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Abstract: This study was focused on the investigation of the effects of membrane module configuration and the tem-
perature of feed retentate flowing along with module length on membrane performance through model simulation. A simu-
lation model of pervaporative dehydration through membrane module assemble in which a number of unit modules are
connected in parallel or in series has been established. In this study, ethanol/water mixture was used as model mixture.
Some of permeation parameters in the model were quantified directly from the real dehydration pervaporation of ethanol
through a lab-made membrane. By adopting the coefficients determined empirically the simulation model could be of more
practical value. The simulation of pervaporation with two basic module configurations, that is, parallel connection and ser-
ies connection, could present the importance of process parameters such as feed rate, module connection mode, number of
stages, and inter-stage heating.
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1. Introduction ergy saving as well as environmental-friendly separa-

tion, promising much greater benefits especially in an

Among membrane processes, pervaporation is a tech- era of skyrocketing oil price.

nique that allows the separation of liquid mixtures The success of the Pervaporation in industry is high-
through polymeric membrane. Now that the membrane ly dependent on progress in two fields: 1) the develop-
process has been proven in the dehydration separation ment of membrane with high performance and 2) the
of organic compounds [1-3], coming of age as a dehy- provision of engineering tools to optimize pervapora-
dration separation process, attention is turning to en- tion within the concept of process design, that is, to

search a process circumstance which cannot only max-
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imize membrane performance but also yield its eco-
nomical value. The development of membrane has been
in a constant progress in recent years, but process
technology has been widely neglected even though it is
very essential to design and build the real system. In
process technology, simulation model is a good tool to
analyze and optimize process. In previous works [4-8],
the simulation models were proposed to predict perva-
porative behavior in process and to optimize the proc-
ess in terms of membrane arca and energy requirement
in plate-and-frame and hollow fiber modules, respec-
tively.

This study was focused on the investigation of the
effects of membrane module configuration and the
temperature of feed retentate flowing along with mod-
ule length on membrane performance through model
simulation. A simulation model of pervaporative dehy-
dration through membrane module assemble in which a
number of unit modules are connected in parallel or in
series has been established. With help of the model,
pervaporation processes through membrane module as-
sembles with several configurations were simulated, re-
spectively, for analyzing and optimizing the pervapora-
tion, and ethanol/water mixture with 5 wt% of water
content was used as model mixture. Some of per-
meation parameters in the model were quantified di-

rectly from the real dehydration pervaporation of etha-

J, v, Ah,
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nol through a lab-made membrane. By adopting the
coefficients determined empirically, the simulation
model could be of more practical value. The simu-
lation of pervaporation with two basic module config-
urations, that is, parallel connection and series con-
nection, could present the importance of process pa-
rameters such as feed rate, module connection mode,

number of stages, and inter-stage heating.

2. Simulation Model

2.1. Mass and Heat Balances Over Differential
Element Volume in Unit Membrane Module
The plate-and frame module in this study is charac-
terized by :
* Dimension of each membrane sheet: length /, and
width wy,
* Height of each feed channel
* Number of membrane sheets making up of single

unit module

A schematic representation of mass and heat trans-
fers over the differential element volume in feed chan-
nel is shown in Fig. 1. When vacuum is applied at the
permeate side, a driving force for permeation, i.e.
chemical activity gradient can be developed across

membrane thickness. As a result, selective permeation

F, |
Feed-in )g—-o-b

F

z +dz

— X, ... Feed-out
T

z+dz

Permeate

J, Y Ahv

z+dz

Membrane

Fig. 1. Mass and heat transfer across membrane during flowing in the differential unit volume of feed channel.
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takes place at a certain rate through the membrane,
and then feed flow rate as well as feed composition
changes over the differential volume as much as the
permeation through the membrane. A liquid phase of
permeant changes into vapor phase at the permeate
side of membrane which is well below saturate vapor
pressure, requiring a certain amount of heat or energy
corresponding to the vaporization of permeant. The
heat of evaporation is supplied from feed flowing in
feed channel, so that the feed temperature falls con-
stantly along with feed channel. Therefore three differ-
ent balances over the differential volume are taken into

account as follows;

Mass balance
d

gF:—wam (1)

Concentration balance

S (Fe) =27y w, @

Heat balance

d
5 (Fhyp) ==27 Ahyw, 3)

where F denotes feed flow rate, J total flux, w, the
width of unit membrane sheet, x and y the concen-
trations of a selectively permeating component in feed
and permeate, respectively, 4r the enthalpy of feed
flow, and Ahy the heat of permeant evaporation. Rear-
ranging Egs. (1)~(3) gives

dF=—2Jw, dz 4
2J
d:c:F(a;—y) w,, dz 5)
o 2Ry
=0 Wm dz (6)

P

where C, is the heat capacity of feed. The changes in
feed flow rate, feed composition, and feed temperature
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Fig. 2. Representation of the feed and permeate flows in
a membrane module.

along with z direction can be determined if flux and
permeate composition are expressed as functions of
both feed composition and feed temperature, respec-

tively;
J=f(z,T) @)
y=g(z,T) (8)

Hence, flux, feed composition, and permeate compo-
sition can also be expressed as a function of location
along with z direction. A membrane module unit is
structured by stacking a number of membrane sheets
with the active layers of a pair of neighboring mem-
branes separated by spacer facing each other for feed
channel, as described in Fig. 2. The spaces between
sheets are secured for both permeate and feed flows by
embedding porous spacers, respectively. The feed chan-
nels in the unit membrane module are altogether con-

nected in series.

2.2. Batch Process

In this study, two configurations of membrane mod-
ules, series and parallel connections between unit mod-
ules are considered in the batch process as shown in
Fig. 3. Feed mixture circulates from the feed tank
through a configuration of membrane modules. During
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Circulation

a) Series connection b} Paraliel connection

Fig. 3. Module configuration in batch pervaporation pro-
cess.

the circulation of feed, both the feed amount My and
the water content of feed in the tank xr decrease
because of water-selective permeation through mem-
brane. Thus total mass change in the feed tank is
balanced with the permeation amount for a differential
time interval, dt, as follows;

dMp=—Jy Apdt &)

d(MFxF) =—JyyyArdt (10)
t

MF:(MF)O_f (Azdy) dt (11)

0

where Jy and yu is average flux and water concen-
tration in permeate through the total area of mem-
branes Ar consisting of a whole assemble of membrane
modules, respectively, and (Mr); is an initial feed
amount in the system and the integration term in Eq.
(11) expresses an accumulated permeate amount for a
permeating time .

If each membrane sheet in the membrane module is
not big enough for permeation through it to sig-
nificantly change feed composition or feed temperature,
each feed channel confined by a pair of membrane
sheets would be taken as an element volume. Thus,
wndz in Eqs. (4)-(6) can approximate to the area of a
membrane sheet A,.

Finite different schemes are employed to get a nu-
merical solution for the model equations. This method

involves dividing permeating time and membrane

Module Intet Module Outiet

Distance in feed flow dire ction
from modute inlet

»

Permeatin g time (1.1)

2

21 % a.
(1,3}

(3.1)

(4.1} {1.9

5]
@1 4.2) 133 ¥2.4) {9
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(i-1.1) (i<(n-2).0)

(i.1) {i-(n-1),1)
(-1,2) (i-9).3)(i-3.4) (i-4,5 (i--1)4)

Fig. 4. Finite difference grid used in the numerical
solution.

length into finite elements, respectively. In continuous
process, feed mixture flows through a sequence of fi-
nite element volumes to such an extent that the feed in
an element volume positioned closer to the outlet of .
the module has a longer residence time at a given per-
meating time. Two-dimensional finite difference grid
for single membrane module is applied to obtain a nu-
merical solution as shown in Fig. 4. Horizontal direc-
tional parameter j denotes the j” element or j” mem-
brane sheet from the entrance of the module while ver-
tical directional parameter i refers to feed introduced

into the module inlet at the i time interval.

2.2.1. Series Connection

When the module is the & among the multi-modules
in series connection, three-dimensional coordinate is
used to describe the grid structure. Thus, a coordinate
(ij.k) in the grid indicates a feed that is located at the
/™ element volume from the inlet of the &” module and
introduced into the /* module inlet at the i” time
interval. The differential forms of Egs. (4)-(6) can be
transformed into the difference form of them, re-

spectively, as follows;

Membrane J. Vol. 18, No. 4, 2008
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Fli,j+ 1,k)= F(i,j,k) —2J(i,j.k) A4, (12)

T(i,j+1,k) = T(i,5,k) —2J(i,5,k) Ah, / (13)

Fli.j,k) C, A,

x(ij+1,k) = 2 (4,5,k) +2J(,5,k)/ (14)

The initial and boundary condition for each parame-
ter can be given as follows, respectively,

Initial condition for each parameter;

x(1,1,1) = xy : initial water concentration in feed
T(1,1,1) = T, : initial feed temperature in the tank
F(l,1,1)

Fy : initial feed pumping speed

Boundary condition at the i time interval over unit
module;
*For k=1,
x(1,1,1) = xp(i) : water concentration of feed to en-
ter the 1" membrane module
T(i,1,1) = T, : temperature of feed to enter the 1"
membrane module

FG,11) = Fp : flow rate of feed to enter the 1%
membrane module
*For k£ > 1,
x(i,1,k) = x(i,nk-1) : water concentration of feed
to enter the " membrane module
1G,1k) = T(ink-1) : temperature of feed to enter

the A" membrane module
F(G,1Lk) = Fink-1) : flow rate of feed to enter
the ¥ membrane module

Now the parameters in Eq. (11), that is, the total
permeation rate through a whole assemble of modules
and remmant feed amount My in feed tank at time ¢

can be calculated by using the finite difference
scheme;

Wyl A 18 B A 4 3, 2008
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*For i < n,
Tfli)Ap= Y30 Hi—(i—1),5,1) 4, (15)
MF(l Ez 12; 1 (16)

* For i>n and <nN,
Dl6) Ag= 33521 Dides an

Mili) = (Mp),

SDIED I Y (18)

Ji—(i—1),4,k) A, At

* For I = nN,
‘]M )A Zk 12] 1 (19

MF(i):(MF)o_ Z§=1 N:l Z?:1 (20

Ji—(i—1),5,k) A, At

where n is the number of element volume in an unit
module and N the number of unit modules in the
system. Eqgs. (9) and (10) gives

z(i+1)=z506) +(x:(i) =y, (0) J,,(6) A,/ (21)
M) At

The initial condition for each parameter can be given;
xr(1) = xp : initial water concentration in feed
Mx(1) = (Mg
Ju(1) = fix(1), Tp)
ym(D) = gx(1), Tr)

2.2.2. Parallel Connection

Model equations for the permeation through paral-
lel-connected modules are simpler in shape than the
series-connected modules. Two dimensional coordinate

(ij) is valid for the parallel connection mode which is
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equivalent to the case of k=1 in three dimensional co-
ordinate (ij,k) in the series connection mode. In the
module configuration, since a certain number (N) of
unit modules are connected in parallel, the whole as-
semble of modules can be considered as single module
having a membrane area of N times larger than the
unit module. As a result, the total membrane area A,
in the unit membrane module in Eqgs. (12)-(14) is re-
placed with N A, to constitute model equations for the
parallel connection.

3. Results and Discussion

3.1. Determination of Permeation Parameters

The permeation parameters which had been pre-
sented in the previous work (4) were utilized for the
simulation in this work. The permeation data, such as
flux and permeate concentration were directly obtained
the pervaporation of ethanol/water mixture through a
hydrophilic composite membrane at different feed com-
positions and temperatures. The composite membrane
had a thin active layer of modified poly(vinyl alcohol)
coated on a porous substrate of poly(acrylonitrile).
Curve fitting of the obtained permeation data was per-
formed to get the permeation parameters as functions
of feed composition and temperature as follows, re-
spectively

J= Ayexp(—E, T) (20)

Ay= 475 exp(2.84z),

E,= 3300+ 839.6x

y=(az) 2 +98.372 b

a=440.9—112700/ T

where x and y are water concentrations (wit%) in feed
and permeate, respectively, J a flux (kg/(mQ.h), Ay a
pre-exponential factor (kg/(mz.h) and E, a permeation
activation energy (cal/mol). The pre-exponential factor

and permeation activation energy were given as func-
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tion of feed composition. The determined permeation
functions were in good agreement with experimental
data within +4.5% in the given range of operation
condition. These determined permeation parameters
were used in the simulation of the pervaporation dehy-

dration process.

3.2. Simulation of Pervaporation Process
With help of the simulation model established in this
study, the dehydrations of ethanol/water mixtures
through the flat sheet membrane were simulated in a
commercial scale of batch processes in which a num-
ber of unit modules are connected in sequence and
parallel, respectively, as described in Fig. 3. In the
batch process, the final product can be taken from feed
retentate in the tank after circulating of the feed
through respective configuration of unit modules.
Therefore, each process may have its own features be-
cause of its different module configuration and feed
flow regime. The simulation of these two pervapora-
tion processes can help to understand the difference
between them and provide guidelines for the design of

optimum pervaporation process.

3.2.1. Series and Parallel Connections of Unit
Modules

As mentioned earlier, pervaporation is characterized
by the evaporation of permeate through membrane, re-
quiring an equivalent heat for the evaporation. The
heat is supplied from feed source, so that a temper-
ature gradient in direction of the feed flow can be de-
veloped, constantly decreasing feed temperature and
then decreasing flux correspondingly. In a real in-
dustrial scale where a large area of membrane is em-
ployed, feed temperature falls significantly along with
membrane length due to the evaporation of permeate
and thus falling of feed temperature has to be taken
into consideration in process design. In order to figure
out how seriously the feed temperature drop occurs
with the number of unit modules in series connection
at different feed flow rate, simulations were run for

Membrane J. Vol. 18, No. 4, 2008
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Table 1. Base Parameters for Simulation of Batch Perva-
poration Process

Process parameters Unit Value
Initial temperature °C 90
Module inlet temperature °C 90
Permeate pressure torr 10
Flow velocity per each channel Kg/h  25~1000
Initial water concentration in feed wt% 5
Final water concentration in feed wi% 0.5
Initial water amount kg 1600
Dimension of unit membrane sheet m WxL: 0.5%0.8
Membrane area of unit membrane module m> 28 (70 ea)
Feed channel height mm 2.8

different sets of pervaporation. Table 1 summarizes
base parameters for the simulations of pervaporative
dehydration.

~ Assume that each batch system includes a different
number of unit modules in series connection and no
heat loss happens into its surroundings. The pervapor-
ative dehydrations of ethanol/water mixture were simu-
lated at 90°C of feed temperature and different feed
flow rates. When the feed mixture in the tank was de-
hydrated with permeating time from the initial water
content of 5 wi% to the final water content of 1 wt%
in the simulation, the temperature of feed retentate was
investigated with permeating time at the outlet of the
module assemble composed of a certain number of unit
membrane modules in the system. Fig. 5 exhibits the
result of the simulation. The term “stage” in Fig. 5
means “the number of unit membrane modules” in the
module assemble. At the beginning stage of per-
meation, the temperature of feed retentate at the outlet
of the module assemble is well lower than that at the
inlet of module assemble, depending on the number of
unit module constituents in the system. As the per-
meation keeps on going, the feed temperature at the
outlet increases with time and then approaches to that
at the inlet of module assemble. It is because water
content in feed is the highest at the beginning of per-
meation among a whole permeation period, so per-
meation through the membrane would occur to the
greatest extent, require a amount of heat taken from
the feed flow corresponding to the evaporation of the

A, A 18 # A 4 3, 2008
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initial water conc. in feed = 5 wt.%
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Permeating time, h

Fig. 5. Feed temperature at the outlet of module assemble
having different number (stages) of unit modules in series
connection with permeating time.

resulting permeate, and in turn chill down the feed,
lowering its temperature. As the dehydration of feed
by water-selective permeation progresses, water content
i feed reduces further and then flux decreases with
permeating time as much, resulting in less energy tak-
en from the feed flow. Thus, the chill feed could be
recovered toward its inlet temperature with permeating
time. The more the unit modules are connected in the
module assemble, the lower the feed retentate temper-
ature at the outlet is at the beginning of permeation
due to the permeation through larger membrane area
for longer residence time of feed in the module assem-
ble in its single circulation at a given flow rate, requir-
ing more heat removal from the feed. However, as wa-
ter content in the feed reduces with permeating time,
flux goes down and the heat for evaporation decreases
to such an extent that the temperature curves can get
asymptotical into a single line approaching the inlet
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initial feed flow rate per each channei = 450 kgihr
initial feed temperature = 90 °C (@
|initial feed amount 1000 kg

o»

initial feed concentration

O 1stage

¥ 2 stages
O 3 stages
<& 4 stages
A 5stages

Water conc. at module outlet, wt.%

initial feed flow rate per each channel = 50 kg/nr
initial feed temperature =90 °C (o)
- initial feed amount 1000 ky

o

Water conc. at module outlet, wt.%

0 2 4 6 8 10 12
Permeating time, hr

Fig. 6. Feed composition at the outlet of module assemble
having different number (stages) of unit modules in series
connection with permeating time.

temperature regardless of the number of unit modules.
The effect of the number of unit modules on the feed
retentate temperature at the outlet is observed more re-
markable at lower feed flow rate as can seen in Fig.
5(b). Slower feed flow brings a longer residence time
of feed in the membrane module. The residence time
of feed in the module would be identical with permeat-
ing time in each circulation of feed. As a result, slow-
er feed flow will yields a longer permeating time re-
sulting in more permeation and then more heat for
evaporation.

As pervaporative dehydration is exerted on the sys-
tem, the water contents of both the feed retentate at
the outlet of the module assemble and the feed in the
tank decrease with permeating time as shown in Fig. 6
and Fig. 7. As discussed above, the module assemble
which includes more unit modules connected in series

has a larger membrane area, more permeation and lon-

i
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initial feed flow rate per each channel = 450 kg/hr (a)
| initial feed temperature = 90 °C
initial feed amount 1000 kg

[

initial feed concentration

C 1 stage

V 2siages
3 stages
& 4stages
A 5 stages

Water conc. in feed tank, wt.%

initial feed flow rate per each channel = 50 kg/hr
initial feed temperature = 90 °C b)
initial feed amount 1000 kg

initial feed concentration

Water conc. in feed tank, wt.%

Permeating time, h
Fig. 7. Feed composition in feed tank with permeating
time in pervaporative dehydration of ethanol through a
module assemble having different number (stages) of unit
modules in series connection.

ger residence time of feed during single circulation. So
it is quite normal for the system with larger membrane
area to require shorter permeating to dehydrate the
ethanol/water mixture into the target composition. At
an incipient permeation, the water content of feed re-
tentate at the outlet of module assemble is lower than
that at the inlet of module assemble, depending on the
number of unit modules in the system. The water con-
tent at the outlet is even lower when feed flows slower
or/and the number of unit modules is larger in the
membrane assemble. It is because water-selective per-
meation through more membrane area with longer per-
meating time dehydrates the retentate feed more at the
beginning state of permeation, as already explained in
the previous section. However, permeation decreases
the temperature of retentate feed as much as the heat

used for the evaporation of permeate which is taken

Membrane . Vol. 18, No. 4, 2008
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fead velocity per sach channel
in series cennection

- 25 kgfr
-850

Required permeating time, hr

(8)

initial feed amount: 1000 kg

i  Initial feed P 90°C

initial feed composition: 5 wt.% water In ethanol
final fead composition: 1 wt.% water in ethanol

fead veiocity per each channel: 50 kg/hr

~@~ parallel connection
= series connection

Required permeating time, hr

{h)

Number of unit modules in the system

Fig. 8. Required permeating time to get the target compo-
sition of feed with number of unit modules (number of
stages) composing of the membrane assemble at different
feed flow rates,

from the retentate feed, resulting in lowering average
retentate temperature in module assemble. Therefore,
when the number of unit module is larger or/and feed
flow is slower in module assemble, it .takes longer to
get a target composition of retentate because of lower
temperature of retentate feed in the module assemble.
A module assemble composed of certain number of
constituent modules connected each other in parallel
has the same length of path way as single unit module.
Thus, the residence time of feed in the module
assemble with parallel connection is identical with that
in single unit module of the module assemble with the
series connection in each circulation. It was found
from the simulation that pervaporation performance
through the modules connected in parallel is almost
independent of feed flow rate for a given range of
feed flows in this study, and is very similar to one in
series with fast feed flow regime because of smaller

wag el A 18 A A 4 &, 2008
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re-heater Retentate
{liquid)
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-
»
Permeate
(vapor)

Fig. 9. Schematic representation of continuous pervapora-
tion process with inter-stage re-heater.

residence time of feed in the module assemble with
parallel connection in each circulation. Thus simulation
curves of parallel connection could not be plotted in
Fig. 8 because of overlapping them with ones of series
comnection with high feed flow rate. Fig. 8(a) shows
the plots of required permeating time with the number
of unit module employed in membrane assemble with
series commection at various feed flow rates. There is
no big distinction between curves with flow rate above
200 kg/h. It is because the residence time of feed is
too short to yield significant permeation in each cir-
culation. When feed flow rate is smaller, the feed dwells
longer in the module during single circulation, more
permeation takes place and then more heat is taken
from feed correspondingly. Therefore the resulting
average temperature of feed in the module lowers, in
turn, depressing the permeation through membrane and
requiring longer permeating time to reach the target
composition in feed. Fig. 8(b) presents a comparison of
required permeating times between parallel and series
connection modes at 50 kg/h of feed flow. Parallel
connection which has shorter path way in module
assemble or smaller residence time of feed favors the
permeation more, resulting in shorter permeating time
required for the dehydration.

3.2.2. Supplementary Series Connection Mode
The term “feed flow rate” used so far refers to “feed
velocity through respective feed channel” in module.
At a given feed flow rate, parallel connection of mod-
ules shows some advantage over series connection in
terms of membrane performance because of short resi-
dence time of feed. However, feed mixture should be
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Table 2. Base Parameters for Simulation of Continuous
Pervaporation Process

Wjgo] FasE LA 714

Process parameters Unit Value
Initial temperature °C 80, 90
Module inlet temperature °C 80, 90
Maximum temperature drop °C 10
Permeate pressure torr 10
Flow velocity per each channel kg/h 100
Initial water concentration in feed wit% 5
Final water concentration in feed — wit% 0.5
Dimension of unit membrane sheet m  WxL: 0.5x0.8

Feed channel height mm 28

(a)

08t

Flux, kg/(m*.h)

®
g
]
@
E Membrane area required
o st 90°C 1 27.2m?
= 80°C:41.2m?
0
]
= 40}
3
o
&
8
o 20t 4
&
o
2

0 . . . . .

0 1 2 3 4 5 3

Water concentration in feed, wt.%

Fig. 10. Simulated flux and permeate concentration with
feed composition in the continuous pervaporation of etha-
nol/water mixture at different feed temperature: initial
feed flow rate = 100 kg/h.

simultaneously supplied into all of channels in the
module assemble with parallel connection. Thus paral-
lel connection needs a bigger capacity of circulation
pump and consumption of more electricity than series
connection, requiring larger installation and operation

costs. Therefore, from the economical point of view, it
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o
=
s
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Table 3. Total Membrane Area and Membrane Area in
Each Stage Module Calculated in Dehydration of Ethanol
at Different Initial Temperature

Required membrane area, m’
Initial feed temp = 80°C  90°C

Stage number

i 7.2 44
2 15.2 10.4
3 18.8 124
Total membrane area 41.2 27.2

might be worthy of taking into consideration of a
hybrid system of parallel and series connections,
compromising the system in terms of membrane
performance, energy consumption and installation cost.
Alternatively, supplementary series connection mode
could be employed; the feed is re-heated when the
feed temperature fell below an acceptable module
entrance temperature and thus the temperature falling
could be compensated by installing re-heaters between
different unit modules to reheat the feed to a specified
module entrance temperature (Fig. 9). For a given set
of dehydration, the number of re-heater or the number
of stage is determined by two parameters, 1) the initial
feed temperature (or module entrance temperature) and
2) the allowable maximum temperature drop along the
module wnit, A typical maximum temperature drop is
10°C. Thus, in this study, the maximum temperature
drop was fixed to be 10°C. In this case, each stage of
modules would have different number of membrane
sheets. The simulations were run for different sets of
pervaporation described in Table 2. Fig. 10 shows the
influence of different initial feed temperature on the
membrane area and stage number required. Looking at
Fig. 10(a), each curve segment between points depicts
a change in respective permeation performance with
feed flowing over respective membrane sheet. The flux
change is observed to be more significant at higher
feed temperature or/and higher water content in feed,
resulting in more temperature drop over a membrane
sheet and less number of membrane sheets involved in
an unit module. Since the dependency of flux on
temperature is an Arrhenius-type equation as described
in Eq. (20), the influence of temperature on membrane
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performance is found to be significant to achieve a
predefined separation. As feed temperature increases,
the membrane area required decreases and number of
membrane sheets in each stage also decreases as much
(Table 3). It is observed from simulation that the
depressed permeation due to the temperature falling
can be recovered to some extent by reheating the feed
of which temperature fell as a result of permeation.
The permeate concentration increases slightly with feed
temperature but decreases more with decreasing water
concentration in feed (Fig. 10(b)). It reflects that more
separation permeation could be achieved at higher
temperature. Hence, one of the basic design rules to
apply to pervaporation is maintain the feed temperature
as high as possible.

4. Conclusions

The simulation model for pervaporative dehydration
through membrane module assemble in which a num-
ber of unit modules are connected in parallel or in ser-
ies has been established. With help of the model, per-
vaporation processes through the membrane module as-
sembles were simulated, respectively, for analyzing and
optimizing the pervaporation process.

In series connection, when feed flows slower or/and
the number of unit modules is larger in the membrane
assemble, the water content at the outlet of module as-
semble is lower because water-selective permeation
through more membrane area with longer permeating
time dehydrates the retentate feed more at the begin-
ning state of permeation. In the other hand, permeation
decreases the temperature of retentate feed as much as
the heat for the evaporation of permeate which is tak-
en from the retentate feed, resulting in lowering aver-
age refentate temperature in module assemble. Thus, it
takes longer to get a target composition of retentate
because of lower temperature of retentate feed in the
module assemble when the number of unit module is
larger or/and feed flow is slower in module assemble.

Pervaporation performance through the modules con-
nected in parallel is almost independent of feed flow
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rate for a given range of feed flows in this study, and
is very similar to one in series with fast feed flow re-
gime because of smaller residence time of feed in the
module assemble with parallel connection in each cir-
culation There is no distinction between curves with
flow rate above 200 kg/h because the residence time
of feed is too short to yield significant permeation in
each circulation. When feed flow rate is smaller, the
feed dwells longer in the module during single circu-
lation, more permeation takes place and then more heat
is taken from feed correspondingly. Therefore the re-
sulting average temperature of feed in the module low-
ers, in turn, depressing the permeation through mem-
brane and requiring longer permeating time to reach
the target composition in feed. Parallel connection
which has shorter path way in module assemble or
smaller residence time of feed favors the permeation
more, resulting in shorter permeating time required for
the dehydration.

In supplementary series connection mode, re-heaters
between different unit modules are installed to com-
pensate the decline of feed temperature through reheat-
ing the feed to a specified module entrance tempera-
ture. It is observed from simulation that the depressed
permeation due to the temperature falling is recovered
to some extent by reheating the feed of which temper-
ature fell as a result of permeation.
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Notation

Am  : effective membrane area per umit membrane
sheet in a module (m?‘)

C, : heat capacity of feed (kcal/(kg."C))

dz . differential length of channel in z direction (m)

Ep : permeation activation energy {kcal/mol)

F : Feed flow rate per individual feed channel (kg/h)



hr

: enthalpy of feed (kcal/mole)

: heat of the evaporation of permeate (kcal/

mole)

. flux (kg/(m’.h))

: effective length of unit membrane sheet (m)
: feed mass in feed tank at time 7 (kg)

: initial feed mass in feed tank (kg)

: number of membrane sheets in an unit module

: number of unit modules in system

: permeating time (h)

: feed temperature (K)

: concentration of a selectively permeating com-
ponent in feed (fraction)

: concentration of a selectively permeating com-

ponent in permeate (fraction)
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