diameter spheres ( p = 2000 kg/m3
), bed void 

fraction ranges from 0.45 to 0.55, packing adsorbs 1 kg solvent/ 
kg packing, and exiting water stream is solvent free until packing 
is saturated. 

[I Cylindrical beds are available in 0.5 m, 1 m, 1.5 m, and 2 m 
diameters. Use an aspect ratio of 3. 
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comments on course evaluation forms included "I liked the 
group project" and "The design project was a good idea ex­
cept for the whole group work thing." As with the previous 
problem, students were not comfortable working in groups 
despite attempts to address their concerns. 

Project3 

Hollow Fiber Spinning Plant Solvent Recovery 
(Senior Design) 

In the senior design class, students were asked to design a 
separation system to recover solvent from the water leaving 
the quench baths for recycle within the process. The econom­
ics of membrane manufacture can be very sensitive to sol­
vent losses and environmental costs associated with waste 
disposal. Consequently, this problem might be used as a pol­
lution prevention example in the design course. 

The spinning process for this problem is illustrated in Fig­
ure 6. The primary difference between this process and the 
process illustrated in Figure 3 is that two quench baths in 
series are used to remove the solvent. Students were given 
essential process specifications (see Table 3) and asked to 
design the recovery process. A fiber spinning process with 
similar characteristics is described in the patent literature_l5l 

Each student group had to provide the following design 
information: 

• What is the required makeup water flow rate for each 
bath? At what rate is water removed from each bath 
for treatment? 

• What are the design specifications for each unit 
operation in the solvent recovery process? 

• Provide a complete PFD for the process, including a 
table of stream and unit operation properties. 

• Estimate process costs and compare to the cost of 
simply returning the wastewater to the city sewer 
system at a concentration of less than 0.1 weight 
percent organics. 

As one might expect, most groups considered dis­
tillation processes. Common process simulators 
(e.g., ChemCAD) can be used for the design of in­
dividual columns and column trains. Consideration 
of other unit operations such as reverse osmosis, 
pervaporation, or adsorption requires hand calcula­
tions and contact with potential vendors. 

The separation process design is complicated by 
the tight requirements on the water effluent from 
the first bath -total solvent concentration less than 
1 % by weight. For the given process specifications, 
a minimum of approximately 120 lbm/min of water 
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TABLE2 
Typical Equipment Inventory for 

Water Distribution System 

[I 5-hp centrifugal pump (160 psig discharge) for water supply to 
baths from storage tank 

[I 6-hp centrifugal pump (210 psig discharge) for water return to 
storage tank from baths 

[I 230 ft 7 /8 in OD 12-gauge stainless steel tubing 

[I Four stainless steel 7/8-in tees 

[I Ten globe valves 

[I Two vessels (Im x 3m) for packed beds 

[I 2 m3 packing for packed beds 

[I One vessel (2m x 2m) for the storage tank (illustrated in Figure 4) 

[I Four water baths (illustrated in Figure 5) 

TABLE3 
Fiber Spinning Process Specifications 

[I The spin dope consists of 32.5 weight percent N-methyl 
pyrrolidone (C

5
H

9
NO), 15.5 weight percent ethylene glycol, and 

the balance polycarbonate. 

[I The spin dope is extruded at a rate of 5 lbm/min. This is fed to three 
spinnerets that each produce 60 fibers. 

[I The 180 liquid filaments enter into a water bath maintained at 5°C 
and spend approximately 5 seconds in the bath. 

[I Upon exiting from the first bath, approximately 65% of the 
ethylene glycol is removed and 45% of the N-methyl pyrrolidone. 
An equal volume of water replaces the organic solvents. 

[I The total sol vent composition of the first bath must be kept below 
one weight percent. 

[I The fiber enters a second bath maintained at a temperature of 85°C 
and spends approximately 10 minutes in the bath. 

[I Upon exiting from the second bath, virtually all of the organic 
solvents have been removed and replaced by an equal volume of 
water. 

[I The total sol vent composition of the second bath must be kept 
below 10 weight percent. 

[I Makeup water for the baths comes from city water lines but must 
be distilled to purify it. 

[I Makeup water should be returned at the temperature of the bath. 
However, you do not have to provide temperature control for either 
bath. 

[I To reuse the solvents, the water content must be less than one 
weight percent. 
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Figure 6. Schematic of a typical fiber spinning plant with 
two quench baths. 

Chemical Engineering Education 



( Membranes in ChE Education ) 

must be fed to the first bath. Some of the effluent from the 
first bath can be used as the feed water to the second, but the 
water flow through the second bath is an order of magnitude 
less (about 12 lbm/min), so most of the dilute effluent from 
the first bath must be sent to the separation process. 

One can recover solvent from the combined bath effluents 
at sufficiently high purity (less than 1 weight percent water) 
to permit reuse with a single modest column (five stages and 
reflux ratio of 2). Water recovery to permit reuse in the first 
bath is more problematic. Large columns with high reflux 
ratios are required to increase water purity above 99%, the 
maximum allowed concentration of the effluent from the first 
bath; use of multiple columns is undesirable since water ( the 
highest concentration component) goes overhead in each col­
umn. Therefore, most designs send some water to waste treat­
ment and replace it with fresh water. The trade-offs between 
the cost of water disposal, cost of solvent lost in the waste­
water, and column energy and capital costs dictate the final 
design. Instructors may use cost information from standard 
design texts (e.g., Turton, et a[.[6l) to evaluate the trade-off. 
Other configurations that students have considered include 
sending the effluent from each bath to separate columns and 
sending only the effluent from the second bath (with the high­
est solvent concentration) to a column. In the latter configu­
ration, all of the effluent from the first bath is sent to waste 
treatment. 

CONCLUSIONS 

Three design problems that illustrate hollow fiber mem­
brane manufacturing processes and use of membranes in sepa­
ration processes are described. The problems have been used 
in classes that range from the freshman/sophomore to senior 
years in the curriculum. These problems are unique in their 
emphasis on membrane manufacture. Upon request, detailed 
problem statements and sample solutions can be provided. 

REFERENCES 
1. Felder, R.M., and R.W. Rousseau, Elementary Principles of Chemical 

Processes, 3rd ed., John Wiley & Sons, New York, NY (2000) 
2. Kessler, S.B., and E. Klein, "Dialysis," in Membrane Handbook, W.S. 

Ho and K.K. Sirkar, eds., Van Nostrand Reinhold, New York NY (1992) 
3. Galletti, P.M., C.K. Colton, and M.J. Lysaght, "Artificial Kidney," in 

The Biomedical Engineering Handbook, J.D. Bronzino, ed., CRC Press, 
Boca Raton, FL (1995) 

4. Felder, R.M., and R. Brent, "Cooperative Learning in Technical 
Courses: Procedures, Pitfalls, and Payoffs," ERIC Document Repro­
duction Service, ED 377038 (1994) Available on-line at <http:// 
w ww 2. n csu. ed u/uni t y /Io cker s/us er s/f If elder/pub Ii c/P apers/ 
Coopreport.html> 

5. Sanders, E.S., D.O. Clark, I.A. Jensvold, H.N. Beck, G.G. Lipscomb, 
and F.L. Coan, Process for Preparing POWADIR Membranes from 
Tetrahalobisphenol A Polycarbonates, US Patent 4,772,392, issued 
Sept. 20, 1988. 

6. Turton, R., R.C. Bailie, W.B. Whiting, and I.A. Shaeiwitz, Analysis, 
Synthesis, and Design of Chemical Processes, Prentice Hall, Upper 

Saddle River, NJ (1998) 0 

1reillllllilllll::::lrs:=-t::i;:rr,=-e=-d=-p=-:::o:ts-=----------...., ________________ _ 

After reading David Lindley' s book Boltzmann's Atom, Professor Robert R. Hudgins (University of Waterloo) was 
inspired to pen his thoughts on two subjects very familiar to chemical engineers. He shares those thoughts here ... 

Ludwig Boltzmann's Disorder 

Herr Doktor Boltzmann has a vision rare 
Of gases as a flight of tiny balls 
In random 3-D motion that would dare 
Allow him to explain their force on walls. 

Ernst Mach insists that physics must be strict 
And not be mocked, since atoms are not real. 
Observables alone cannot be tricked; 
Thereby, vague theories shall be brought to heel. 

But Boltzmann's disarray achieves a feat­
Bold inf'rences drawn from how atoms fly. 
He reinterprets what is meant by heat, 
And temp'rature and pressure by the bye. 

At length, chaotic motion proves its worth, 
As entropy's conceived and has its birth. 
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Gibbs' Phase Rule 

J. Willard Gibbs, the pedant in this tale, 
Reflecting on an elemental state 
Of matter at his alma mater, Yale, 
Took to his books and never sought a mate. 

In love with equilibrium he stayed 
(No doubt both metaphorical and real). 
When do P phases coexist? He played 
With arguments with consecrated zeal. 

As countrymen pursued uncivil war 
'Round F degrees of freedom for their slaves, 
Gibbs solved, with C components of savoir, 
A theorem that, when understood, draws raves. 

Robust and brief ('twould make a fine tatoo), 
Proclaims F equals C less P plus two. 
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