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ABSTRACT

Menbrane separation technologies are now widely used in
chemical industries because of their lower ¢osts,v less
maintenance, lower energy -consunﬁption and | reduced'4 pollut,ioﬁ
problems than other separation technologies. The mechanism of gas
separation is base& on the‘principl‘e that; certain gas permeates
more rapidly than others. Membranes are now widely~ used in
fertilizer 'plant for separation of hydrogen. The purge gas in
ammonia plant F:onta;.ns approximately 65% of H2 and rest is N2 with
Ar and CH4. We can achieve hydrogen purity qtito 99% using these
membr ane.

A mathematical model was developed considering counter
current mode of flow for membrane c:onf‘i?gurat,ion of flat sheet,
hollow fiber feed ocutside mode and hollow fiber feed inside mode.
The assumptions of steady sf.ate, no radial concentration gradii%—:nt,
permeabjlity dependent of temperature only etc. were taken‘.ﬁ‘j' The
model equations were derived from mass balance equation along with
Henry's law and Fick's law for mo}_.ar_ flux relation a'nd pressure
drop relation of Hagen Poiseuille. Nurﬁerical integration waé done
using Fourth order Runge Kutta methoed. A compu{,er program in
Fortran was developed and the model was checked Qi’th reported
data.

The comparison of mode @f‘wf‘lc_jw Cco-current and 'Coupter
current) aﬁd membrane configuration (flat sheet and hollow fiberd
was done. Hollow fiber feed outside mode'with count@r current flow

was found having highest permeate composition and was considered
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for further study with purge gas sygtem“taking three membrane
materials C(cellulose acetate, polyimide and polystyrened.

The simulation study was done to see the effect of feed
flow rate, pressure ratio and temperatdre on permeate composition
for the se#aration of purge gas systém CH2 - NZD.

Simulation studies showed that polyimide‘ menbrane is
better than ceilulose acetate and polystyrene for the separation
of hydrogen from purge gas. Polystyrene was f ound to be most
inferior for purge gas separation. The effect'of temperature was
insignificant in all cases. The permeate compdsiﬁion was found té
increase with a inérease in flow rate and a decrease inApressure
ratio. It is advisable Lo use counter current gollow fiber feed
outside mode permeator with polyimide membrane ét high féed Tlow
rate and at as high a feed pressure as permittéd by the mechanical
strengih of membrane system for better hydrogen re¢ove;y from

purge gas.
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CHAPTIER ONE

INTRODUCTION

It is for almost two hundred years.that biologists have
realized the membrane in living organism have extfa'ofdinary\
power of creating and maintaining ;oncentration differences
among different substances. A hundred and twenty years ago
Thomas Graham (1866) showed that Syn£hetic membranes could do
the same thing. He used rubber sﬁeet through which air waé
permeated. Scientists latevy developed membrang dialysis as a
means of purification in the laboratory and then it is used
vindustriélly to treat‘some waste streams.

Membranes are thin barriers that allow preferential
passage of certain substance. They are predominantly based on
polymeric‘ materials but some ceramig‘ glass and metallic
membranes also exists [Haraya et al. ClQQBJ..Konno et al.
C19885]. Polymers commonly employed for -Qas vsepar?tion
membrane include cellulose acetate and its .deriVatives.
po;yamide; and polyimides.

| Memb;aﬁe separation proce#ses have impeortant advantagés
over other separagion processes because gp‘no'phase change is
involved and thérefore energy requiremenﬂ of the system is
low. Feed, product, and waste streams are totally contained
and kept separate, s?‘no unconprolied pollution proﬁlem can

arise. "

Now membrane systems are replacing number of older, more



costly separation technolégies such as distillation,
crybgenics, pressure swing adsorption etc. Even though
separation technology tends to be very site or application
specific, membr ane systems of fer lower costs, less
maintenance and _more‘ flexibility than thé older technologies.
Membrane systems are smaller in size and more modular in
design t,hvan' the equipment they repiace an&l thgref‘ore, fit.
into exisping plant structures without requiring any new
construction, which results in lower capital investment and
shorter construction time. Labor and maintenance costs are
reduced because the membrane systems generally have fewer
mo&ing ﬁarts and require minimal operator attenti§n. Tﬁe
modul ar system approach also offer'more flexibiliiy in design-
and operation. New ud?ts can be easily added or section can
be turned on or off d;pending on plant efficiency.

Al though gas membrane technology is still young, it is
proving to be one of the most éignificant new oberat.ion to
appear in the past two decades. The separation iﬁ“gases by
-membraﬁevis an energy efficient separation:'process, that is,
Simple and compact apd can operate 1s‘ot,hermall)lr ‘wit.,h ‘no
change.of phase . Because of inability to perfect the process
to gfoduce uniformly good membranes in quantity; membr anes
Qere- not commercially successful earljier. Later, Loeb and
Souriranjan (1960) achieved a technical !Sre#k thx?ough when
theyvdeveloped an asymmetric‘ membrane. Figure 1.1 'shows the
asymmet,rig membrane. It consisb; of an ultra thin dense skir;
supported on a highly porous sugstructure haviné negligible

resistance to gas flow. The skin which acts as a separation
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barrief is nonporous and is highly permeable &ue to its
thinness. The porous support provides the mechanical strength
. to membrane tovwithstand high preosure. The presence of the
porous supporting layer, renders the oermeation behavior Of.
the asymmetric membrane some Qhat different from that of
symmetric oembranes. Asymmetric membranes have made it
possible to have both high permeability and hioh selectivity
for efficient gos separation.

Successful application of the | membr ane for gas
separation depeods upon discovery of economically compet;tive
membrane with high selectivities and permeabilities. On the
othor hand, engineering considerations sﬁch as membrane
oonfiguration and flow pattern Cco~current..coun£er curreht‘
and cross flow) of the feed and permeate streams are also
‘important in detérmining the performance of the'separation
-.systém. The:separation equipment is mainly of thyee £ypes -
Flat Sheet PermeatorﬂCFigure 1.85, Spiral Permegtor CFigure
1.3z£nd ﬂollow FibervPermeotor.CFigure 1.40. Theseroquipment.
are simplei modul ar and easy to contraol. | |

Membr ane seoaration technology ‘has captured' “the
attention of industries related to hydrocarbon processing,
chemical‘ purification, pharmaceutical and biotechnology
processing. wa;er desalination andlliquid‘waste processing.
One  of the most recen£ development of membrane has been
commeréializat#on tor separation and/or purification of mixed

gas stream found in refineries; chemicalvplant ond napufal

gas reservoirs. -

-

The design of industrial processes for separaling gases



!, Rectangular frame; 2, Las passapes
in frame; 3, membrane; 4, holes in membrane,
frame, or collector blocks for bolting; 5,
porous sheet; 6, cut-out portion in porous
sheet; 7, collector blocks; 8, passages in
collector blocks; 9, uppermost collector block ;
10, Iatcral passages in collector blocks; 11,
upper clarmping frame; 12, lower clamping -
frame; 13, outlet for permeated gas; 14, outlet
for unpermeated gas. ;

FIG. 1l.2: FLAT SHEET PERMEATCR.
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FIG. 1.3: SPIRAL WOUND PERMEATOR.
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with membranes depend ﬁltimately on relative rates of
transport of comﬁonents oé a mixture through a meﬁbrane. The
use of membranes to recover hydrogen.is now widely spread in
the ammonia and refinery industries. This area provides an
excellent épportunity' for membrane because these are cost
mvdtve .
effective and)lesser risk to the user. Also, membrane failure
would not affect the piant voperagion because they are
recovery units added to increase efficiency.

In the modern and new ammonia plants, hydrogen is an
expensive raw material which is produced by steam reform;né_
of natura} gas. Ammonia is produced in a recycle c#talytic
feactor. To overcome thé built up of inert gases Csuch® as
argon and unreacted' methane) in the closed looﬁ' éf the
reaction system a:continuous gas purging is carriéd out to
keep the ;e?el-of inerts at a cdnstént and tolerable lingi.
This purge gas cbntaiﬁed valuable hydrogen but separationAis
considered expensive with traditional processes.'Therefore an
efficient process is required which could give good yield and
also cheap and éasy to operate. Membranes are.now uééq to
provide a cost effective_#éparation process which ;esult_in
energy saving.

| The modelling . and siﬁulation ‘of membéane sepgratién
system is essential for its. propér' control and good
performance., Lite;ature reveals that several workers have
contributed . significantly in the ~underétanding and
.ﬁerfofmance of membrane systems for several binary gas
ﬁixiure by way of modell i ng the different membrane

configurations. However there still exists a lot of scope for

©
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future work in this direction.

The present work is aimed to study the performance of
different membrane for enriching the hydrogen gas from the
purge gas. - ’

The main aims of present investigation is summarized as

follows

Analysis and modelling of gas separation sysﬁem‘by membr ane
operating in counter currént méde for Flat Sheet and
Hollow Fiber.

DevelopmentAof computation technique and simulation program.

Comparison of co-current and counter current mode.

A case study of hydrogen separation from purge gas: by

~

tréating'it as binary gas mixture of hydrogen and nitrogen.

L



CHAPTER THO

PERMEATOR ANALYSIS

»

At Lhé early stage of gas separation, the poroué
membranes were used in which the permeationAof the gas takes
place due té pore size of the membrane, but it was found that
these membranes were not very effective for industrial
pur poses.

In 50’s several workers worked on nonpofous homogeneous
membrane. They consider the flat sheet membrine and develbped
thevéeverél models based on different as;umptiéns [Weller and
Steiner, 19850; Naylor and Backe}, 1955; .Blaisdeil Aand
Kaﬁmermeyef; 1973; Stern and Wang., 1973; Sirkar et al., 1984 ;
Pan and Habgood, 19741. It was found that permeatioﬁ wés not
very good because of the thick membrane. In 60’s gas
permeation took a new turn when asymmetric membrane was

devel oped. ngeral papers were published based.qn asymmetric

membrane. [Antonson et al., 1977; Stern et al., 1977; Pan and
Habgood, 1978; Pan, 1083; Sirkar et al., 1086; Sirkar et al., |
1087; Sirkar et al, 1988; Singh, 10901.

The golden era for gas permeation was achieved when
scientists got success in making hollow ?iber.[Lo;b and
Souriranjaﬁ. 1960). Now a days stillvlot of works are going
on this field. This chapter'reviéws Lhé dev§lopment.iﬁ the

modelling of different gas perﬁeatonsand theiv performance.
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FLAT SHEET PERMEATOR

'WeI.»ler and Steiner C1950) considered both single sﬁage
and multiétage flat sheet permeator and d:evel.oped the model
for binary gas system based on the fact that number -of

nonporous organic membranes have a property of showing a much

higher permeability toward some gases than btbers. The model

‘equations consist of mass balance equation, Henry’'s Law and

Fick’s Law relation. They made following assumptions to

simplify their model :

The system is operated at steady state.

N

Permeabillit.y of species are independent of pressure and

composition.

1)

Membrane is homogeneous in structure and fiber remains

physically undeformed.

The flow is laminar on both side of ihe membr ane. |
Pressure drop is insi gni ficant on each side of the mémbr ane.
Permeabili iy coefficients for Tnumber of gases wgfﬁ
determined for e{,hyl cellulose and polystyrene menbr ane and
it . was found that ethyl cellulose is sui t,abi e for
fractionation of air, whereas pol yst,yn ene is suitabl ev for
separation of helium and oxygen from gas mixture. They
observed that the total membrane area j:s appr oximately
‘i nver sely pr opor'ti onal to the pressure uged on the high
préssure si dé. The theoretical result obtai néd agreed to’ t.ne,
lab data within experimental error. |
The maj or shortcoming of  their model was  non’

consideration of flow pattern of the gas. However, their

equations were simple and easy to apply for single stage.

11
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‘Naylor and Backer (19550 developed the general method of
caléulating number of stages requirement for separating gaSes
of widély differing molecular weight. Following assuhptions
were different from Weller and Steiner’s |
Plgg flow on the high pressure side.

There éxists a constant effective separation fa¢t§r at any
point aiong the membrane.

Their modél equations were derived using Knudson’s Law
of Molecular Diffusion. The solution procedure was similar to
the McCabe and Theile diagram .used in ’distillation. They
showed that the separation of such .gases deﬁeﬁds on
square-root of the molecular weight ratio.

| Similar to W%lier and Steiner Lhey also did not consider
thé direction of the permeate flow.

Blaisdell énd Kammermeyer €1973) modified the model
given byIWeller And Steiner by incorporaﬂing Lhe flow pattern
in it. They assume £he plug flow on both side o{ the membfane
for their model. Th;_binary $ystem of Oxygen‘and Helium was
used for' the investigation. The area requirement for{a given
separation was evaluated by‘a numerical integration.

They observed that the direction of flow pattern Cthat

is, co—current or counter current flow2> have an important

_ A
‘role in permeate composition. They showed that the permeate

composition varies with the direction of tﬁe flcw and also

- showed that maximum separation can be achieved in counter

current mode.

| Stern and Wang 01978> compared the above two methods

given by Walawender and Stern (1972) and Blaisdell and

12



Kammer meyer C197Eb‘ and showed that the computational time
required for numerical sclution was same in both cases. In.
fact, the nature of problem specificatiﬁn dictates the
preferred method of vformglation .and their solution. For
example, "if mole fraction of permeate is specified it is
better to formulate with mole fraction as the independent
variable and if area is specified as in sim&létion problems,
then area should be the independent variable.

The solution of differential equation for 4c6unter
current flow had a convergence problem, £Herefore computer
Lime.required to solve it was more than that of co—curfenp.

Sirkar et al. ($1984D developea the seriesﬁ solution
teéhniqﬁe with assumption that there »is no axial pressure
drop on either side of the membrane and membrane thickness is
const;nt and showed that analytical solution takes very less
time_with respect to numerical solution.

In DEC-10 computer countér current. humerical solution
requires an average CPU time of 1imin. 4bsec. while‘ the
analytical solution requires only 2.6sec. Similarly for
co~current the numerical solution requires 1é.asec, while
.analytical soiution requires only 0. Bsec. Thelresult‘bbtaihea
through numerical seolution and that.by analytical sblutiOn
were slightly different but within the tolefable 1fmit. This
method therefore c¢can be used fof preliminary:prqcess design.

A conventional membrane gas separator‘gas'only the high
pressure feed stream entering the pef‘meatof. The perme#te

stream is produced strictly by permeation. Applications where

purification of the feed stream is of interest could benefit

13
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by having a purge or sweep stream entering the pefmeate sidg.
The most important advantage is that the partial pressure
difference could bé sigﬁificantly increased since the pﬁrtial
pressure of'the permeating species is reduced.

Pan and Habgood (1974) analyzed a pgrmeator having purge
stream on. the permeate side. The assumptions made for their
model were similar to that of Blaisdell and Kémmermeyer. The:
gas system taken by them was recovery of Helium from Natural
gas. They observed t.hap E.ount.exi current :is the most effective
flow patterp followed by cross flow with co-curtent pﬁttern
having theA Qorst performance. Purging implies a higher

driving force which result in a SignificanL reduction in

‘membrane area requirement without diluting the permeate

stream.

HOLLOW FIBER pﬁmuo&

| Aﬁtonson,let al. €1977> studied the symmétric, holldw
fiber .membrane system pérf‘or mance with flr:)w‘ on both side,
that is, shell side f;ow and tube side flow of the high

pressure feed. Following assumptions were made to develop the

model :

Pgrmeation involyes three mass transfer step for each gas:
A’Alsorpt,ion" on. thg me_mbrane surfac‘:‘e. Diffusio:ﬁ in the membrane
andeesorption from membrane surfaﬁe. |

Permeability ccefficients for both gases depénds on fiber

characteristics and temperature.

Permeability coefficients for components of a permeating gas

mixture are same as those for pure components

14
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Pressure drbp in fiber follows Poiseuille’s eguation for

laminar flow.
Mixture viscosity is baséd on mole fractions.
They consider a binary gas system consisting of VHzand
CH4 for their investigation. They showed the effect of flow
rate and flow pattern and showed that as the flow rate of
feed is increased the permeate composition i'ncreaséd. They
also showed that whether the feed flow is shell side or fiber
side counter current flow is superior to co—-cﬁrrent flow.
Stern et al. (1977) also studied experimentally Lhé
separat.»ién of various gas mixtures. They have used the shell
side flow of feed gas mixture for symmet,ric silicon cé.pillar-y

membranes. Since hollow fiber are in g.eneral pressurizéd from

 outside, the analysis had been done to shell side flow.

These permeators have very low productivity due to thick
membrane, so they are not preferred. MNow a days asymmetric
membranes are used because of its high flux capabilities..

Paﬁ and Habgood (1978) modeled the hol.l ow fiber
permeator with symmetric membrane. They consider shell .side.
feed with aséumptions, similar to that of Antonson et al.f'for
a binary gas mixture of _Helium émd Methane. Pan C19833
analyzed the same problerﬁ using asymmetric membrane with a
dense skin on the outer side of the hollow f‘i'»ber. Pan studied
the behaviour of the co-current and counter current flow
patterns and c¢ompared them with experjiment,al‘dat,a.

He cﬁbtainéd almost identiecal perfofméncewfor both flow
pattern C with a difference of 4 % .-' which he. considered As

an experimental error J. Therefore he preferred co-current

15



flow rather than counter current for asymmetric membrane.

Sirkar et al. (1986) extended their series solution
technique from flat sheet [Sirkar ét al. (198431 to. hollow
fiber membrane. In this papér they developed a series
solution technique for both the pérmeaﬂe- and reject
composition. The error in the series solution for co—cu;renh
flow was around 6% while that for counter burrent mode was
around 4%. The counter current‘ flow iuad produce a richer
ﬁermeate and leaner rejeét than co;CU;rent flow.

Sirkar et al. ((1987) investigated xéxperiméntally the
oxygen enriéhmenp of air by permeation through =silicon
capillary hembrane. with partiall or total reﬁycle ‘of the
oxygen'enriched'perme#te to the fresh air feed. The basic
 assumption§ for the recycle.permeator,were plug floQ, coﬂntér
current, pargllel plate silicone permeator 'Qith.'no axiai‘
pre#éuré droé and no nembrane.deformation.They showed that
tﬁe pargial recyclé of tLthe oxygen enriched permeaﬂe to. the
feed side significantly enhance the oxygen enri;hmeﬁt of the
permeate, and the oxygen enrichment increases with increase
in recycle ratio. They further showed that if fged Sbream
pressure drop and capiliary deformation is also incorpérated
in it then the behaviour of the model was quite well.
| Sirkar et al. €1988) studied the diffefence between the
symmetric and asymmetric membrane models dsing a sweep gas
technique. Two systems CO, - N_ and O, - Nz"’weré studied with
cellulose acet#te membrane. They showed that: for the feed
outside mode, the symmetric model fits the experimental

behaviour of the cellulose acetate membrane better than the_
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asymmetric model. Similar were the results obtained when

operated in feed inside mode.

Singh (1890 developed the mathematical model in
co-current mode for flat sheet and hollow fiber. He studied
the effect of feea flow and feed pressure on permeaté
composition for two systems, bio-gas and air with thfee
different membrane materials i.e. celluloses acetate, ethyl
cellulose and polystyrene. Assumptions made for the model i ng
were similar to that of Sirkar et al. €1987>. He showed that
va-iation in feed flow does not effect £he permeate
composition while permeate composition increases with

increase in feed pressure.

TWO MEMBRANE PERMEATOR

Two membrane permeator consists of two membrane in same

permeator having reverse membrane selectivity 1.e. one

membrane is more permeable Lo one component while the other
membrane is more permeable to second component. -

Tﬁe adv;ntages of using two membrane in a permeator is
that the e#bent of separation is increased and also it 1oyérs
the. energy and capital iﬁvestment' cbsts of} meggrane
separation process. These "systems are useful for the

separation of multi component gas mixtures.

Perrin and Stern C1985) devel oped the maéhematical model

for separation of binary gaé mixture in perméétor having two

flat sheet membranes. The assuhptions were similar to that of

Blaisdell and Kammermeyer for flat sheet membfané. Based on

that model they studied the effect of flow pattern on the

17
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2

per formance of Lwo nembrane permeator.

They showed that in general counter currgnt is the most.
efficient flow pattern, fﬁllowed by co current. 'In' oLher
words Ait can be said as, counter cufﬁent flow yield the
highest degree of separation and required the smﬁllest
membrane area for a given flow rate.

Sirkar ﬁnd Sengupta Ci987) spudied the ternary gas
mixture. The gas mixture consists of He, CO,, and N, and the
two membranes were cellulose acetate and silicon rubber. The
assumptions differed from Antonson eL al.as follows :

Viscosity of gas mixture dépend on the composition of mixture.

.No axial dispersion in the bulk flow direction. .

They showed that the selectivities of two membranes -are
coupled to each other i.e. the increase in selectivity of one
membrane improves the performance of both membranes in the

permeator and a decrease in the selectivity of undermines the

performance of both. They further showed that lnéhease 1nﬁ£hev

relative permeation area of the more selectivé\membrane of
the twe ihproves the performance of both membrané.

..Sirhar et al. 61989 étudied the internally staged
permeator consisﬂing of two hbllow fiber nembrané in‘same
permeator. In this pefmeator permeation takes place in two
stage.-The high pressure feed gas enters ﬁ%é-lumen_of the

§ . 3 .
first membrane, gasﬁpermeate from this fiber to the shell

‘side and from there the gas permeate through'/second membrane.

t

The'membranes used wefe cellulose acetate ﬁembrane and the
sys£em studied were O2 - Nz Caird and cob - Nz.

It was shown that internal stage permeator in co current

18



mode performs betiter than counter current flow pattern. The
performance of the internal stage permeator can be improved
by recycling the intermediate shell side reject stream to the

feed stream. The internal stage permeator produces a richer

permeate without any additional energy expenditure.

19



CHAPTER THREE

MATHEMATICAL MODELLING

The mathematical model, precisely defining the membrahé
separation process, may be wriﬂten in fbrm of mass balance,
momentum balance, and heat balance equations. The equation
for rate of gas permeation is given by Fick;s Law and the
pressure drop relation in hollow fiber is gi veh by Hagen
Poi seuill le Law. The equations obtained areA nbnlinear and
coupled oréinary"differential equations. For> the dase of
co-current flow: modei R equations and the simplifying
assumptions have been px;esent.ed Sy Singh <1990). . For‘ ' t.he.
counter curréht; y the solution of these equations showed
difficulties due to the converdgence problem. 'i_"herefore in
order to gét, a mc:-de"i which could give the inside and exit
conditions of the permeatéf with reésonable accd\x‘aqy, wln::ex:"t.ad.r’a
simplified assumption are to be made. |

Usually two types of membrane configur'at.ion are .-USed in

~ -

gas separation, one is ‘f‘lat ‘sheet and another isv hoilow
f‘ib;er. In hellow fiber feed may flow 'frolh inside or 0ut.side'
‘thé fiber. Therefore, models were devel'op'-éd for t,lhe‘ above
‘three cases, t.ﬁat. is, for flat sheet membrane and hollow
fit"j?er feed outside mode and hollow fiber feed inside mode.

Following assumptions were made for the modelling of

" membrane system :

(1> The permeator is operated at steady state.



2

3

C4d

8
c6d

7>

Permeabilities .of species are constant ‘irrespective of

pressure and composition.
Membrane is assumed to be homogeneous in structure.

tuffdsion along flow pattern is insignificant as compared to

bulk flow.

A

The flow pattern inside the permeator is counter current.
There is no radial concentration gradient in the gas phase.
Fibers are not physically deformed on preséurization.

The main laws for the gas permeation aré Henry's Law and
.Fick's Law. Henry law relates the concentration x, of the

i
gasecus component i at the membrane surface to the partial

pressure pi of the component.

"By applying the Henry’s Law at membrane surface we geﬂ
= kP | :

Let the membrane thickness be t. So applying Fick’s Law of

difoSion we get,

4 DCx =%,

= — BT €3.2)

where, D, = Diffusibility of species i in the

‘membrane.
q, = Volumetric flaow rate of species i.

A = Surface area of membrane.

’ﬂ;dﬂz = Mole fraction of species i ‘on both side of

membr ane.

From Equation (3.1) and (3.2) we get -

ql kLDL
2 ° T PR
k.D,
Let =g
-:’ t L
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3.1

& = SCP,7Py°

= S(P_x _-P.x D> ‘ Sesesuenss 3.3
L 22 4 :
where, F".Pz = Total pressure on two sides of membr ane.
S =

Specific permeability of species i.

FLAT SHEET MEMBRANE :

Consider a perineat.ion cell as shown in Figure 3.1
consisting of a rect.anguiar flat sheet mevi.nbr'ane which divide
inside volume into two parts. Feed flows 'oﬁ one side of
membrahe__and ;‘eje;:t is withdrawn from the s#me side while
permeate is Qit.hdrawn from the other side'of‘ membrane.‘
| | From Equat.idn_ (3.3 we get

dCLx) _ o
TaA - T STy

SinC x-CF, /P'f,) Y2

SﬁP fC X=yyD

wherg. r = P‘:/'Pf

dCCL/L Dx
: w

L‘w A = SIP fC X=yyd

F ) . ' ~
dClL x> _ . S ‘
—_Eﬁ';__ = alx-yyd REEEE R (3.4

L
S
r

where, . : L

a =S /S
1 2

Similarly for another component we get
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Permeate i
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e
- o >
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el

wT ' liw Rw= 0

FIG. 3.1 : SCHEMATIC OF A FLAT SHEET PERMEATOR HAVING
COUNTER CURRENT FLOW.
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. . : ‘
SELLITO) S camopat-yd €3.5
w

Expanding Equation C3.4> and €3.5) we get .

*  dx daL”
L —Eé_ + X *—d—R—'—- = o X=yyd e C3.6>
w w .
*  dC1-30 aL” - ’
L ——-—ag—w-——— + (10 “-aﬁ': = CCl_"'X)";VC]."YDD‘ ...C3.7

Adding Equation €3.6) and C3.7) we get

aL* |
—Eﬁ_‘z alx-yyd + CC(1-3D>~-yCl-yd)
w .

Substituting this value in Equation C3.6) we get

i 3,’2‘ = aCx-yydCL=3) ~ 3CCL-3)—pC1-ydD
w
- SX = Call-0Cxpy) = xCCL-30—C1-y2Id A" co..CE8
" w N .

Similarly for permeate composition we get

—;%— = Call-yICx-ryd - yC1-30—pCL-ydDN* . 3.
L L ]
where V = V/Lw
.Lw = Molar flow rate of the reject stream.
Taking the mass balance at feed outlet and at any point in

a permeétor we get
Total mass balance

L=V +L
w

......... C3.10>
Component mass balance
Lx = Vy + waw ......... ¢3.11>
From Equation €3.10) and (3.11) we get
: L = e €3.12
y-X ,
v‘ = ._)_(.-_:.)i“__

...... L..03.13
y—=x : :
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Substituting the value of L* and V* from Equation (3.12)

and €132 in Equation (8) and (8) respectively we get

dx _ Cy—-x _ _ _ ) — -

aE- = TOyx Call 300 x~pyd—-xCC1-xD-pCl-y>2> ...(3.14>
w , w _

dY L SYTO (upydC1myd-yCCl 0 —C i ‘

-c—iﬁ: = Cx—xw) Calx—yydCl-yd~yCCl1-3D—-pC1-yd2D> ...C3.15

The permeate concentration at reject end can be
determined by aséuming cross flow at that point. In that case
permeate composition' will aepend only on flow of that
component in feed side. |

Hence from Equagion (3.4) and (3.5 we ge£

acL*so __ oaCx=yyd
acL*c1-0> . CETOTrCLYd

Sinc; cross flow is assumed, hence the mole fraction of
two component. on permeate side will be proportioconal to the

flow of respective components on the feed side and so the

above equation will become

Y - alxX~-yyd
1~y CLl—-xD~yCl-yd
At X=X s y=yw
Y _ -aCxw~ywa
l-yw Cl—xw)—yC1—yw)

1 Solving the above quadratic equation we get

1+Ca~13Cx +e0~CC1+Ca-1Dx d>% - 4acd—1brx )°"
= hd hud L ¥ C€3.18
Y w eCa~1dy _ ST

We see that at x=x_ Equation‘ €3.1% becomes

indeterminate. Hence its value is obtained by applying-

L’Hopital Rule.

Differentiating the numerator and denominator of

Equation (3.12) with respect to Rw at poin£ x, Y, e get

25



Cyw—xw)(aC1-wa)CCdx/de)w -.ery/de)wD—aCxwfyyw)

Cdy/de3w—warCdy/de)w-Cdx/de)w)-Cl—xw—yC1-yw)D

dysdR > > + CoCi-y dCx -ry d-y C1-x —yCl-y 33D

CCdy-dR D -CdxdR D> >
wow ww

~-Cdx dR 2
wow

Solving for Cdys/dR > =~ and. substituting Cdx/dR > = from

Equation €3.14> with L* equal to 1 we get

Cly,~x,2CaCl=y d+y d-oCl-y dCx ~ry d+y Cl=-x ~#Cl-y >33

. dy 5 - 'CaC1~xw)Cxw-rwa-wa1—xw-rC1~wa)D ..C3.18
de w aaCxw—yyw)Cyw—1)+2wa1—xw—yl—yw))+yCyw—xw)CaC1~yw)+yw)
. So the mudel equation for flat sheet membrane becomes
dx _ Cy-3xD N G o _ :
R = Ty COC1mOCKTyyd (L= —pC1-yd)) ...(3.19
w W E
dy | _Cy-o Cac1¥y>§x~y 5~y CL =D =pCl-ydD) ¢3. 20>
ar Cx—x 3 Y ‘ Y v b3
NAmP S
L* = e €3.21)
Vo W €3. 22>
Y—X
Initial Conditions
At R =0, x=x , y =y , and dy' - dy
w
3.2 HOLLOW FIBER MEMBRANE :

In hollow fiéér permeator membrane gé tubulaf in shape
and feeé may flow outside or inside the tdbe;
. 1> HOLLOW FI1BER FEED OUTSIDE MODE -

In hollow fiber feéd outside mode feed is flow;hg

outside the hollow fiber as shown in Figure 3.2. The general

theory of permeation remains the same except that in hollow

26
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|

FIG. 3.2:.: SCHEMATIC OF A HOLIOW FIBER FEED OUTSIDE MODE
GAS PERMEATOR HAVING COUNTER CURRENT FLOW.
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where,

2 »*
PlQ, 4, 128uRTV L a2t
T ar- - T T s ' cee €330
w w n DD P N
T LM f
. 2.
ar 128uRTV L.
dr_ = z_a 3 .. C3.32)
w 14 DiDLMPeryN
v* |
= -f cL ~LDZ .. .C3.3D
b w f
2
1268uRTL | :
B = — —— L 3. 33ad
DD Q PN
T LM 2 f

Substituting the value of v from Equation (3.13> in

Equation (3. 33) we get

z
Cx xw)CLwD

dy _ _ PO ¢3. 34D
dr,, yCy->oCL > *

2
dy _ PO p0xmy,d €3. 35
dr_

2
<y x)Cxw yf)

Hence the model equations for hollow fiber feed outside

mode are as follow : -

dx _ Cy=3O . N _ o~ N '
R T Tyx > Call>DCx~pyd -xCC1-xD—pC1-ydD) . .(3.368)
w w
dy _ _Cy—x0 —a N _ o N
dar_ = Cy=x_3 Coll-ydCx—yyd —yCC1 D —pC1~yd3D> . .(3.37)
Cx-x JCx_—~yD%
dy _ _ 3 w fryf
de yCy—x)Cxw~ypz ... 03380
L* = _Cy~xw) .. ..C3.3
Cy—x2>
ot - P | : . ..C3.400
Cy—xD .

Initial Conditions.
At R
w

= 0, x = Xyt Y =Y, and dy = ¢ dy 3
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C3.2.2> NOLLOW FIBER FEED INSIDE MODE
| In this case feed is. flowing inside the fib?r - as  shown
in Figure 3.3, therefore pressure Pt will vary alvong the
fiber. Let ¢ be the ratio of Pi to Pr then driving force for
permeation will Ee "px~yy" instead of "x-yvy'". Hence the model

equations will become as follows

dX o LY a1 0 Chx-pyd —xCH L= —pCl-yDId . .C3.41)

de Cy-xw) .

QY = SYTO a1 -y Cx—pyd —yC 1 -3 —pC1—yDD) €3. 42>

aR_ T x> Y2 ¥y r|rTy T
Cy-x dCx -y )é

dp _ w o Yy

= - 8 ...03.43D

2
Py xDCxw yr)

Cy-x 2 '
L* Y X | : c.. . (344D
: Cy=xD : :
Cx—x . :
S TN | . ...C3.4%
Cy=xD

Initicl Conditions

AtRw=O.x=x,y=y
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fiber there is a pressure variation which is calculated by
y
§

rHagen Poiseuille equation.

dpP

—2 = - 38y | €3.23
a1 2 e .
1
where, u = velocity of gas
1 4
4 = viscosily of gas

D_L = Inside diameter of hollow fiber.
If ‘g’ be volumetric flow rate then

q
Cn/43DfN

| substituting the value of ‘u’ in Equation (3.23) we get

, IS
dPo - _1&8uqg
dl

nD'.‘N
i

From ideal gas law molar volume of gas is E'I‘/PO.If Ve
is molar flow rate of gas in permeate side then volumetric
flow rate can be expressed in terms of mol ar flow rate as

VRT . 3. 260
Po

Substituting the value of ‘g’ in Equatidn (3.25) we get

daP ' .
—2 v - _1%9&132 ...... 3. 27>
D'P Nrt.
l.A o] . _
A=nD 1 . C3.28)
LM . .
dP , : : :
——333 = - 1385QTV ....... 3. 29
n DD PN '
T LM O .
Converting Po and A into dimensionless form we get
P dy "128uRTCVAL DL
f L : w w :
L /P.QJdrR_ ~ ~ T ... 03.30
w2 w nD'D (P /P DPN
} i LM o .f f .
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FIG. 3.3: .- SCHEMATIC OF A HOLIOW FIBER FEED INSIIDE MODE
GAS PERMEATOR HAVING COUNTER CURRENT FLOW.
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CHAPTIER FOUR

' COMPUTATION TECHNIQUE

Equations obt;ined are the coupled first order ordinary
differentiai equations and are solved by usihg fourth order
Runge Kutta method. The computation procedure begins with by
assuming a value of X, The set of differential equations are
than solved to obtain the value of x and is compared with the
value of X If the value of x matches with the value of X,
within the given tolerance otherwise, another value of xw is
assumed ana iteration continued Liil the value of x matches
with N within the tolerance limit. Thé value of xg was
gpproximated by Using the co-current flow.

Tﬁe fourth order Runge Kutta method used fori_the

solution of differential equation for flat sheet and holloQ

fiber membrane are as follows

4.1 FLAT SHEET MEMBRANE :

For flat sheet membrane the differential equations are

f1Cx,y) = gé%if%-CaC1~x)CX*7y)-xCC1—x)~yC1-y)))
W _
- Sy _ L _ N

If h be the increment given to the dimensionless area
than the values of four constants of Runge Kutta method are
calculated using the following expressions

k, = h¥f (x,y)

p—t
i

B Cx,y)

-
]

hf Cx+0. Sk ,y+0. 5%l )




1, = h¥f _(x+0.5%k ,y+0.5x1 D

tay
4

h*f (x+0.5%k ,y+0.5%]1 D
1 2 2

1 = hxf (x+0.5%k _,y+0. 5%l D
S 2 2 2
k = h¥f Cx+k_,y+l D
4 1 3 3
1 = h*f Cx+k_,y+l D
4 4 3 3

The next increment in the value of x and vy are

calculated by the following expressions

H]

x’ x + Ck 48k _+2k _+k D/6
1 2 3 4

y' =y + (1 421 _+21 _+1 D>/B

4.2 HOLLOW FIBER MEMBRANE :

k

The differential equations for hollow fiber membrane are
as follow :

£ 0,y ?d = XX a0 =3 Cxmpy) —xC €1~ —pC 1~y
1 Cy-—wa‘ _

' _ Cy= 3 _ _ o _ o
2
. erxw)fo—y[)
f (X, ¥,7d = - 13 ' '
3 Cy-xICx ~y 32
iy w Yr
. If h be

the increment given to the dimensionless area

than the constants of Runge Kutta method are calculated by

the folloWing expression :

k1 = h*fiCx.y.yD
11 = h*szx.y.y)
m = h*fSCx.y,y)
k =

2 hef 1( x+0. “Siitk1 » Y +O. 53] .’ y+0.. SNmt)

(o)
1

, = DXL (x+0.S%k ,y+0.5%1 ,y+0. S%m D

2
\

= h . 5%k, . , .
2 . h f‘aCx+O S} k1 y+0 ‘5:*11 y+0 5*m1)
k= h¥f (x+0.B5%k ,y+0. 5%l _,y+0.5%m D
3 1 2 ) 2 z

1 = hf (x+0.5%k ,y+0. 5%l ,p+0. Sxm D
3 2 2 2 v 2
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hf (x+0.5%k ,y+0.5%l ,p+0.5%m D
3 z 2 2

m =

k, = h*f1Cx+k3,y+la,y+m3)
l4 = h*szx+k3,y+13,7+ms)
m, = h*fSCx+ka.y+ls,y+m3)>

The next increment in the value of x, y and y are
calcul ated by the following expressions

x> = x + Ck +2k +2k_*+k D6
1 2 a 4

y + (1 +21 _+al _+1 D6
- 1 2 3 a

~
L]

} + Cm +2m _+2m_+m )6
1 2 3 4

ALGORITHM OF COMPUTER PROGRAM

The algorithm of the computer program is as follows

Step 1 Read the operating and design data.
Step 2 Compdté the values of constants.
Step 3 Calculate wvalues of x, y, and p», by solQing

differential equation with fourth order Runge Kutta

method.

Step 4 Calculate L* and V*.
Step 5 If the values of dimensionless area reaches the
' given value then go to Step & otherwiée go to Step 3
Step 6 If the value of "x" obtained is equal £o "X{ then
stop and print the result otherwise go to Step 7.
Step 7 Aséume new value of "xw" and go to Step 3.

- Figure 4.1 shows the flow chart of the computer program.
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READ DESIGN AND
OPERATING DATA
AD X

CALCULATE
Y,, AND P

DO 100

i
a
\ I = 1,N
| [ \ \

N

CALCULATE
X,y ,AND L 4

*
CALCULME L™ amp v

Xwé‘xw - 0.0001

ERIINT X,Y 2ND ¥ /
- N
( * STOP j

e

FIG. 4.1:» BIOCK DIAGRAM FOR COMPUTATION ALGORITHM.
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CHAPTER FIVE

RESULT AND DISCUSSION

This chapter describes the results and discussion of two
studies. Firsﬂly, the configuration of the membrane was
established based on the mode of flow Cthat is, cé—currént
and ‘counter current). The establishe&mode of flow and the
mémbrane configuration was used in the simulation studies to
obtain the perfdrmanée of differeﬁce type of membrane for the

t

purge gas system.

5.1 Computer Program ¢

N Computer programs was developed for the different
ccnfigﬁratiog of the membrane and the floQ modes. Appendix A

gives the listing of these programs.
| Thé functions of the program weve checked for. the
' permeate composition cbtain%ﬁsing ihe counter cﬁrrent flow in
a flat sheet membrane. A permeate composition of 0.625 was
obtained for a non-dimensional area of O0.024, sunder the
following operatigg conditions x, = 0.05, ¥y = 0.01, and
a = BO. The value matched with the reported value given in
the Figure 12 of Sirkar et al.(1984). Therefore, it was

concluded that the methodology and function of the developéd

program is right and was extended to the other - membrane

configuration.



Comparison of Mode of Flow :

Flow mode of the biﬁary gas mixture was compared for
different membrane configurations. Table S.1, shows the daﬂa
used for this comparison. These binary gas mixture data-were
used by Sirkar et al.CiQSS) for a series solution technique
developed to express each product composition and pressure
ratio C(for hollow fiber only2 as a power sernies in terms of a
dimensionless membrane area.

The data were used t,od find the best mode of gas flow
Cthat is, co-current and counter currenti "and the best
membr ane configuration Cthat is, flat sheet , hollow fiber
feed outside, and hollow fiber feed inside mode).

Figure S,i to 5.3 compare the permeate composition
obtained ih the co-current and counter éurrenb flow for flat
shéet hollow fiber feéd.outside'and hollow fiber feed inside
membrané!respectively. It is evideﬁt from these figureé tht‘
thé permeat.e composition ‘decreases as the nén—dimens}on#l
membrane area increases. The decrease in\ithe permeate

composition is due to increase in the permeate flow rate. It

'is also evident from these figures that for a gi ven

non-dimensional membrane area, the permeate composition is
higher for the counter current - flow compared to the
co;current flow. I;*igures 5.1 to 5.3 demonstrate  that t.he:
cgunterucurrent fliw_méde‘gives the better,pé}méation.
Tabless.a td 5.4 sﬁcw, that the permeate éompqgg}ion for
ndn—dimensiénal membrane area of 0.024 are 0.3979, 0.3991,and

0.3969 for flat sheet, hollow fiber feed outside and hollow

fiber feed inside respectively. Similar observations have
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" TABLE 5.1

Data for comparison of permeator

S. No. Parameter Unit - Range

1 Feed Composition (mole fractiond - 0.0

2 Temperature °K 298

3 Separation Factor 80

4 Permeability of Second mol /s.m>. Pa 5. 66%10 °

Component

5 ~ Feed Pressure : Pa - 40#105

& Pressure Ratio 0.1.

7 Flow Rate mol /sec 4.14%10°°
8 Viscosity | Pa.sec L. 5w10
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TABLE 5.2

Comparison of c¢o current and counter current for flat sheet

permeator
< N " Non’ii:znsiomal Permeate Composition
j Co current Counter currenp
1 | 0. 000 ' 0.419 : 0.419
2 0. 003 , 0. 4094 0.4178
3 0. 006 0.3908  0.4145
4 0.00Q 0.3308 0.4120
s 0.012 ‘ 0. 3821 C. 4080
.6 : 0.015: - 0.3738 0. 4066
7 GC.018 0. 3653 0. 4038
8 0.021 o 0. 3584 : 0. 4006

9 : ' 0. 024 0.3512 0.3979
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TABLE 5.3

Comparison of c¢co current and counter current: flow for hollow
fiber feed outside mode g ' ’

Permeate Composition

.SYNQ. Non Dimensional .
Area Co current Counter current’
.
1 0. 000 0.419 0.419
2 0. 003 0. 4084 0.4176
3 0. 006 _0.4000 0.4147
4 OlOOQ 0.3910 0. 4123
5 0.018 0. 3825 0. 4088
6 0.015 0. 3775 0. '4075'
7 0.018 0. 3669 0. 4050
8 0. 02t 0. 3596 0'4023.
S - 0.024 0. ases 0. 3991
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TABLE 5. 4

Comparison of c¢o-current and counter current flow for hellow
fiber feed inside mode

Permeate Composition

S. No. Non Dimensional : :
Area Co current Counter current

1 0.000 L 0.419 0.419
2 0. 003 0. 4092 0. 4164
3 0.006 | 0. 3995 0. 4130
4 0. 009 0. 3903 0.4116
5 0. 012 | 0. 3815 0. 4084
s = o005 | 0.3773 0. 4073
7 | 0.018 0. 3652 0. 4027
s 0. 021 . 0.3578 0. 4008
g " 0.024 0. 3504 0. 3969
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also been observed by Singh (19380D.

It can be concluded from the above discuésions that the
counter current flow in hollow fiber feedjoutside membrane
configuration 1is better‘ compared "to the other membrane

cénfiguration for better permeation.

Simulation Studies of Purge Gas System : . »

The simulation study for purge gas was done to obtain
the effect of flow rate, temperaiure and pressure'ratio'on
the permeate composition. Three different membrane materials
such as, cellulose acetate, polystyrene and polyimide were
selected for the study. The membrane selected have wide range
of.the'separatién fgctor.

Purge gas consists of H,, N, Ar ahd CH_. Fo; the
simulatioﬁ stﬂd&, the purge gas system was assumed to con#ist

of Hz and N2 gases only (considering small fraction of CH4
and Ar having similar behaviour as Nz). | ‘

‘Thermembrane copfiguration of hollow fiber feed ocutside
mdde haviﬁg counter current flow was cénsidered for Lhis
study bécause the permeate composition was fouﬁd to beﬁbetter'
as discus§ed in section 5.2. The fange of operating variablés
studied ;n thistinvesﬂigation is given in table B.5.

Figure 8;4 shows the permeape ﬁomposition ébtained for
the three dif{ereﬁt'types of membfane'stqdiea!vItvis evident
fr&m Figurg 5.4 thaﬂ for a §ivén non—dimensional. membrane
area, the permeate composition is higher for polyimide

membr ane.

Table 5.6 shows that the permeate composition for 0,024
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TABLE 5.5

'Range of variables studied for purge gas .system.

T

46

- S.No. Par ameter Unit Range
1 Feed Flow Rate cm /sec ‘_0.5 - 4.0
2 1 Feed Pressure Pa . BB*iOS
3 Pressure Ratio 0.1 - 0.6
4 Temperatﬁre, °K 288 - 773
5 Viscosity Pa. sec 2.4%10°°
B Feed Composition (mole fractiond
Hydrogen‘ 0.65
Nitrogen and others 0.35
7 Separation factér
Polystyrene cl.91
| ) Cellulose Acetate 86.15
Pol yimide 255. 68
8 Specifié Permeability of
second component for mol/sec.mz.Pa
Polvstyrene 3. 3851071
Cellulose Acstate 2. 9531 O
" Polyimide ‘. 6. 0781071
g Inside diameter of
‘hollow fiber m 1.5%107
10 Outside diameter of .
hollow fiber | ‘m 3.0%10°*
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TABLE 5.6

Effect of membrame on permeate composition for purge gas

Non Dimensional Permeate - Compositioﬁ
S Ne Area | Cellulose |
Polystyrene Acetate Pol yimide

1 o 0.003 0. 8469 0. 9851 0.9935
2 0. 0086 O 9463 0. 9841 O 9924
3 0.00Q 0. 9459 0.8831 Q.lea
4 0.013 ©0.9454 0.9880 0. 9900
| 5 0.015 0. 8451 O 8810 : ‘ 0 o887
6 0.018 0.9448 0. 9800 0.0874
7 0 o21 0. 9446 . 0.89780 0. 9860v
8 0.024 0. 9444 0.9780 0. 9846
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non-dimensional membrane area is 0.8444 for polystyrene
whereas 0.9780 and 0.9846 for ;:ellulose acetate and polyimide
membrane respectively. )

It can be concluded from the above discussiom that
polystyrene membrane is inferior to cellulose acetate -and
polyimide.membrane. Therefore, .Lhe performance obt‘ cellulose

, acetate and polyimide membrane was studiged for different

variable such as, feed flow rate, gas, temperature and

+

pressure ratio.

5.2.1 EFFECT OF FEED FLOW RATE

The performance of cellulose at;:et,ate and polyimide
membranes was studied by varying‘ the feed flow rate fwh;l_e
keeping the Aother cpe}atiﬁg parameters constant. The range of '.
flow rate varied between 0.5 to 4.0 cm®/sec. Figure 5.5 and
Tabie 5.7 show the effect of feed flow rate on the permeate
.c:omposition for cellulose acet#te and polyimide’_\ mg:nbrane_. |

It is evident from Figure 8.5 Cha"L fvor_\ £he celﬂ-,lulos"e“
acetate membrane, there is a marginal increase in t,hé
permeate composit'ion upto 2 em /sec feed flow r#te while ak
gra’du;l increase in the permeate composition is observéd from
the feed flow rate higher ’Lhan 2 cm’/sec. On the other hand,
for the polyimide membrane Lr;ere is a gradual increase in the
permeate composition upto 2.5 em’/sec _ifeed flyow x;'at,e an‘d_
there after the permeate composition have marginal effect
wivt,h the increase in the feed flow ra’.”t.,e. This »‘p.henomenon

could be due to the material of the membrane. -
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\ TABLE 5.7

Effect of flow rate on permeate'composition for purge gas systemnm.

Flow Rate Permeate Composition

S- Ne. Cem’ /sec) Cellulose acetate Polylimide

1 0.8 0. 9524 | 0.9718

2 " 1.0 0. 9528 0.9733

3 1;5 ) 0.9535 0.9758

4 2.0 0. 95844 | D, 9776
5 8;5 0, 9556 0.9796

6 : 3.0 0. 9568 0.9814

7 3.5 0. 9583 0. 9829

s 4.0 0. 9599 ,o.' 0834
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5.2.2 EFFECT OF TEMPERATURE

The effect of temperature on the perheate composition
has been studied for cellulose acetate and polyimide meﬁbrane
by keeﬁing all other parameter constant C(that is, feed flow‘
rate and pressure ratiod. The r?nge of Lemper;tuée variéd
from 323 K to 773 K. Figure 5.6 and Table 5%8 show the effect
of temperature on the permegte composition forﬂféellhlose
acetate and poly;mide‘ membranes. It is evident from the
Figure 5.6 that there is no effect of temperature on the
permeate compoéitian for both membranes  Hovever. Table 5,8.
'sths the marginal increase in values .of the permeate

cdhposition for both membranes.
This could be due to the fact that the permeability of
both the gases will increase with rise in temperature and
Lhié will give a marginal effect on the sep;arat.i'on factdr

because separation factor is the ratio of permeabilities.

5.2.3 EFFECT‘OF.PRESSURE RATIO

The effect of pressure ratio has been studied for
celluloée acetate‘and'polyimide membraﬁe by keeping all other.
parameters constant. The preséure ratio was varied from O.1
to 0.86. Figure 5.7 and Table 5.9 shows the effect of pressure
ratio on the permeaté composition for both: the membranes. It
is evident from the Figure 5.7 that the permeate composition
décréases as pressure ratio increases for both thefmembranes.
However, t.heré is a stéep_fall in the permeate composition
after the pressure ratio of 0.4.

It is evident from Figures 5.4 to 5.7 that the

performance of polyimide membrane is better than Lhé
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Effect of temperature  on

TABLE §&.8

composition for purge

permeate gas
system.
Temperature Permeate Composition
S'NO' K Cellulose acetate Polyimide
1 323 0. 9826 0.9726
2 373 0.9527 0.9729
3 423 0. 9528 0.9732
4 473 0. 9529 0.5736
5 523 . 9530 0.9741
6 8573 0. 9531 0. 9745
7. 623 0. 9533 6.9749
8 673 0. 9534 0. 9753
9 723 0.0535 0.9756
10 773 0 0. 9760
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TABLE 5.9

Effect of préssure ratio on permeate composition for purge gas
system.

: Pressure Permeate Cbmposiiian
S.No. Ratio . Cellulose acetate —ﬁolyimide
1 S 0.10 0.8908 ~  0.9944
s 0.15 ~ 0.9807 0. 6040
3 - 0.20 _ 0.9888 o 0. 9935
4 0.25 | 0.0877 | 0. 9029
s 0.30 0. 9863 0.6922
6 0.3 | 0. 9844 0.9012
7 0. 40 - 0.9820 0.9899
8 o8 0.0786 T o.eesi
o 0.50 0.9737 ©  0.9854
10 0.55  o.o658 0.9807
11 | 0.60  0.9524 0.o718
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cellulose acetate membrane. Also, to achieve the better
performance, polyimide membrane should be operated at low

pressure ratio Cthat is, below 0.25) and high feed flow rate.
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CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS : |

The present work was divided into two different
simulatiﬁnv studies. Firstly, the simﬁlatron studies ‘was
carried out to .find .t.he better mode of feed flow and <Lhe
better membrane configuration. These studies vwe.f’e_-' based on the
data taken from the Sirkar et al. (1986) aﬁd wasAconcluded
that the counter current mode of Lhe-feed in tﬁe hollow fiber .
feed outside memﬁréne configuration was better in all

K

situations.

Secondly; these findings were utilized to study the
performance of three membranes namely, polystyrene, celiuloée
acetate and 'polyimide' for separating Cor enrichingd the
hYdrogeﬁ from the purge gas. It was observed thét for a fixed
ncn—dimensiénal membrane. area, polystyrene mémbrane showed
theb poorest permeate composition compared to cellulose
gcetate and polyimide membr ane.

Tﬁe pérfofmance of the cellulose acetate and'polyimide
membrané were studied for the three operating‘variable suéh
as, feed flow rate, temperature.and the“pressube ratio and
following conclusiohs were drawn :

Permeate composition depends on tﬁe feed flow rate and it
increases with increase in feed flow.éate.
- No temperature effecl waélobserved on permeate composition..

Increase in temperature from 323 K to 773 K increases the

\
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permeate composition from 0.1 to 0.3 %.
The permeate composition decreases with ihcrease in pressure
ratio'and‘the effect is more significant in the range of 0.4
to 0.6.

The per formance of the polyimide membrane was better.
than the cellulose acetate membrane  under all the.

circumstances.

RECOMMENDATIONS :

In present work.the purge gés system has been modeled as
binafy gas system however the actual systém is a multi
component gas system consisting of Hz.‘ Nz. Ar and ACH‘. 'So
further work should be cdrried out to analyzeg the effect of
o{her component. on the accurécy of the result. |
The study of multistage membrane separation system should be

done uéing the model developed for single stage in the

present work.

~

The work should be extended for the'study of two membrane

system for increase in hydrogen recovery.

Effect of pressure on membrane structure should be éonsidered

for further study.

Uhsteédy state behaviour of the membrane system should also

be done for deVelopment of proper control strategy.
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