Copyright Warning & Restrictions

The copyright law of the United States (Title 17, United
States Code) governs the making of photocopies or other
reproductions of copyrighted material.

Under certain conditions specified in the law, libraries and
archives are authorized to furnish a photocopy or other
reproduction. One of these specified conditions is that the
photocopy or reproduction is not to be “used for any
purpose other than private study, scholarship, or research.”
If a, user makes a request for, or later uses, a photocopy or
reproduction for purposes in excess of “fair use” that user
may be liable for copyright infringement,

This institution reserves the right to refuse to accept a
copying order if, in its judgment, fulfillment of the order
would involve violation of copyright law.

Please Note: The author retains the copyright while the
New Jersey Institute of Technology reserves the right to
distribute this thesis or dissertation

Printing note: If you do not wish to print this page, then select
“Pages from: first page # to: last page #” on the print dialog screen



The Van Houten library has removed some of the
personal information and all signatures from the
approval page and biographical sketches of theses
and dissertations in order to protect the identity of
NJIT graduates and faculty.



NON-EQUILIBRIUM PARAMETRIC PUMPS FOR
SEPARATING LIQUIDS OR GASES

By
ANIL‘KRISHNA RASTOGI
A THESIS
PRESENTED IN PARTIAL FULFILMENT OF
THE REQUIREMENTS FOR THE DEGREE OF
MASTER OF SCIENCE IN CHEMICAL ENGINEERING
AT

NEW-JERSEY INSTITUTE OF TECHNOLOGY

This thesis is to be used only with due

regard the rights of the author, Bibliograhical
refrences may be noted, but passage must

not be copied without permission of the

college and without credit being given

in subsequent written published work,

NEWARK, NEW-JERSEY
1977



APPROVAL OF THESIS
NON-EQUILIBRIUM PARAMETRIC PUMPS FOR
SEPARATING LIQUIDS OR GASES

By
ANTL KRISHNA RASTOGI .
FOR
DEPARTMENT OF CHEMICAL ENGINEFRING

NEWJERSEY INSTITUTE OF TECHNOLOGY

BY

FACULTY COMMITTEE

APPROVED

NEWARK ,NEWJERSEY

MAY,1977



=111

ABSTRACT

An experimental and theoretical study haS»béen doﬁe
of Non-Equilibrium parametric pumps. Mathematical models and
computer programmes are developed for both thermal and heatless
parametric pumps based on non-equilibrium conditions and linear
isotherms, A mathematical study was done for -thermal parametric
pumps whereas both experimental and theoretical studies were made
for a heatless parametric pump. The effect of different operating
conditions has been investigated on the separation of NaCl-H,0
via a thermal parametric pump and He-CO, and He-C3H6 gas mixtures
via a heatless parametric pump.

The experimental study of heatless parametric pumps
was extended to the separation of ternary gas mixtures., The effect
of different operatihg conditions on the separation has been
" emphasized. The results based on binary gas model have been
compared with ternary experimental results,

The mathematical study of thermal parametric pumps
- shows that separation of mixtures may be predicted; It also helps
in predicting the effect of different operating conditions, such
as #g , half cycle time, Thus, matrematically optimum conditions
can be found to attain a definite separation,

Similarly, a study of heatless parametric pumps shows
- that separation of gaseous mixtures is possible by this technique.
The experimental studies shows that this technique is not only
limited to binary mixtures but can be sucessfully applied to the
multicompoﬁént mixtures. The mathematically calculated results

show the same effect as observed experimentally,
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SCOPE
Parametric pumping is a periodic separation technique
which represents an alternative to the conventional adsorption
process, This concept requires a solute/adsorbent system in which
some controllable thermodynamic variable viz., temperaturs, |
pressure or pH affects the solute equilibrium distribution between
the fluid and solid phases.
Parametric pumping has several advantage over conventional
separation processes. In general, parametric cyclic technique is
self generating. The operation is continuous., This technique increases
the separating capacity for a given column. The capital investment
for the process is relatively low for a given flow rates of products.
Parametric pumping technique can be categorized into
two cases. In the first, solute and adsorbent(solid) are assumed
to reach esguilibrium instantaneously. The mass transfer
coefficient between two phases is considered to be infinite. This
ig called ' Equilibrium parametric pumping.' In the second case
which is closer to the real situation, the solute and solid do
not reach esqilibrium. The mass transfer rate is dependent upon
the overall driving force available and the mass transfer
éoefficient is finite. This is known as NON-EQIJILIBRIUM pumping.
Further, periodic separation caused by variable
temperature is known as Thermal Parametric Pumping,whereas separation
obtained using pressure as a thermodynamic variable is called
Heatless Parametric Pumping. In prinoiplé,,ﬁhermal Parametric Pumping -

consists of changing the operating column temperature and reversing
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the direction of flow during each half cycle. Two upflow and downflow
half cycles constitute one cycls.During upflow or hot half cycle,
solute is desorbed, while in reverse flow, cold half cycle solute

is adsorbed. Thus, solute-rich and solute-lean products are obtained
during respective half cycles.Thermal parametric pumps can be
operated in batch, semicontinuously or continuously. On the other
hand, heatless parametric pumping is based on changing of the

total pressure during each half cycle, keeping the temperature

of the system constant., During each half cycle, one column is
maintained at high pressure and the other column at low pressure.

At high pressure, solute is adsorbed and at low pressure , solute

is desorbed, resulting in solute-lean product and solute-rich

product from respective columns.
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BACKGROUND
Many workers have studied parametric pumping in one
of its specific forms. Thermal parametric pumping was conceived

by Wilhelm about 1962. Separation of NaCl-H_O liquid system

2
using ion-exchange resins have been reported by Rice(1966), Wilhelm
Rice and Bedelius(1966), Rolke(1967) and Wilhelm, Rice, Rolke and
Sweed(1968). McAndrew(1967) studied recuperative thermal parametric *
pumping as applied to a gaseous methane-nitrogen system. Meyers(1968)
showed the separation of equimolar feed of ethane and propane
experimentally on a continuous flowrate basis, Meyers(i??O) also
developed a theoretical equilibrium plug flow model for the gaseous.
mixture separation.

Pigfora, Baker and Blum(1969) also presented an
equilibrium theory of the continuous‘parémetfic pumps. Sweed and
Wilhelm(1969) computed the separation of Toluene-Heptane mixture
using a numerical algorithm based on eQuilibrium operation and
also determined the effect ofvdisplacement, cycle time, phase
mgle, and reservoir volume on separation. Chen and Hill(1971)
investigated batch, semicontinuous, and continuous versions of
the parametric pump in terms of an equilibrium theory. Patrick
(1972) also showed the separation of the air—302 mixture using a
direct thermal mode and developed theoretical results based on
instantaneous gas-solid equilibrium relationships., Patrick also
studied the effect of the number of cycles,pumping cycle time and

operating temperature range and level on the extent of separation

over a wide‘range of operating conditions. Gregory(1l97L) made a
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quantitative comparision of conventional adsorption with parametric
pumping for a non-equilibrium system with nonlinear isotherms,
Some workers have investigated the separation of
gaseous mixtures via heatless parametric pumps. A brief review
is given below:
| Alexis(1967) made a comparative study of heatless
parametric pumping with other separation processes in upgrading
hydrogen. Alexis showed that heatless parametric pumping is the
most economical for treating moderate amounts of hydrogen., Kadlec
(1971) separated nitrogen and methane using pressure as the
driving force in a single column similar to a thermal parametric
pump. Kadlec also developed a mathematical model based upon the
assumption of instantaneous equilibrium between the gas phase and
the adsorbed gas. Kadlec(1972) investigated the problem of optimum
feed rate and optimum cycle time for heatless parametric pumping
' based on instantaneous equilibrium theory.
A different approach has been used by Shendalman(1972)
in studying the separation of He*CO2 mixture via a heatless
© parametric pump. Shendalman developed a“mathematical model
considering instantaneous equilibrium theory. Shendalman (1972)
extended his experimental and theoretical investigation for -
non-equilibrium conditions,
The preéent work has been divided into three parts,
In the first part, a mathematical model has been aeveloped for
the non-equilibrium thermal parametric pump. In the second part
an experimental study has been done for non-equilibrium heatless-

parametric pumps for separating binary gas mixtures and also a
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mathematical model has been develbped for the calculation of
concentration profiles. In the third part, experimental study of
heatless parametric pumps has been extended for the separation

of ternary gas mixtures, The effect on the separation of different
‘operatingvconditions such as half cycle time,operating pressure

and purge ratio has been determined,



THEORY
Consider a differential element of thickness dx in

the column., By material balance for the solute, one gets -

Aev) L8 (1-€) Bw ¢ 2c - I
€ 3 +7s =% + ST 0 .

In the ébove equation the first term is due to bulk
flow of fluid along the length of the column, the second and third

terms are an accumulation in solid and fluid phases, respectively.

Rearranging equation (1) -

voc 4 9d¢c = _ (1-€) S 2w _ cov_ . ——e=(2)
2X ot € ot ax :
Similarly, for the total mass balance,at steady state-
c2f 4 A8V) L (1-&) Sgw. -y . e (3)
2t °ox 2t
3 +ced_ ;e VIS 4 (1.8 dw_ -0 . ~—---(l)
ot ox ax 2t

Equations (2) and (i) are based on the following

assumptions -

(A) ASSUMPTIONS

1. Only one component is adsorbed in the fiowing fluid.

2. Plug flow,.

3. Negligible axial diffusion.

L}, Molar density of flowing fluid has been considered constant,
Validity of this assumption for two different cases

is explained below -

a) In liquid phase, the solute concentration is very small

compared to that of the solvent. Hence, change in the concentration

of solute has a negligible effect on the molar density of the

fluid.

b) In the gas phase, the solute gas concentration is very small
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and the density has been considered as that of the non adsorbing
component helium only. If the pressure in the column is constant
then the molar density of fluid will be constant,

5. Linear isotherms apply.

(B) Equations (2)and (li) are simplified further as below:
3 - 3% =0, for constant density fluid,
3t oX

Equation (L) then changes to :

v - - (1-€) & aw . ====(5)
X € © ot )

Also, 3w = f (c,w,v ) . v - (6)
3t -

Equations (2),(5) and (6) are basic equations which
are further ﬁsed for generating characteristic equations. The steps

are shown below @

¢ = f(x,t) . v ' ————(T7)
g0, dc = 3¢ dx 4 9¢ dt ;
ox ot
or  de .3 ,2dt . ---~(8)
X X t dx
T dt -1 o,
X v
Equation (8) changes to :
vde = v3 ,02c . -===(9)
X X 2t
According to the above condition, i.e., along a line
of slope = _1 , the total derivative changes to the partial
v

derivative. Similarly, v = f(x,t) ,

80, dv = 9v dx 4 2v dt ’
X ot
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or, dv -?v ;v dt . | ---~(10)
dx ox 2t dx .

Iif dat = 0 ’
dax -

then . ' ——e=(11)

mla.
g
]
QJ{Q)
i

This shows that along t= a constant, the total
derivative changes to partial derivative, In other words, in a
t-x axis at a fixed time, velocity is a function of x alone, which
can be solved using Fuler's iterative method or Runge-Kutta method.,

Similarly, w = f(x,t) s

dw = 9w dx 4 9w dt o -—=-(12)
ox ot
dw - 3w dx , 2w ’
dt ox dt 2t
If dx - 0O .
at

Then equation (12) changes to -

dw = 9w . -—em(13)

at ot

Equation-(l3) shows that in a t-x axis, at a fixed
distance in the column the solid concentration is a function of
time only. Thus the solid phase comcéntbation at any time can be
solved using Euler s iterative method or Runge~-Kutta method,

Combining equations (2),(5) and (6) with equations

(9),(11) and (13)respectively, one obtains :

vde - - (1-€) § dw -c dy . L meea (1)
dx € dt dx ,
Along, dt = 1 . o= (1l-a)
dx v

. | ~=~=(15)

o) P
cﬂz

av .- (=€) S5
3
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Along, _ 0 . | ~——-(15-a)

mlo..
Hict

and, dw - flec,w,v) . ————{16)
at ‘

Along, dx = O .  em=={16-3)
dt

Equations (1) to (16-a) are used to generate
concentration profiles for different parametric pumps. The
application of the above equations in two types of pumps has been
discussed separately.

(C){i) THERMAL PARAMETRIC PUMPS

The following additional assumptions are used in
‘simplifying equations (1) to (16-a) :
1. The concéntration of the solute in the fluid mixture is very
small, Hence, the velocity of fluid through the column iS'cénsidered
constant. Therefore, v = v, ,
2.The fluid phase driving force is controlling for the calculation
of mass-transfer coefficients,

, then the above eguations become -

if z =x
Vo
de = - (1-€) % au . o ——==(17)
dz € ¢ dt
Along, dt - 1 . —————(17-2)
dz
aw _ale-uw) . ----(18)
at Mmp ' . .
Aiong, dz = O . _ ~===(18-2a)
dt ‘
Where, AN = V%“ﬁ . ’ | ~——={19)
and, M, _a-bT . ---~(20)
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as given by Swéed (1971) values of constants «, g, 2 and b are
listed in Table~21.»Equations (17) and (18) are solved in a t-z
plane uéing Eulert's iterative method as shown below :

In a t-z plane(Fig-1l), the intersection of t = z + k.ot
and z={ .42z ,i.e., point (k,L) can be calculated using initial
conditions along z=1{ .Az and dt - 1. For example, if t‘is divided
into k intervals and £==NNZ,d§hen s considering t =.l.Atb, ¢(1,1)
and W(1,1) can be calculated using points (0,0) and (0,1). The

equations (17) to (20) can be written as below :

c =C -(1=0) 8% A ((e-w)dz o —-ee(21) -
(1,1) (0,0) T 5 J o

W(1,0) =¥, * > fCe - glov - eeee(22)

The first a imati f d "will be :

e Tirs pproximation for 0(1,1) an w(l,l) wil e

1 - | ' |

ot = eo,0 - (L8 £ A (0,0 = ¥(g,0)) 2% -
T e (23)

( n) 8z . =eme(2h)

1 = + -
(1,10 ~ "(0,0) c(0,1) ﬁé.@.:.

Ip
A more exact result can be obtained by making use of a

procedure analogous to the modified Euler's method used by Acrivos

(1956) :
2 _ . lb 1
°(1,1) = °(0,0) ~ ‘& —%— » L el = ¥, * 0,0
Mp
- ¥(0,0) ) Az . ——1
Mrp

This iterative procedure is continued until the values of Cr1,1)
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and w(y 1) converge, In identical manngr ¢(1,2) and’W(l’Z) H

¢(1,3) arnd Wi1,3) § S(1,0) and Wiq,q) °an be calculated, The

whole procedure is repeated for t = 2,4at; 3.at; kat. Thus, values _
of ¢ and w can be generated at (i, j) point, once values at (i-1,j-1)
and (i-1,j) are known,

(C) (ii) HEATLESS PARAMETRIC PUMPS

Equations (1) to (16-a) are again simplified for
2 heatless parametric pump with the following additional |
assumptions :
1, The velocity of gaseous mixture is constant through the column
bed.,i.e., v =V 3
2., The gaseous mixture follows the simple ideal gas law. Hence,
c =48y 3 .
3. The solid phase driving force is controlling for the calculation

of mass-transfer coefficients.

Hence,
vy ars y) = - (1-¢€) gs aw ’
dx at
or vgy 48 + vy 04y = -(1-€) §, dw . ———=(27)
’ 0 dx O?dx c ® at
Since, ¢ is constant, df . 0 , and equation (27)
ax
changes to :
Vo 47 = -(1-€) § _aw . ~—--(28)
dx € $ at
Along, dt -1 . ————=(28-2)
ax Vo

For the solid>phase)concentration equations, (16) and
(16~a) can be written as :

v (Hw ),  eeem(29)
dat
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_ 0 . | ——w=={29-2)

and, dx
dt

where A is mass transfer coefficient that has been
defined in Appendix-I.

Also, % = Mp (%.% ) . - | -=m=(30)

where the value of eqﬁilibrium constant Mp is assumed to be constant

calculated at P —- 60 psia from fig. - 2,

Let, z - X , equations (28) to (29-a) are transformed
| VO |
to the following form @

ay =- 8% _(1-€) (yPMp_w) . = =-au(31)
§ € —RT /

Along, dt _ 1 . - | eeee(31-8)

e (32)

Along, = 0 . ; . ———=(32-2)

QJ‘QJ
ot

Equations (31) and (32) are solved in a t-z plane
using the Runge-Kutta method as discussed below :Consider in a
t-z plane, two families of lines (31l-a) and (32-a) such that the

following conditions are satisfied :

dt - _
rr

s
and, z = constant ----I1 ,

A network of I and II characteristics can be reoresented
by the following equations :

t =2z 4 kot s

z =LAz ,

where at and oz are arbitrary infinitesimal increments and k,£
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'are‘integers. The point of intersection of two characteristics
can be denoted by the symbol (k,£) and the values of y and w at

these points will be denoted by y(k-ﬂ) and w respectivély.
]

| (k,2)
For example, (2,1) refers to the intersection of the two
characteristics :
t =z + 25t and z =8z .,
tion of  th antities y,. and
Evaluation of e qu iti y(l,l) n w(l,l)

proceeds in the following manner :

Equation (31) can be written as :

é_Y_ = f(Y’w) 2
dz

Using the Runge-Kutta method for Az increment :

Ky = £l 3(0,0) » Y(0,0) ) bz ’
1 -
y(l’l) - y(0,0) + Kl/2 L
K, =71 ( yJ(l,l) ’ W(O,O) ) Az R
) ) _
Y(1,1) T V(0,0 T R2 /2 ’
K, =°f (32 , W ) Az ,
3 (1,1) (0,0)
3 -
=y + K. /2
(1,1 Yo,0) 3 ’
- 3
B =T 03,0 0 Yo,0 ) 22
Ay =(Kl+2K2+2K3+K)_L)/6 s
= Py
Y, " Yo, T o
For the calculation of w(l,l) :
dw = f(y,w) s using the Runge-Kutta method :

l

Q,
ct
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1 =

+ K. /2 :
Yi(1,1) 1 ’

¥(0,1)

1

Kz =f(7¥.1) s w%l,l) ) At

2 _ 1

"(1,1) Yo, T2/ 2 ’

v 2

Ky =71 (3(0,1) » ¥{1,1) ) 2F ,
w{1,1) = ¥o,1) *¥3/2

- 3 .
KL!- - f ( Y(O,l) » W(l,l)‘ ) At 4
Ay =(K]‘_+2Ké+2KB+K1_‘;)/6 ‘s

= +

Similarly, for t =t1at, y(1,2) and w(lgz) ; y(1,3) and
w(1,3); y(l,i)’ w(l’e) can be estimated., The same procedure is
repeated for t = 2 at , 3 at, k at. Therefore, in gensral, y(j,i)
and W(j,i) can be calculated once y and w are known at points
(j-1,i-1) and (j-1,1) .
(D) CYCLIC OPERATION OF THERMAL PARAMETRIC PUMPS

A thermal parametric pump consists of one jacketed
column with two reservoirs, each at one end., Feed is introduced
at the top.(Fig.=-3) After each half cycle the column temperature
is changed , keeping the pressure constant, At the bégining of
cyclic operation the column 1s saturated at high temperature
during the first half cycle. In general, one complete cycle can

be divided into four parts as described herein :
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STEP 1 The direction of flow is upward and the column is
maintained at a high temperature. Component A is desorbed; thus
solute-enriched top product is obtained durins this half cycle,
STEP 2 | The temperature of the column changes from high
temperature to low temperature and the direction of the flow is
reversed,

STEP 3 The direction of flow is downward and the column is
maintained at low temperature. Solute is adsorbed, resulting in
a solute-lean product from the bottom end.,

STEP L The temperature changes from high to low and the -
direction of flow changes from downward to upward. Steps 2 and L
take place instantaneously and feed is introduced continuously
at the tope.

(E) COMPUTER CALCULATION FOR CYCLIC OPERATION (Fig. L)

Total distance intervals = NN2Z

STEP 1 _
Vl - ( 1 - ‘@,B ) Q . . ""'"""'(33)
A TIME
Azl =otl = H . | -===(3L)
v, WNZ

Initial conditions :
(1) @ z =0 for all t20
c(k’o) = <CBPL1” , , where <CBP1> n can be obtained by
material balance at the bottom reservoir.(Step l)
For n=1, <CBP1> = ¢ ,

Also integrating equation (18) :

= M - ( Mn € - W ) "At .
T(k,0) T Yixe1,0) T T °(k,0) T V(k-1,0))exp(-AY) .
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Where, t =k Aty ’ |
For n=1, W(k.1,0) =¥ values obtained at the endvof (nLl)th
cold half cycle,

(2) @ t =0, x>0

¢(0,i)

v = ¢ , w values obtained at the end of (n-1)%H
"(0,1) cold half cycle.
Using the method of characteristics concentration

profiles are calculated for t =‘Atl ; 2 ot 3 kAtl o - .
At the end of nth high temperature half cycle :

<CT1> = average of concentrations obtained at the end of

column at t = Aty 3 2 A¢l ;s kat

1
- STEP 2

For nth downflow half cycle, by making material balance

at the top reservoir :

<CTP2>_ - _Q <CTP1»n + Vp <CTP2> n-1 . ——m=(36)
VT + Q

<CT2> = ( B + 95 ) ¢y + ( 1-Bp ) <CTP2¥ 1 .  =-=n(37)

There is instantaneous temperature change in

the column,.

STEP 3

Column at the low temperature

Vo = (1 + ﬂB ) Q. . o eme={38)
A TIME
Azz = AtZ = H . : -_‘___(39)

vy NNZ
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This step is similar to the step 1. At the end of half cycle:
<CBP2> = average of the concentration obtained at the end

of t = at2 ;3 2 Ht2 3 kat 2.

STEP L

By material balance at the bottom reservoir

<CBP1> 44 = <CBP2> 0 Q + Vp<CBP1>p . -ee=(110)
During this step also, the solid and liquid phase concentrations
stay at the value attained at the end of the nth cold halr cycle.
(F) CYCLIC OPERATION OF HEATLESS PARAMETRIC PUMPS |

This technique uses two columns under operation, One
column operates atvhigh pressure and the other column operates
at low pressure (Fig. 5). Before starting the cyclic operatioh,
both columns are saturated with gas mixture by maintaining either
both columns at the same pressure or both the columns at differént
pressures. In this work, both séturating conditions have been
used. One complete cycle is divided into four steps as below:
( See fig. 6)
STEP 1 High pressure feed flows through the column 1 , Solute
is adsorbed, resulting in a solute-lean top product. A portion of -
solute-lean product is purged to low pressure column 2, In column
,2 » there is decrease in pressure, resulting in desorption of
solute, Hence, solute-enriched bottom product is obtained at the |
end of column 2,
STEP 2 Column 2 is repressurized to high pressure (repressurization)
while column 1 is brought to low pressure ( blow-down). (Fig. 7)
STEP 3 .Flow of feed is reversed from column 1 to column 2,

now at high pressure.
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Stepwise Outline of Heatless Parametric Pumping
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‘STEP Iy Column 1 is repressurized and column 2 is depressurized
( Fige 7)

During steps 2 and li, solid concentration is considered
to be frozen while fluid concentration ( in the bulk gas ) changes
according to the pressure difference. Also, in these steps , gas is
fed at high pressure but no gas is removed from the pressurized |
column whereas gas is blown off from the low pressure column but
no gas is fed into it. Steps 2 and li take place-.instantaneously.

(G) COMPUTER CALCULATION OF CYCLIC OPERATION ( Fig. 8)

Let total number of intervals = NNZ

STEP 1 For high pressure column ;
Azl =Atl = HA . ———e(ly1)
NNZ Q
v, = Q . S—{ )
A .

For, nth hair cycle, initial conditions are : -
Hg,0) =8 LWyl

The solid phase concentration is calculated using

Runge-Kutta method as below :

at
Where, W = Jo P MP
e———— »

Now B15 0 U¥060) = i, ) 4% ’



1 + K_/2 .

"(x,0) ~ "(x-1,0) 1

- 3% 1 .
K, =X, ( W(x,0) w(k,o) ) szl .

2 .
¥(k,0)" Y(x-1,0)" Ky/2
- 3 2 ' | '
K3 = . ( W(k,o) - w(k’o) ) . azl ,

3 2
T,0) T Vik,00 T2

_ 3 3 | :
Ky, = 2 (¥ag0) = W0 ) - 4% s
Dw=(K1+2K2+2K3+KLL)/6 ,

= +
"(,0) T Y(x-1,00 T '
. _ . .y th

For kx =1 , w = w values obtained at the end of (n-1)

(k—l,O)

half cycle.
(2) @ £t =0

Y(0,1) |
=y and w ‘values obtained at the

"(0,1) end of (n-l)th half cycle,

Using the method of characteristics, the concentration profile is
calculated for t =Atl 3 2 Atl , k Atl, until the half cycle
time is complete. At the end of»nth half cycle : | |

<YTP> = average of the concentrations obtained at the end

of column during t = atl , 2 481, .....k atl,

For Low Pressure Column -

Az2 = a2 = H A . - ;;__(u3)
NNZ . Q .Y

v2 = Q . Y . ' v """"(I-IJ-L)
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Initial conditions :

(1) @ z =0, y(k 0) = y values evaluated by interpolation of
»
the values of Y(x,H) obtained from high
" tn
pressure column for n half cycle,
Y(x,0) = w values calculated from Runge-Kutta
14 .
method similar to the high pressure
~column calculation,
(2) @ t=0
(0,1)
=y , w values obtained during (n-1)th
Y(0,i) half cycle. :

Again using the method of characteristics, the concentration.
profiles are calculated., At the end of the half cyéle :
<YBP> = average of the concentration obtained at the
end of the column during t = At2, 2 At2, k At2,

STEP 2 REPRESSURIZATION AND DEPRESSURIZATION OF COLUMNS
)th

Before the start of (n+l half cycle , the column
which was at low pressure during the nth-half cydle s is
repressurized to high pressure. Also, the solid phase concentration
remains frozen to the value attained at the end of the n®® halr

cycle, but, because of the change of pressure, the gas phase is

compressed and is given by the simple ideal gas law :

8, =4, p, . -===(U45)
| Py
T,,e void space formed by compression is filled by feed gas.(Fig. 7)

th

AA -~ position of the gas phase obtained at the end of the n cycle |
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2B ~position attained after the compression of gas phase,

CC =~ position of standard increments obtained by linear
interpolation of position BB,

Similarly, the column which was at high pressure during the nth

half cycle is blown down to low pressure.Again the solid phase

concentration remains frozen at the value obtained at the end

of n'? nair cycles, whereas fluid phase concentration is expanded

according to the ideal gas law :

¢, = @l P

=]

. -===(146)

|

In figure 7 : _
An' - position attained at the end of the nth nair cycle
BR' - posiﬁion after compression |
cc' - position obtained by linear interpolation of BB'
The calculations of steps 3 and L are similar to those'
of steps 1 and 2, resvectively,

ADJUSTMENT OF OPTIMUM NUMRZR OF INCREMENTS (WMNZ)

In mathematical calculation, the selection of increments
is important to achieve stability in concentration profiles. For
the calculation of mass transfer coefficients in heatless

parametric pumps, the following eguation is used ( Appendix - I)

. -2/3
A
-0.51 pD] G P

MgPKHQ‘.W, -

‘Here, value of ) depends on the two constants x, B and on the

operating conditions.The value ofghas been selected equal to -0.51,
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- For the He-CO, sys‘tem assume that o= 1,0, Computer calculations .
are carried out for the concentration profiles taking NNZ= 100,150,
200,250, It was observed that NNZ 2150 gives an almost stable
concentration profile for top and bottom products (Fig. 9). Thus,
for &K= 1.0, NNZ = 150 is the value to attain stability,
Similarly, for the He-—C3H6 system : v

X = 0,25 , NNZ = 150 for stability.
Other operating conditions are :

¥=2.2 , Q=10 cc/min,

T = : =1 o o
25“15 mins., ¥, 1 % CO, or 1% C3H6
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DISCUSSION OF RESULTS

In this work a mathematical model has been developed
for the NaCl—HgO system using a thermal parametric pump. Thirteen
results have been mathematically calculated for different operating
conditions and the effects of differsnt operating conditions
have been observed., In Table-1 different operating conditions
for thirteen runs have been listed., A typical detailed display
of concentration profiles is shown 1in Table-23 andvFigure—lO.

Both experimental and mathematical studies have been
made for the separation of gaseous mixtures via a heatless parametric
pump. Seventeen runs have been performed experimentally. Table-2
lists fifteen experimental runs with different systems and other
operating conditions., Out of the fifteen runs listed, four runs are
for the separation of the He-CO, mixture listed in Tables~h,5,6,7.
Tables-l and 5 zgive the calibration for peak height and pressure of
002 gas. Tables-6 and 7 present cyclic concentrations obtained
after the each half cycle for C02 gas. In these tables concentration
has been shown as the ratio of  cyclic peak height and initial gas
peak height.

~Es . - It is shown in Appendix II that the pesk
height is proportional to y(concentration), so the peak height ratio
is also the concentration ratio. Peak height ratio is plotted against
half cycle time. Table-8 is calibration for He—03H6 and Tables-9,10,
11,12 and 13 are cyclic concentrations for He—CBHé
Table-1lli is the calibration for ternary wmixture He-CO2—CBH6 and

separation.

Tables 15 to 18 are for the cyclic separations. Tables-19 and 20

list degree of saturation of the bed with separation. Tables-21 and
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22 1list the operating conditions used in the mathematical mbdels
for two types of parametric pumps respectively. In Table-23,
different operating conditions have been listed for the results
calculated from the binary gas mathematical wmodel., Table-2L
presents a typical case in detail of the concentration profiles
for the He-C3H6 mixture.
(A) THERVAL PARAMETRIC PUMPS -

Figure - 10 is the presentation of characteristics

concentration front movement for the NaCl-H O system. It is obvious

2
from the figure that the solute moves towards the upper end of the
column with :the change of cycle direction until the steady state is
reached, finally, resulting in 1eSS’solute4at the bottom and more
solute in the top product. Figures-ll and 12 show that the model
developed prsdiéts the separation of NaCl—HEO and also compares
the effect of different operating conditions on separation.
Figure-1l indicates the effect of Zj wifh the ratio
of bottom reservoir volume and the displacement with other conditions
as- E;= 35 mins., cy = 0.1 M, QQ%) = 25 cc. It'shows thét with the
decrease in ¢B from 0.16 to 0.0L, fluid moves more from the bottom
reservoir to the top reservoir through thé column; this results in
the increased mixing at the top reservoir and ths betfer separation.
In separation,;the rate of interphase mass transfer ié
depeﬁdent on the temperature, fluid velocity and cycle time. However,
since velocity is inversely proportional to the cycle time for a
given displacement, a study of cycle time alone includes implicitly

the velocity effect. Figure-12 shows the top and bottom products

concentration for different cycle time with ¢B = 0.0, QCEQ: 25 cc.
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and co=3.1 M. Increase in the cycle time from_ZS mins. to 100 mins.
results in better separation because more time 1s allowed for the
transfer to occur between two phases.

An optimization study for the displacement volume is
shown in figure-1l3, It is a plot of the steady state bottom product
concentration vs, volumetric displacement fkuﬂg=35 mins.,ﬂ8=0.0u,
cO=O.1M and gives the following important information:

For the above mentioned conditions the minimum concentration

is 0.018M, for which the optimum value of disvlacement QQ%) is
5 cc. This curve is also helpful in determining the volumetfic
displacement required to obtalin a desired bottom product concentration.
For example, from figure-13 it can be shown that for obtaining
0.3 M bottom product ratio,the displacement QQ%) should be 26 cc,
while all other operating conditions are fixed.

Experimental study for the NaCl~H20 system has been

done by Kim(235) and Rak(26).

(a) 4djustment of 'o' value -

For the He-CC, system the concentration curve with

_ 2
AL=1,0, A= -0.51 and NNZ=150 differs from the exverimental results,
figure-1ll, Therefore,different values of o have been tested to

minimize the difference between the experimental and the computed

results. A linear relation between « and NNZ has been used as shown

below:
o NZy
—_— = = constant ,
X2 WNZ,
if
NT

¢, lTZl ..

T em— T et . _ »
2 YNZ
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and °<1 = 1,0 , NNZl =150 ,

then <><2 =1.,5, NN22 = 225 .

This trial and error procedure is continued until two

types of results are close; figure (1) shows the optimum value

for the He-CO, system. Similarly,for the He-C_H, system the optimum

2 376
values of X and NNZ have been found. These values are tabulated as
below - (y=2.2, %g= 15 mins. , @ = 10.0 cc/min., )
System Optimum wvalue of
L NNZ
He-CO, ’ hL.0o 600
He-—CBH6 - 1.25 600

(b) Effect of different operating conditions -

The separation of binary gaseous mixtures He-002 and-
He—CBHé was observed experimentally, ( Figures (17) and (19) ).
These two plots show clearly two curves for the bottom product.
It is becausevboth the columns were saturated at different pressurés,
i.e. , one column at 60 psia and the other at 20 psia initially. |
(Y=2.2, I'= 15 mins. and @ = 10 cc/min. ). Tt is expected that
these two curves will merge into one at steady state value. The
same trend was observed with ths computed results, Hence at this
point it was decided that both the columns should be saturated at
the same pressure, i,e. , at high initial pressure. Figures 19 and
20 are for the separation of He-C3Hg mixture with a new saturation
pressure of 60 psia and the other operating conditions -Y = 2.2,
g; = 15 mins. and Q= 10 cc/min. These conditions result in only
one curve for the bottom product.

Next, the effect of the purge ratio on the separation of

He~C3H6 mixtures was studied experimentally. It was found that
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the decrease in the-purge ratio or purge volume to the low pressure
column increases. separation of mixture while the other operating
conditions are fixed at £§= 15 mins., vy, = 1% Cqliy and Q = 10 ce/min.
Also, for the same operating conditions, the mathematically calculated
results are close to the experimental results. Hence the mathematical
model is in agreement with the experimental-results,

(ii) Ternary gas wmixtures

Figures-22, 2L and 25 are for the experimental

separation of zas mixture He-C02—03H6 using a heatless parametric
pump. These figures also represent the effect of different operating
variables such as the purge ratio 'Y' and half cycle time%% on the
separation. In figure - 23 it is observed that for tﬁe operating
conditions Y = 2.2, £§= 15 mins. and ©= 10 cc/min. after the lSth
half cycle, both the top and the bottom product concentrations for
CO, drops helow the feed concentration. This indicates accumulation
of incoming €0, in the bted., It is considerad that this occurs because
of the>following reasons.

1. half cycle time is too large ,

2. there is some interaction during the sbsorntion of the gases. This
causes the 002 disappearance from both the too and the bohtom vroducts.

To justify the above reasons the bed was saturated with CO2

and C.Hg. Figure-23 is the saturation curve for CC, and CBHS at 20 and

3 2

60 psia. From this figure for any gas,total amount absorbted is
proportional to the area under the saturation curve. It was found
that the net amount desorbed in changing the cycle from 60 psia to

.20 psia is less for 002 than for C3H6’ The numerical values are as

given below:
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Pressure Amount adsorbed for
psia 002 C3H6
20 2.08 " 3,60

: R TS5g R T?S

60 .200 11.98
RT s ' R Tf;

Net amount desorbed in changing the pressure from 60 psia to 20

psia, for co, = ho.2 - 2,08l R
R TS,

= 2,116 gm-moles /gm-solid .
RTS8, |

for, CqHg = 11.98-3,605 ’
: RTS

= 8.375 gm-moles / gm-solid .
R T?S

Figure 23 shows less desorption of 002 than C3H6; hence,
the half cycle time may affect the separation of CO, in a ternary
system., Figures 2l and 25 (¥ = 1.0 and 1.5 respectively andX = 8
mins., Q = 10 cc/hin) support the reasbning for large half cycle
time. Figures 2L and 25 alsc show the affect of purge ratio on th¢
separation, As in the case of a binary wmixture, a decrease in the
purge ratio from 1.5 to 1.0 increases the separation,

The computed results based on thevbinary gas mixture
model have been compared with the ternary experimental results,.
(Figures 22 and 25) The two results are quite close for the operating
conditions Q= 10 cc/min, £;= 15 mins., and y= 2.2 (Figurs 22),.
However, for run 13, the deviaﬁion between the calculated and
experimentéi results are higher than expected. (Figure 25). Thus,

the above comparision indicates that for ternary mixtures, the
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effect of interaction of gases on adsorption should be taken into

account in the development of the mathematical model.
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RECOMMENDATIONS

Further investigation in this field should be, determining
the effect of different operating conditions such as feed flow rate,
effect of half cycle time and purge ratio in more detail for both
types of parametric pumps. For ternary or multicomponent system;

a mathematical model can be developed similar to that for a binary»
system. In this mathematical model it would be important to consider
the interaction of different gases in adsorption. Aiso, the experimen-
tal and mathematical studieé of parametric pumping teéhnique can be

extended to the separation of different ligquid and gaseous mixtures,
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NOMENCLATURE

a - congtant

A - cross sectional area of the column, om?

b = constant

¢ = molal concentration of solute in feed, gmole/cdec

3§ - equilibrium molal concentration, gmolés/cc

CBP) - bobttom product concentration during upflow, gmole/cc
CTPLl - top product concentration during upflow, gmole/cc
CTl - outlet concentration in upflow cycle, gmole/cc

T2 - inlet concentration in downflow, gmole/cc

CTP2 - top product concentration during downflow, gmole/cc
CBP2 - bottom product concentration in downflow cycle, gmole/cc
D - diffusivity, cm?/min,

Dp - average particle diameter for 12-28 mesh size,cm

G - gas mass flow rate, gm/cm?/min.

H -« height of the columm, cm

jD - } = factor for mass transfer , dimensionless
{ - length at any time, cm

M - molecular weight, gm/gmole

MP - equilibrium coefficient for gas phase

Mp -~ equilibrium coefficient for liquid phase
NNZ - number of intervals

N - number of moles

Py - critical pressure, atm,

Q - volumetric flow rate, cc/min,

1
Kl’K2’K3’K ,Ki,Ké,KB,KA - constants in Runge-Kutta method
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R - gas constant = 82,06 atm-cm3/gmole/ XK
L = time, min,

T - temperature, K

To = critical temperature, X

¥ « reservoir volume, cc

wv,v, = velocity of fluild through the column, em/min

0
w - solid phase concentration , gmole/gm of solid
%X - linear diétance, cm

y - mole fraction of solute, gmole/gmole

z = x/vy , min

~
'

increment in x, cm

increment in 2z, min

N
]

ct
]

increment in t, min

top product concentration, gmole/gmole

3

bottom product concentration, gmole/gmole

2
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Greelt letters=

¥ - ratio of reservoir volume to displcement, cc/ce

y - purge ratio

{ - density of bulk fluid, gmloe/cc

9, - solid density, gm/cc

¢ - voldage of bed

M - viscosity, gm/ em/ min

o~ = collision diameter, cm

L~ collision integral, dimensionless

A - mass transfer coefficient for,heatless parametric pump, min=1
for thermal parametric pump,

cm3/gm of solid/min

Subscript=-
<> - a_vebage
T - top product

vottom product

- high pressure

hot cycle or upflow

B
H
L - low pressure
1
2

cold cycle or downflow
1,0 - 2
Jsk = time

n - cycle number



9.

10.

11,

12,

13,

1.

-37=

REFERENCES

Acrivos Andreas, Ind. Eng. Chem,, L8, No L, pp.703 (1956 )
Alexis, Re We, Chemical Engineering Progress, 63, No 5, pp.
69 (1967)
Bird, R. Be, Stewart, W, E..and Lightfoot, E. N., Transport
Phenonensa, Wiley, NewYork (1960)
Chen, Hs Te and Hill, F, B,, Separation Science, 6 (3), 9,
pp. 685 (1970)
Gregory,Re Ao, AIChE Journal, 20, No. 2, ppe. 295 (lQ?h)
Harris, Pe Re, Ind., Eng, Chem., Fundamentals, 9, ppe. 685
(1970)
Jelnik, Re Be, Doctoral dissertation series, Pubiication no.
15, 741, University microfilms, Ann-Arbor, Michigan
Kadlec, R, H., Turnock, P, H,, A I Ch E Journal, 17, pp. 335
(1971)
Xadlec, R. H., Kowler, D, E,, AIChE Journal, 18, pp.1207
(1972)
McAndrew, M, A.,, Ph,D, dissertation, Princeton University
(1967)
Myers, Ae Le, Jenczewski, Te J., AIChE Journal, 1ll, pp. 509
(1968)

Myers, Ae L., Jonczewski, Te J.,

Othmer, D, E., Fluidization, Reinhold Publishing Corporation,
NewYork (1956)
Pigford, R, L., Baker III,B and Blum, D, E., Ind. Eng. Chem.

Fundamentals, vol., 8, No. 1 (1969)



] fond
®

204

2le

22,

23.

B 2)4..

-38-

Patrick, R, R., Separation Science, 7 (L), pp. 331 (1972)

Rice, Ao We, Ph,D, dissertation, Princeton University (1966)

Rolke, R, W,, Ph,D. dissertation, Princeton University (1967)

Scarborough, James B,, Numerical mathematical Analysis, The
John Hopkins Press (1962)

Shendalman, L, H, and Mitchell, Je Eeo, Chemical Engineering
Science, 27, pp. M9 (1972)

Shendalman, L. H, and Mitchell, J. Eo, AIChE symposium series
(1972)

Sweed,N, H, and Wilhelm,R, H., Ind. Eng. Chem, Fundamentals,
vol. 8 (1969)

Sweed N, H. and Gregory, Re. A.,, AIChE Journsl, 17, No. 1,
pp. 171 (1971) |

Wilhelm, Rice and Bedelius, Ind, Eng. Chen, Fundamentals,
5, pp. 141 (1966)

Wilhelm, Rice, A. W., Rolke, R. W., Sweed, N. H., Ind. Eng.
Chem, Fundamentals, 7, pp. 337 (1968)

Kim Cos Y. 4 MeS, Thesis, New Jersey Institute of Technology,

1976.



APPENDICES




=39~

APPENDIX - T

Caleunlation of mags transfer coefficlent for heatless parametric

Dumps

Othmer (13) has given an expression for the calculaticn

52 mags transfer coefficient as below =

2/3
jp =2 2 ’_fi.,} . —mem(A)
G/ D
&
where -0.51
B I { Dp_ © } . <-=-(B)
o (I=e

equations (A) and (B) are further simplified for ' )\ ' -

- 0.51 -2
o [l T e T e
N o= A(1-€ , ‘ (min~1)
My P p.H_¢€

. :---(C)
Physical properties of gaseous mixture in the above
equation have been considered as that of Helium only, because
solute gas ( €0, or C3H6 ) in the mixture is in very small
amount ( 1 % only ). Viscosity of Helium and diffusivity of
of 002 and 03H6 in helium have been estimated using the expremsion
given by Bird (3 ) .

- Calculation of Viscosity =

M = 2,6693 % 1075 % M,T : eeee (D)
L O
for Helium -
« = 2,576 , ¢ =10.2 , = 0,7005
K

i

AMso, T =250C =298K
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Mo = 2.6693 1077 % I % 298 = 60
o |
( 2.576 )2 % 0.7005

= 0,0018956

il

0. 0019 gm / cm /min.

- Calculation of Diffusivity =-

P - = a ,
1/3 5/1e 1/2
( Pc-a.PcB) o ( TouneTo-p) -{mé_ + 1
M M
| A B
TC PC M
( X ) ( atm, )
He 5.26 2.26 L0
co,, 3004.2 72,9 Wh.o
CyHg, 365.0 5.5 2.0
a = 2,745 % 10-t , b = 1,823
(a) He - COp system =
1/3
[PC-COZ‘PC-HG} = 5‘39
5/12 _
[.TC”CO2.TC“HB} - 21:63
jTC_COonC~He= LI.0.0
T = T«li5
JTc-coo+Tc-He
@ P = ),0186 atm, (60 psia ) =
D = 5,39 & 2,745 # 10“u % 7@451'823 # 21,63 # 0.5233

COa-He TT.01t6
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or  Dpp,.He = 0.1618 cmz/sec.
= 9,708 cu®/min,
@ p o= 2,721 atm, { 1O psia )

DCOZ-He = 1.3L em?/min,

@ P = 1,3 atm, (20 psia )

e
DCO?_-'HG = 29-1}_!_ CmL/miﬂa

Similarly for He = 03H6 system -
@ P =1,0186 atm., ( 60 psia )
DC3H6—HS = 7,485 cmg/hin.

@ P = 2,721 atm. { 4O psia )
DC3H6—H6 = 11,228 em?/mine.

@ P = 1.36 atm, ( 20 psia )
DC3H6' He = 22.156 cm? /min,

Apart from viscosity and diffusivity other properties are
calculated as below -
Density -

_?\.\:: _P_I:I_ » .PL= PL
RT RT

Molecular weight =
He - 00, = ot
He - CBHé = LL.L‘_

Other parameters such as DP,GE, H are given in table -
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Degeription of Apparatus =

The laboratory heatless continuous
parametric pump, shown in fig. 5 , consists of two 3,175 cm
1,0 m metallic columns packed with 12-28 mesh PA=L00,grede-
100 silica gels Feed is introduced alternatively to both‘columﬁﬂa
f'sed rate is controlled by two electric actuated three way
solenoid valves, E and F, At the top end of each column one
pressure gauge 1s Installed to measure the pressure in the column,
A part of the gas coming out from the column under feed is
purged to other column via a solenoid valve and pressure relief
valve. Two check valves are used to check the direction of
flowe Top product from the column under feed is withdrawn
through a rotameter. Flow rate of top and bottom produstsis
maintained by measuring flow of a soap bubble in a burette, -

Concentration of top and bottom produet 1s measured by a Model

810, reserch chromatograph,

Description of operation =

Initially two columns are saturated
at the same pressure ( high-pressure ) or one column at high
pressure and 5ther columm at low pressure, This is checked
by measuring the product concentration. When product concentration
is same as that of feed, the columns are considered to be
saturated , After saturating the column, flow rate of top
product and bottom product are adjusted‘to the operating values,

After this, cyclic operation is started by actuating electronic

-



solenoid valves.

During the half cycle, at differenﬁ intervals
concentration of top or bottom product 1s analyzed, This
concentration is measured as peek height which 1s represented
as concentration by following relation @

v = Peak height for top or bobttom nroduct
To Peak height for feed

At the end of half cyecle direction of feed is
reversed by switch system, This procedure is repeated for each
cycle, Peak height can be adjusted By changing attenuation of
column, Peak height can also be changed to concentration using
calibration curve and ideal gas law. For any sample peak height
corresponding pressure can be obtained from calibration curve,
this pressure can be changed ﬁo concentration units using ideal-
gas law =

e =n=27" '
ﬁT'ﬂ N

<l
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THTS PROGRAMME HAS BEEN MADE BY ANIL K. RASTOGI oNEW JERSEY 1N5117uff
0F TEQHNOLOGY
SUBSCRIPY 1 ~FUR HOT CYCLE =~ UPFLOY o

SUBRSCRIPT 2 FDOR COLO CYCLE DOWNFLOW
X = SUOLID CUNCENTRATION
Y = LICGUID CUNCENTKATION

N=NUMBER OF CYCLE
NNZ = NUMBER UF INTERVALS
NCASE = NUMBLR OF CASES FO D!FFERNT VALUES OF PHI _BOTTOM £ PRI _TUP .

NTER = NUWB&R OF 1TERATIUN

AN £ BH = CONSTANTS FUR EQUILIBRIUM COEFFICIENTS ,
H = H£15H1 0F THE CULUMN X e
TIME = HALF CYCLE TIME
YO = FEED CONCENTRATION
0 = RESERVOIR VOLUME . S

VT € VB = DEAD VOGLUME FOR TGP & BOTTOM RESPECTIVELY
VOlD = VOIDAGE OF THE PACKING
AKY1 5 AK2 , BK = CUNSTANTS FUR_MASS-TRANSFER CDEFFICIENTS

DENS = DENSITY OF THE PACKING
ERR = 1 TERATION ERROR
A = CROSS-SECTIUNAL AREA OF THE COLUMN

PHUT PHI TOP
PHOB PHI BOTTOM
IND = NUMBER 10 CHARACTERIZE THE _DIRECTION OF FLOW _UP OR _DOWN_

i H

M= NUMBER OF ANY CYCLE , M(MAXIMUM) = N
V1 € V2 = FLUID VELOCITY THROUGH THE COLUMN
DTY £ DT2 = INCREMENT FUR TIME

Y11 = (OLUMN TOP CONCONTRATION FOR HOT CYCLE
YIP1 = TUP PRUDUCT CONCENIRATION EOR UPFLOW

-Y1P22 = CUNCENTRATION OF TUP DEAD VOLUME

YTP2Z = TUP PRUDUCT CUMCEMTIRATION
YT2 = INLET CULUMN CONCENTRATION
YBP22 = CONCENTRATION OF BODTTOM DEAD VOLUME

YEP2 T =TBOTTON PRODUCT CONCENTRATION FOR DOWNFLOW
YbP1 COLUMN INLET CONCENTRATION FOR HOT CYCLE-UPFLOW
XT = INJTIAL SOCLID CUNCENTRATION AT _THE COLUMN INLET

nvn

XXSTE YYS T=TESTIMATED VALUES AT ANY POINT 7 7
NTR = NUMBER OF ITERATIONS USED
K = NUMBER OF INCREMENT TAKEN HORIZONTALLY

TT = TIME AT ANY INCREMENT,TT(MAXINUKY = TIME
X2 £ Y2 = INITIAL SOULID & LlQUlD CONCENTRATION ALONG HEIGHT OF THE COLUMN
XX € YY = SOLID € L1QUID CUNCENTRATION ALONG HEIGHT OF THE COLUMN

FORTANY INCREMENT TAKEN HORIZONTALLY
XX2 L YY2 = INITIALSULID &€ L1IQUID CONCENTRATICON ALONG THE HEIGHT
OF THE COLUMN FOR  SUBRUUTINE

YHTS PROGRAMME CALCULUATES CONCENTRATION PROFILE FOR THERMAL PARAMETRIC
PUMP USING MODIFIED ITERATIVE EULEKS METHOD

¢¢¢¢(‘J¢&>O(x$"’$$¢¢"‘$$$#t$Q#X)-Q33‘)&30¢'Q&O¢0’¢¢¢¢¢000&’:0‘8)#0¢¢°O¢¢¢ﬁ003003090900’30#0396

T C
C
.
C
C
£
C
C
L
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

HAIN PROGRAMME

BRVEAFEFLVILLIABCRALBISSRORCHOIRNTLAXRAININRAISOBIACEVAIDTBVVAVIOGPRIVEIINATRXRIIBEAIRT

DIMINSION PHOT{10),PHDB{10},X2(100),YTP2(100),Y2(1060),Y0BP2(100) _

1

)

XXZ(IOO),YY?(IOU).XX(IOO).YY(IOU).XY(IOO).XXS(IOO).YYS(IOO)
2yNTK(100)
KEAD 104N.NNZ,NCASE, NlTER

FORMATL4T110)




t
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4 KLAD 16,AN,BH
5 16 eUkIAT(ALzo S}
& READ 15,HTIME.YD.0,VT,YB, T[MPILI[MEQAVHIDJAKZLﬁE.AKInDiP5 ERR L/
7 15 FORMATL GF10.4)
g READ 20, (PHOTLI),PHOBLTY,1=1,NCASE)
9 20 FORMATIZF10.4) e
10 DU 600 1=14NCASFE
11 V1=(1.-PHIB (1)) Q/{AXVDRID#TINE)
— o N2=l1 e PHUBCIN RO/ LASVULIDETINE) : e
13 OTY=H/{MNZ=V )
14 u12 H/(MNZEV2)
o 15 . MZ=HNZ+Y . . e
16 YTerD ' .
17 DO 30 J=1,NZ :
18 Y2(J1=YQ - ‘ . e
19 30 X2({JY=Y0* (AM-BMSTEMPL . -
20 n=1
21 : TF(MN=1)31,31,32
22 31 Y1p22=Y0
23 GU 1O 33 ~ : ‘ - i
24 32 YTP22=YTP2(M-1) ‘ I
25 33 YTP1={(PHUT(1)+PHCB (1)) %Y04(1a-PHOB(11)2YTL) /(1 .4PHOT(1 ]}
26 IND=2
27 YTP2(M)1=(Q2YTPYI+VT&YTIP2Z2)/(VT+0)
2B ; YT 2= ((PHOT (1) +PHOB (T eY0+ (1 ~PHUTLI) ) SYTP2(M) )1 /(1.4 PHOB (L)}
29 ) YIN=YT2
C : ' . ) .
30 CALL XYCAL(VDID,DENS,AKYyAKZ¢BKyAMBM, TEMPY,TEMP2,V1,V2,IND,DT1,
IDT2 ¢ NITER X2 4 Y2 o YIN, TIME SN Z XXy YY 3 YB4XX2,YY2, M, ERR])
31 YBP2(M)=YD
32 IFIK~N)50, 500,500
33 50 IF{M~1)51451,52 o »
14 51 YepP22=Y0l . : ‘ s _
15 G0 TO 53
36 52 YBPZ2=YU§P}
37 53 YBP1=(Q*YBP2{H) +VB2YBP22)/(Q+V8)
38 H=M+1
39 YIN=YBPI
40 DO 60 L=1,NZ
41 tL=t-1
42 .xth) =XX{NZ-LL)
43 60 2(L)=YY(N2~LL)
44 1\0 1
45 CALL XYCALIVOID DENS AKIZAK2,BK o AMyBM,TEMPY ,TENP2,V1,V2,IND,DT),
IDTZ2 s HITER X293 Y2 o YINSTIME JNZ XX YY (YT 4 XX2,YY2Z,M,ERR])
46 DO 70 L=1,N2Z
47 LL=t-1
48 X2{Li=xXx(nNZ~LL)
49 70 Y2{L =YY (NZ—-LL)
50 Gu To 32

5175007 PRINT 510, (W, YTP2(H) ,YOP2(M) ,H=1 N}
52 510  FORMAT( =ty 16K, "M'y 12Ky *YTP2 V516X, *YBP26// (10X, 110,2E20.5))
53 600 CONTINUE

54 S1GP
55 . END




56 T SUBROUTINE  XYCAL(VOID,DENSsAKLsAKZ yBKeAMABM,TEMPL, TEMPZ sV1 U2y
TIND2DTI1+0TZsNITER X2 9Y2 7Y INGTIME sNZaXXaYY Y YAV S XX2 L YY2Z 1 PERR)

‘gL ‘swiog ssouisng uoiBuljjom

C f-R<ER-ER RV E T .'U.4$“$*$¢¢$Qé¢¢¢¢$¢$¢_{r¢¢ m: #¢~Q¢¢#¢»¢¢$#¢vc$¢¢=¢*h’v’3v¢¢*¢¢*¢$$«
C THIS SUBRUUTINE USES TRIAL AND ERRUR METHOD FGUR THE CALCULATION OF
C LIGUID AND SOLID PHASE COUNCENTRATIONS
( SRR R TR BEN AR AR ERIRIE RN E LB T VOIS TR XSS HI O LSRN L ORI T RIETHET B
C
57 DIMENSIDN X2(I001,Y2(100)sXX {100} ¢YY{I00) XT(I00) ,YYS(3I00),XXS5(1C0
1) sXX2{100},YY2(1G0) 4HIR(1GO) . .
58 SUK=0
59 IF{(=-1)2%IND)20,10,10
60 10 (K= AKZ*V&4*RK S
61 CH=AM~GMETEMP2
62 DT=DT2
63 T=1EMP2
64 60 T0 30
65 20 CK=AK12V1%2=BK
66 CM=AM-BMTEMP1
61 T DT=DTI
68 T=TEMP]1
69 30 CNST-—(I.—VJIO)¢DENS*CK/VGID o .
70 XT(1)=x2{(1)
71 DO 22 L=1,NZ
72 XX2(L)=Xx2(L)
73 27 YYZiLi=ya(i
74 ’ k=1
75 15% CNK=K -
76 TT=D1#(CNK
7 YY(1)1=Y1N
78 XT(R+1)=CHRYY (1) = (CHRYIN=-XTLL})SEXPL~CKETT/CH) B -
79 XXTIV=XT(K+1}
80 I=2
¢ S
81 8% ITER=]1
82 NTR(1)=1 :
83 ) YYSCI =YY (B-1)+CNST=DT=(YY(I-1)~XX{I=-2)/CM3 =
84 KXSUTIsxX e (T I%Ck=0Ta ¥y (T i=xx2{1)/¢n)
¥5 100 YY (I )=YY (I =3+ (DT/2. 13CHST{YYS{ T =XXS(TJ/CH+YY(I-2)~XX{1-33/Ci}
86 XX(I)=XX2 (L) +(CK=DT/2. 1% (YYS(1)=XXS{I)/CHU+YY2 (1) =XX2(1) /(M)
67 DEVY=(YY (1 I=YYS(L11/YYS (1}
88 1F{AGS(DEVY )-ERR)IS0,50,60
89 50 DEVX=(XX(1{—§XS(I))/XXﬁ}[) o o
90 FF{ABS{DEVX)I—ERRITO, 70460
91 60 TFIITER-NITERIB0,70,70
g2 80 YYS{1)=Yvy(1l}) ) o ~
‘‘‘‘‘ 4% XXS (1 1=XX{T}
94 ITER=ITER+]
95 GO 10 100 ) _
g6 70 NTRITI=ITER .
97 JF(1-NZ161,90,90
98 831 I=1+41 e
99 Gl 70 8%
C
100 90 SUM=SUM+YYINZ) o
301 ) TE(TT-TIME)}150,200,200
102 150 DO 151 L=1,N1
103 YY2{L)=YY (L} . ) e

104 151 XX2(Li=xX(L)



"QLT ‘swiog ssoursng woibuijiom

105 K=K+1
106 GO T 155
107 200 TOTk=K .
108 YYAV=SUM/TOTK
lug PRINT 525
110 525 FURMAT(5~"')
11 PRINT 95,M, IND,TT : :
112 95 FURMATCOPO "y 18Xyt M 18Xy FINDY 25X, *TT5/(2120,F20.3)Y)
113 PRINT 98 .
114 g8 FURMAT( =1, 18Xy "1 Py 12X PYY P 220X P XX 423X, *NTRY)
115 DO 97 1=1,N741
116 97 PRINT 96,1, YY1}, XX (1)1, NTRU(])
117 96 FORMAT{I20,2F20.5,120)
118 PRINT 210,YYAV
119 210 FORMAT(®—%, 20X, *YYAV?*/10X,E20.5) ~
120 RETURN
121 END
C
$SENTRY
M- o IND 17
1 2 31.0617
I Yy XX NTR
1. 0.10000E-03 0.16384E~03 1
2 . 0.96375E-04 0.15780E-03 3
2 - 0.92913E-04 0.15264E-03 3
4 0.89685E~-04 0.14826E~03 3
5 0.86734E~04 0.14457E~03 3
6 0.84075E~04 0.14148E-03 3.
-7 0.81710E-D4 0.12889E-03 3
LR 0.79627E~04 0.13674E-03 3
9 0.77609E-04 e 0.13496E~03 3
10 0.76234E~04 0.13348E-03 3
- 11 0.74879E-04 0.13226E-03 3
12 0.73719E-04 0.13125€-03 3
13 0.72731E~04 0.13043E~03 3
14 Q.71893E~04 (0.12975E~03 3
15 0.71187E~04 0.12920E-D3 3
16 0.70591E-04 0.125874E-03 .4
17, 0.70093E~04 0.12837E~03 2
18 . 0.69676E~04 0.12807E~-03 2
19 0.69329E~Q4 0.12783E~03 2
20 0+65041E-~00G 0.12763E-03 2
<1 0.6E803E-04 0.12747E-03 2
22 0.68606E~04 0.12734E-03 2
23 0.68443E-04 0.12723€E-03 2
24 0.66309E~04 0.12715E-03 2
25 0.68199€E~04 0.12708E~-03 2
26 0.68109E-04 0.12702E-03 2
21 0.608035E~04 0,12698E~03 2
28 0.12694E~03 1

0.679T6E-04
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C »=®»ANIL RASTOGI *%*ANIL RASTOGI =2%&ANIL RASTOGI 222%2%2

THTS PROGRAMME 1S MADE BY ANIL K. RASTOGI , NEW JERSEY INSTITUTE OF
TECHNOLOGY
THIS PROGRAMHE 1S FOR THE CALCULATION OF_CONCENTRATION PROFILE_

FUR THE HEATLESS PARAMETRIC PUMPING s USING RUNGE KUTTA METHOD
NOMENCLATURE FOR THE PROGRAMME
SUBSCRIPT 1-FOR  HIGH PRESSURE COLUMN ____

JHNZ - NUMBER (OF HEIGHT INTERVALS

SUBSCRIPT 2 ~ FOKR LOW PRESSURE COLUMN
N - NUMBER OF CYCLES

NCASE = NUMBER OF (ASES FOR DIFFERENT PURGE RATIO
H o~ HEIGHT OF COULUMN
TEMP ~ GPERATING UF (DLUBN

TIME = HALF CYCLE TIME
VOID — VOIDAGE OF THE BED
A - (CROSS SECTIONAL AREA OF THE COLUMN

G = VOLUMETRIC FLUW RATE TO THE COLUWN
YU -~ INITIAL CORCENTRATION GF THE FEED
PH— HIGH PRESSUKL , PL = LOW PRESSURE

PURGUIY = PURGE RATIG
¥ - CYCLE NUMEER AT ANY TIME
R = GAS CONSTANT

DENS ~ DENSITY OF SOLID
AK = EQUILIBRIUM CUNSTANT
DP - PACKING PARTICLE DJAMETER

VISCT = VISCLOSITY OF GAS (HELIUA )
DIFFH,DIFFL - DIFFUSIVITY AT HIGH PRESSURE AND LOW PRESSURE

ALPHA , BETA —~ CONSTANTS FOR CALCULATIGN OF MASS—TRANSFER CUOEFFICIENTS
KMAV = AVERAGE WMULECULAR WEIGHT GF THE GAS .

DH y DL — DENSITY UF GAS AT HIGH AND LOW PRESSURE RESPECTIVELY
VOl , V02 = VELOCITY FOR HIGH AND LDW PRESSURE COLUMNS

D217y DZZ ZTNCRENENTS TN £ FOR HIGH AND LOUW PRESSURE €OLUMNS
DT - LINEAR INCREMENT IN HELIGHT

_ Y - GAS PHASE CDNCENTRATION y W - SGLID PHASE CONCENTRATIGN -

¥Y 7, W =TGRS AND SULID PHASE CONCENTARATION GBTAINED AT THE END
OF HALF CYCLE
YYT - COLUMN INLET CONCENTRATION

¥P =~ PRUDUCT CONCENTKATI1UN _
CKG — MASS TRANSFER CBEFFICIENT

3#4‘“#&2‘-(«-’&#*3"‘##?3.=>"=xe.}L’l!v#¢$3¢¢3*¢¢¢34*Q###t#ﬁ@##ﬁéﬁ#*?:&#&&t#@ﬁw:@¢ $’~""’fv\ 33 (Rt

WRTN PROGRAMME

FRPQU AR TR RN FRTI RS L RN LN LL RN NOR OIS LSRR VORI IRGLTIRRALERSIIVTHLD R

DIMENSION YMR(50),YWLI(50])

B ot

DIMENSTION PURG(I0),W1(800),Y1(8001,Wa(800) Y2{800) yYIH(EO0T W iN{2O
10)
DIKENSION YTIT{80G),YYT{800)

DINENSTUN YPI (60, YP2ZT40),YTPRIGOT,YBPR(40)
DIMENSION ZX(E001,YY(E00),uk800),YN({BOO)
READ Iy NyNNZ,NCASE

W00 g O A DN W

KEAD 24 Ry 1EMP’””
READ 3,H,TIME,VOID ¢ AyERR YO .DENS
READ 4,Q,PHyPL

READ 6, (PURG(1) 151 ,NCASE]
READ 5yAK
READ 7,DPsVISC,ALPHASBETA;AHAV

FURMATLU8F10.5)
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FORMAT(FZ20.10)

14 5
15 2 CFORMAT(3F10.41
16 1 FORMAT (5110
17 3 FORMAT(8F10.4)
18 2020 FORMAT {*1%)
19 11 FORVAT(LL/) ' \
20 PRINT 2020 ,
21 3 FORMATIFL0.4)
22 4 FORMAT{2E10.4)
23 PRINT 3030
24 3030 FURMAT{OX ¢ *N* 38X, "HNZ¥ 45X, *NCASE"//)
25 PRINT 14MsNNZyNCASE _
26 PRINT 11
21 PRINT 4040
28 4040  FURMATL SX,*R*y SX,*TEMNP*//)
29 PRINT 2,R,TEMP
30 PRINT 11
31 PRINT_ 5050 )
32 5050 FORMAT(OX e 'HYTX g 'TIMEY 47Xy 'VOID " 49Xy *At 48Xy PERRT EX » 'Y * 46X s
1'DERS®//)
33 PRINT 3,H,TlME.VUID.A,ERR,YU,DENs
EYA PRINT 11
35 PRINT 6060,AK
36 6060 FORMAT(*~5,10Xy *AK = *;F20.10)
37 PRINT 11
38 PRINT 7070
39 1070 FORMAT (5%, FQ¥,8X, SPH*, 95X 'PL*//)
40 PRINT 4,04PHPL
41 PRINT 11
42 PRINT 8080
43 6080 FLRMAT(2X, ‘PURGE RATLLF/7)
44 PRINT6, (PURG{I)yI=1,NCASE)
45 DH=PH/(R®TENP) '
46 DL=PL/(RATENP)
47 PRINT 6091
. 48 6091 ~ FORMAT(*=f, 15X, *DH!,15X,*DL") -
49 PRINT 8085,DH,0L
50 8085 TFORMAT(t—*,2E20.5]
51 _PRINT 9002 : R e
52 G002  FORMATUV =3, 4X, VDP ,y TXyTVISCH s 7Ky *DIFEY 37Xy " ALPHAT s 7Xy PBETA® s 7 X * A M
1AVY/ /7))
5% PRINT 7,DP,VISC,DIFF,ALPHABETA,AHAY '
54 YIAH(11=Y0
55 DU 60011=1,NCASE
— 56 DT=H/NNZ ‘ - R
57 VU1=Q/(A%VO1D)
58 VO2=0%PURG(TLII/{ASV0OID])
59 D21=H/{NNZ®VO1) e e
60 DZ2=H/INNZZVDZ)
61 KNT3I=TIWE/DZ]
62 PRINT 8086 I I
63 8066 FUORMAT( ™ ¥, 15X, 021" 15X,*D22%,10X, 'NNTI?,15X, V01", 15x,*vu2m;
64 PRINT 6090,DZ14DZ2,NNTI,VvU1,V02
65 6090_,-FUBNAIJ::142£ZD:511AQLZLZQ-5i B —
L6 © GPH=Q2DH
67 GPL=Q#DL#PURG(I1)
68 LDIEFH=T.488

69

DIFFL=224470
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70 CKGH=CMASC(DPyVISCyDH,GPH, ALPHA, BETA,VGIDAMAV, Hy A, DIFFH }
71 CKGL=CMASCIDP 4 VISCyDLGPL,ALPHASBETALVDID «AMAV Hy A DIFFL ]
72 PRINT GUOLy GPH,y GP Ly CKOH ¢ CKGL
73 G001 FURNMAT(f=2, *GPH="4E12.5,10X, "GPL=",E12e5410Xs'CKOGH=%,E12.5,10X,°CK
16L=1,E12.5//7)
74 NTI=NNT1+2 '
75 NNT2=TINE/DZZ
76 NT2=NNT2+2
77 NZ=KNZ+1
78 M=3
79 DO 33 J=14NZ
60 AA=J-1
61 IX{J)Y=DT=AA
82 Yi(Ji=yYQd
63 Witd)= AK*PH#YI(J)/(R#TEMP)
84 YY(J)r=YQ
85 - HW{J)=H1td)
86 v Y2{J1=Y0
87 33 WelJ)=AK=PH2Y2(J)/(R2TEMP]
88 YP1{1)=YQ
89 NN=KRT1
) DB 70 J=1,NT1
91 70 YYT {J)=Y{
G2 6O TU 71
K} ) IND=1
94 : CALL CNEW(PHyPLyNNZyHyIND YO ,Y2,YNINZ ZX)
95 DU 20 K=1,NL
[T KK=K=1
97 YIN(KI=YNINZ-KK)
98 20 WIN(K)=W2(NZ-KK)
99 DO 34 J=1,NTI
100 34 YIT (Jl=Y0O
101  CALL XYCAL(VDID, TIME DENSsPHyDHy YIN,WIN,WO14D21,YTT M, INDyNTT4¥Yy
TRW S YYAVI,YYT O NI R, TEMP, LKLH AKyHe YEND)
102 YMH(M)-YEND
103 YPL{M)=YYAV] -
104 NN=NTT+1
105 71 CALL TOPCAL(NNGNT2,0Z1,DZ2,YYTYTT )
106 IND=2 e
107 DU 99J=1,NL
108 : JJ=d-1
109 99 Y2 (lJ)=Y1(NZ-JJd) N
110 CALL CNEW(PH,, PL NI yH S IND YO Y24 YN+ NZ 22X 3
111 DU 97 K=1,NZ
j12 KK=K-1 .
I3 YIH(KI=YN (K]
114 97 WIN(KI=WI{NZ-KK)
115 DO 66L=1,NZ o o
116 YI{Uy=syyio
137 66 HI{L)=WW{L) ' )
118 CALL XYCAL(VOID ,TIME JOENSoPL4OLpYIN,WINyVO2,072,YTT oMy INDNTT, Y2,
THI Y YAV YYT TNZ YRy TENP  CRGL y AR, Hy YEND)
119 YML (M) =YEND
120 YP2(MI=YYAV2 e
121 JF IMLEQ.NYGU 70 104
122 M=M+1
123 60 TO 8

124

600 CUNTINUE



RS T,
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2

125 333 FORMAT(IS5,10X,2(E20.5,10X),2E20.5)
126 104 PRINT 105
127 108 FURMAT('—‘,3X,'N’,ElX,‘(YTP)"gZAX,'<YQP>'.24X.‘Y?T/YO',IQXLQYBP[YD
167/
128 DO 101 J=1,N
129 YTPRUJI=YPILJI/YD
130 YBPR{JY=YP2(J)/YD
131 101 PRINT 333,J,YPL{J),¥YP2(J),YTPR{JI,YBPR{J)
132 ) PRINT 440 i e
133 446 FURMAT('1°,15X, "MININUA AND MAXIMUM CONCENTRATION AT THE END OF
1IHALF CYCLE'Y///)
134 PRINT 447 o e — S
135 4567 FORMAT (P ="y 12K, CYMIN 516Xy 'YHAX*///)
136 445 FORMAT(2E20.5)
137 DO_444 JJ=1,N —
138 444 PRINT 445 ,YMH(JJ) ,YML{JJ]) .
139 sTop
140 END
141 FUNCTION CMASCIDP,VISC,DS,Q,ALPHA,BETA,VOID,AMAV,H+A4DIFF}
C PRI R R R R R R R R B #334#5’??’;@4‘3#*33&5"—#(9*#3*#@’3***#3w“$$333¢****w**">>3¢°#¢$#$¢$v4‘$9!
C TH1IS SUBFUNCTION CALCULATES MASS TRANSFER CUGEFFICIENT
(_' [ X X5~ $i=$~x:$:'s$¢#*##<-¢w¢¢$*::J*:’n-—v#cﬁ#*c*f.‘-c###»####L‘-###QQ###*##"#Q&#“3 #ﬁt‘«?'??"'»
142 BF={(VISC/(DS*DIFF=AMAV) I22{2./3.)
143 AJD=RLPHA2((Q=DP ANAV/(VISC*(1.~VOIDI2A&VOIDY)22(BETA})
144 CMASC=AJD2Q/ (BF*H%D STASVOID]
145 RETURN
146 END
C
147 FUNCTION RK{WINE,WI4CKG,0Z) o R
c #:?4‘(39‘“««-::: a“:#:ﬁrt BBV FE BN $$‘:‘;¢‘”Qii:)##4‘1?1:¢$¢¢¢¢##¢¢¢¢QQ&¢Q¢##$¢$’£~$-‘.‘=¢z~’= X;v&:ie.‘;‘:z?r}"
C RUNGE = KUTTA METHOD FUOR THE CALCULATIUN GF SCLID PHASE CONCENTRATIGN
C SCLID PHASE EGUILIGRIUM CUNCENTRATIGN HAS BEEN TAKEN CUNSTANT L
( BSOS LR SN RN SN PR LR SRRSO RN O EARE RPN VLTI OPLC IR B IRV AIITRTR
148 AKI=CKG2{WINE~HT1=DZ
149 W=K1+AK1/2. e o o .
150 AKZ=CKG% (WINE=-W 12DZ
151 War I+AK 2/ 2.
152 AK3=CKG2(WINE-W 12DZ .
153 Weh 14AK3
154 AKG =CKG®={KINE~N 1#DZ
A55 D= (AK142.%AKR2+2.*AK3+AKL) /6 - N
156 RK=WI1+DW
157 RETURN
158 END e
¢
159 SUBRUUTINE CNEW(PH, PL NNZsHy IND, YUY s YN NP, DHX)
C RRGAJLLELC LI LIRS LSRRI AR Q LN TR LL QLR UG LSNP0V IR RS 0Ny 2R
¢ TH1S SUBROUTINE 15 FOR DEPRESSURIZATIUN AND REPRESSURIZATION
¢ THIS 1S BASED ON IDEAL GAS LAY P1aVi = PRavy
. C CAVPLLAUNNSLRL AU LY AL T E LIV N VR VIV ARARILRVLGLRLAXRELL VRGN TP LA IROFOHOD
. 160 DIMENSION Y(BUO),YN{ébO},UIST(BOO) DHXABO0)

161

DIST(11=0.0



"QLT ‘swiog ssauisng uo;ﬁumaM

NZ=NNZ+1 -

162
163 DU 40 1=2,NP
164 IF{(~1)**IND.LT.0.0)60 TQ 29
165 DIST(I)=DHX(1)¥PH/PL
166 60 10 40
167 29 DIST(1)=DHX(11%PL/PH
168 40 CONTINUE
169 £=10.2%(~10.})
170 YN(1)=Y (1)
i71 DO 26 J=24NL
172 DO 25 M=2,NP
173 lF‘(Y(J).gT AYGO 10 10 e
174 GO 70 18
175 10 PRINT1S yJ,¥ {4}
176 15 FORMAT(*=t, 'Y (?,12,"1=",5X,E20.5) _
177 16 TF(OHX(JI=DISTIMI 126 426422
178 22 1F(M.EQ.NZ)GD TO 27
179 25 CONTINUE
1606 26 YNCI =Y (R=1 Y+ (Y (T =Y (=T )% (DHX{JI=DIST (M=~ 1))/(DIST(M) ~DIST(H=13)
181 GO TO 24
182 27 YN(J) =YD
183 24 CONTINUE
184 RETURN
185 END
C
166 SURRGUTTNE TUPCAL NN RT25DZ1+022,¥YYT,YYT 2]
C RS RN S RSN YRR SIS GISTEAINAL LSO IS OSSR ISP LEXL RGNS HEI SRR LIRSS
C THIS SUBRCUTINE 15 FCR LINEAR INTERPULATION OF TOP PRODUCT OUR INLET
C CONCENTRATIUON FOR SECOND CULLUEMN
('_ SERLE SRS SRS NS Lo er LR LR 2R AR AR LIRS ROERIROLFE LTSNS R L LRSS A RISV BOREIRELD
187 DIMENSION YYT(800),YYT2(800)
148 YY T2 =yyT(IT
189 DU 40 J=2,NTZ .
- 190 CRK =J-1 - , -
191 TTTZECNK*DE2
162 H=1
143 20 CN=M e
194 TT1=(N* DI L
195 IF{TT2-TT1)50,55,60
196 60 IF ((M+1)1.EQ.NNIGD 7O 55 B .
”’"’“‘”"“’"‘"”Kg”]""‘"""" T H M+1 T e
148 o0 T0 20
199 55 YY12{(J)=YYT{H+1) o e e
o o0 TTTTTTTTTTRU T 400
201 50 YYTZ0J)=YYT (M) FLYNTIN+1}-YYT (NI eDZ2/021
202 40 CUNTINUE R B
TR ETTT T T TTTTRETURN T
204 END
205 FUNCTION RKLC(WE, WA, CNST,DZ,CNST1,Y1)
C sz::)::;,tﬁ.:)x{xf“ﬁ.‘.x)v.,ﬁv.;‘zk.;ﬁ"’ T¢$¢$$¢v¢$k-§$3)&~f tx&»}ﬁ:&#@#ﬂx‘:ﬁ" x:!fh)i.‘fx‘, x)‘f: Bl Bt R, i‘ﬁsz':::
T T ETTTTRONGE T -  KUTTA METHUD FOR THE CALCULATION OF GAS PHASE CUNCENIRATION
¢ SOLID PHASE CJN£1N1RATIUu HAS BEEN TAKEN CONSTANT
- 206 AKKI=(NST#{HE-HA)*DZ - o

U7

TTUYEYIYAKKI/2 .



208 WE=Y®CNSTL

209 AKK2=CNST* (WNE-WA 1¢D2Z

210 Y=YI+AKK2/2.

211 WE=Y#CNSTL

212 AKK3=CNST*(WE-WA 12DZ

213 Y=Y I+AKK3

214 T WE=Y&CNSTI

215 AKKG=CNST#{WE-WA)$DZ

216 DY=(AKK1+2.2AKK2+2 . *AKK3+AKK4L 1 /6.

217 RKI=Y1+DY

218 RETURN

219 END . e
C .

220 SUBROUTINE XYCAL(VOIDsTIHEyDENSsPSyDF g YY 2 WH2,VOsDZyYTT g s1ND oK oYY

1y WW e YYAV, YBT oNZ oRyTEMP L CKG,AK,Hy, YYAVT)
( SO0 OF st R A s GO FRRIR SV LT LRULIRLRL AT LI EEREERIINILIEIIELLT AL OBRTLIBL

‘gL ‘swiog ssoutsng UO‘SU!;IO’,\

C THIS SUBROUTINE CALCULATES CONCENTRATION PROFILE
c ST L BNGILELRI SN S SLTERFL LI VSRRV ISP LS LA CRN LRIV VLI JIRAIAVESOSLIAIRINIDEI S

221 DIMENSION YTT(80G),YBT({800)

222 DINENSION YY2(BOU) ,WW2(800),YY(60G),WW(BO0O)

223 CNSTI1=AK2PS/(R®TENP)

224 CNST=—(1.~VOIDJI*DENS2CRG/(NDID®DE)

225 NNZ=HI~-1

226 COSUM=YY2(NZ)

221 YET{1l=YY2Z{NZ])

228 K=1

229 155 CNK =K

230 WEi=WW2(1)

231 TT=DZ=CNK

232 YY(1)=YTT{K+1)

233 : YIN=VTT(K+1) :

234 WINE=AK#PSaY It/ (RRTEMP)

235 WHITY=RK{WINESHI CKG,DZ) .

236 gﬁiE:AK¢Ps*[32(Iz/{ReTEMp) ' . -

2371 T 1=2

238 65 WH2E=AK®PS=YY2( 11/ (RETEXP]

239 YY(T =RKI(WWIE WH2LT-1),CNST D2, CNSTE,YY2CTI-20) o

240 Wl 1Y =RKIKWZEWki2{1)4CKG,D2)

241 © IF{1-N21)81,9G,90

262 81 1=1+1
243 WW1E=WW2E

244 G0 7O 85

245 90 SUM=SUM+YY(NZ) ’ : S
T T YT (K+11=YY (NZ)

267 IF(IT~TIMEY 150,200,200

248 150 DO 151 L=1,NZ e

249 YYZ L =YY (L) . ’

250 151 U2 (L) =kh{L) »

251 K=k+1 . o B

252 60 10 155

253 200 TOTK=K+]

254 YYAV=SUM/TOTK e

255 YYAVI=YY(NZ}

256 IF{IND.FQ.2)060 TO 1

257 PRINT 995,M _ e S

’ '258 995 FURKAT( '3 10Xy * END VALUES OF HIGH PRESSURE C(OLUAN WHEN e §{2i!3



259 GU 10 2
260 1 PRINT 996,M .

261 996 FURMAT{'—',10X, ' END VALUES OF LOW PRESSURE_COLUMN WHEN HM=*',I12///)
262 2 PRINT 99& ]
263 998 - FURMAT(*=', *END VALUES® ;7X,*T%,8X, "WH{LI)®,15X,7YY(I}*)

264 999  FORMATL'=*,10X,110,3E20.8])

265 DO 153 L=1,N1,20

266 153 PRINT 999%,L PR (L) 4 YY (L)

267 nC=H : i

268 PRINT BOOMC+YYAV,YYAVL

269 800  FURMAT('=%,20X,'H=%,12,10X, YYAV=",E12.5,5Xs"YYAVI=",E12.5)

270 RETURN ' .

211

END




APPENDIX - IX

Figures



Figure $10
| I = 60 wins,,Q(7) = 25 co
W

——

W

fr = 0,01 , Cg = 0,1 M

%

Concentration Front

v
ct




2.0

<CBPZ>n

Co

m .
o— = 35 min., Q(f) = 25 cc
/ G = Ool M
I ¢B Calc,
1 0.0h .
2 0,16
0.1 , ‘ | | | |



10,0

5.0

Figure 12

Zg= 0.0L, Q(I)= 25 cc

Co= C.1

i F = w

gy W
SR

Calc,

0.1

Qo

1L



TS YV FSIC

0.6

VO.S -

O.Ll. .....'

0.3 |

<CBP27q,

CO 042

» Calce
0.1 .
T—

0,0 1 | 1 1 |




Figure 1}

"10
5.}
S O O—
(YBP> N o | 7,10,11,12
‘ —-—--YO L .
1. o
0.1}
<yTe> |
Y, _
0.01}1 System He-CO,
- V= 2,2,Q= 10 cc/min,
B ..g-:: 15 11
B NNZ o Calc, Exp.
B 4 ‘ 12
7 150 l.0 . '
— 10 250 1.5
11 330 2e2 e
12 600 Le0 o)
0.001] L 1 : 4 - —1 4
0 2 L 6 8 10 12




=

Peak height

o

Figure 1g

Calibration for He-COp system

Attenuation- 16
Oven temp.-O'C

Detector temp.-0C

10° 20 .30 . Lo
Pressure(Psia)

A




Peak heipgnv

Figure 16

10
Calibration for He-CO, system
Attenuation - 32
9 I Oven temp.-110 C
Detector temp,=- 37°C
8
7 L
6 |
5 L
L L
3 L
1 |
0 1 I v' L L . I
0 .10 20 30" 50

Pressyure,Psia



Figﬁfé 17

10
el
| ;3 b 12
O O —0Or
- <YBP>
T B ® o ®
YO V
@)
1. e Q Q °
B ©)
0.1:
- <YTP>
Yo | [ System He-Cbz
L =15,vY=2,2
0.0l Q=10 ce/min
L. 12 . Calc.
®© Exp.
‘ EXpe 60 20
0.001 ! | | l - '
0 2 N 6 8 10 12 1l



Peak height

10

Figure 18.

Calibration for He”CBHé system
Attenuatién - 16
Oven temp,- 110 ¢

Detector temp.- 37 C

. _ . 1 : |
10 20 30 . 4o
Pressure, Psis



- 'Figuré’19
10

S L
3L @
<YBP> K J A g @‘O‘*‘a
w; |
° o ©
1.
: o
B @
o
0.1

System He—C3H6
i

w =15, Y= 2,2

0.0~
- Q=10 cedmin.
[
- 5 Calc. 60 60
B O  Exp. 60 60
® Exp. 60 20
| x |

0.001



10

Figure 20

u
<R - ’ ““"*~—£§-EE~—-;:1I:![:_A
Y
o} u 1

System He-CBHé

Initiel Pq= Po= 60 psia

Q= 10 cc/rr:?n ,g,-- 1<
'f C&l". Iy G I
1.5 - 0> @
2 ' .
2 _ ol |
Uan
N 2
0,001] L ; . ; '
0 i 20 ' 2




10

Peak height

Figure 2%

1

Calibration for He-COp-C3HgSystem
Attenuation 16

Oven temp, 110 C

Detector temp, 37 C

Pressure, Psia

1 Co,
2 C4Hg
: . . | I . L. i .
0 10 20 30 0 50 60 70



10.
; - O
= So"mma@abl00D0,
. ® 0
® .
®Y
100 .
_ ©
_ L ® o)
[ ©) 0 o
- (ON©)
Systen He-Cog—CBHé
. 0.1 Initial ?1= P2= 60 psia
TR R
E___. = = 10 cc/min,, L =15
Yo - 1 vy =15
B Y=2.2
» Calc, Expe Gas:’
- 2 0:m C3Hg
12— 0;@ ©%
0.01 |-
i 2
0.001 L. 1
0 L

2l

28



Peak height

Figure 123

»

Pressure
psia Gas
1 20 002
2 60 CO,
3 20 03H6
Iy 60 03H6
/3
! i
L time 5

( hrs )




Figure 2L -

16

' 0O
2 L
Lo
f o =
<YRP>
v B
Yo 5
1.0-8
B g
= B
- 0 O
| m
i Dpo Bio
O
0
O.l : O
- ©]
n ©)
C<yre> | ©
¥, O
B ©)
©)
B 0
0.01 - System He-CO0,~C4Hg
B Initial Py= Pp= 4O Psia
: Q=1l,7cc/min., g =8 min.
— { = 105
— B C3Hy
" O c¢o,
0.001b— ! 1. l ] L. N eiid
0 I 8 12 20 2l 28



Figure 25

3
2 F » . 5 O o) |
O - 5
<YBP>
¥o
1o =
0.1}
<YTP> B
Y, |
13
_ System He-CO_-C_H '
- 0.01 | 2 36 0
e Initial P_.= P _= j0 Psia
t 1 2
o Q= 1L.7 cc/min ,Z = Bmin. 5
- Y =1,0
B Exp Calc,
B 0 C3Hg — 5
- @ co __ 13
v 2
'o.ooﬂ . I I L. | ! 1 S
0 I 8 12 16 20 2l 28



-

APPENDIX « X

Tables



Table no, X

MoTHEMATICAL RESULT - THERMAL PARAMETRIC PUMPING - SYSTEM : NaCl - H50

Run No. o %g_ ' Q(ég) %5 g *+ 9o oy = VT/Q 02>= VB/Q
(M) (mine) (cca)
1 0.1 35 25 0.0l 0. 5/25 5/25
2 0.1 35 25 0.16 0.l 5/25 5/25
3 0.1 25 25 0.0l 0.l 5/25 5/25
I 0.1 60 25 0.0k Oy 5/25 5/25
5 0.1 100 25 0.0l 0.l 5/25 5/25
5 0.1 35 35 0.0l 0.l - 5/35 5/35
7 0.1 100 25 0.16 Oult 5/25 5/25
8 0.1 35 25 0,01 0.l 5/25 | 5/25
9 0.1 60 25 0.01 0.l 5/25 5/25
10 0.1 60 25 0.16 0.l 5/25 5/25
11 0.1 100 25 0.01 0.l 5/25 - 5/25
12 0.05 35 25 | 0.0k 0.4 5/25 5/25
13 0.5 35 25 0.0l 0.k 5/25 5/25



Run
Noe

O o ~N o oWy

T
= O

12
13
1l

15

T e S N S T I S B b

gm] %...2 EMJ ¢

N

Table No,?2

IMENTAL RESULTS - HEATLESS PARAMETRIC PUMP

EAPER
Initial P:,:s ure Opsraring Pressurs
(Psia) (Psia)
Pl P2 1 Fa
60 20 60 20
60 20 60 20
60 20 60 20
60 60 60 - 20
60 60 60 20
60 60 60 20
60 60 60 20
60 60 60 20
60 60 60 20
10 10 20
&0 o Lo 20

15
15

8
8

10

10
10
10
10
10

10
10
.7
1.7

2.2
2.2
1.5

1.5
2,2

2.2
262
1.5

1,0

figurs

No.
16
19
1

Systen

He ~ CO
(calibra%kx1
He - 002

He -~ CO
(calibration )
He « 002

He - C H/
(C&lle&thﬂ?
He - 3H6

He - CsHg
He - C3Hg
He - C3Hg
He - C.Hg

3
He - 002—

(cali%ratlon)

He = COp-

He - C0p-
H

i3 ¢ COom
C3H6

He ~ COo-
€36



Tablse no, 3

ZFUTICAL RESULTS - HEATLESS PARAMETRIC PUMP

N

L S
OSSN

WY

O @ ~N o Vv Fow N
e
O™

!...l
@]
}...J
SR

¥

bt
-
o

et
[AN]

RSN

ot
(o8

Pressure Operating Pressure I Q NNZ - System
(Psia) W

Py P, (min,) tgﬁ%n.) ¥ <

60 - 20 15 10 1.25 600 He - CH,
60 60 20 15 10 1.25 600 He - CHg
60 60 20 15 10 0.25 100 He - C3Hg
60 60 20 15 10 0.25 150 He - C.H
1.0 1O 20 8 1.7 1.25 600  He - C.H,
60 60 20 15 10 1.00 100 He - CO,
60 60 20 15 10 1.00 150 He - CO,
60 60 20 15 10 1.00 250 He - CO,
60 60 20 15 10 1.00 300 He - CO,
60 60 20 15 10 1.50 250  He - GO,
60 60 20 15 10 2.20 330 He - CO,
60 60 20 15 10 1t .00 600  He - CO,
110 1o 20 8 .7 14 .00 600 He - CO,



Table no.=- U
Run No.- 1 Systenh-He-Coz
Oven tempe.: 0 C Cell current:185 mA,
Pressure of cérrier gas = 30 psig
Detector temp.: 0’ ¢ Carrier gas: Helium

Attenuation =8

Pressure absolute Peak height
psia
19.7 3.08
2l .7 3.70
3L.7 5.20
39.7 5.95

.7 6.63



Table no.- 5
Run No.- 3 System= He-COé
Oven temp,:110 G Cell current:185 mA,
Pressure of carrier gas = 30 psig

Detector temp.: 37°C . Carrier gas: Helium

Attenuation =32 for CO,

Pressure absolute Peak height

psia

.7 209
1907 3.55
b7 .15

29.7 | 165



Table no.- 6

Run No.- 2 System= He-CO
N o \ [
Oven temp.:0 C | Cell current: 185 mA, \
Detector temp:Q C Carrier gas : Helium \
Feed concne:l % COo Pressure of Carrier gas: 30 psig

Half cycle time: 15,0 mints. Purge ratio: 2.2
Tnitial saturation pressure for:i=

Column 1= 60, psia Column 2= 20,0 psia
Volumetric flow rate of:=-

Feed @ 60,0 psia= 10,0cc/min,

Purge @ 20.0 psia= 22,0 cc/min, )
Feed pealk height,hp= 5.0 @ 8 Attenuation for iC02

Peak height

End of half Top ) Bottom : :
cycle no, Attn, Product Product h/h,
0 8 5.0 5.0 1,00
1 8 2,05 -onre 0.1
2 1 6,30 ——— 0.1575 .
3 1 30,10 - , - 0,0775
I 1 1.30 - 0.0325
g 1 0,70 - 0,0175
7 16 o e onm 6.5 2,6000
8 16 e : 2.8 1,1200
9 1.6 - rn e um 6,11 2.6000
10 16 S 2,08 1,1200



Table noe.—- 1

Run No.- System~ He=CO, -
. \
Oven temp,:110°C Cell current: 185 mA, 4
Detector temp:37°C Carrier gas : Helium i
Feed concn,:l % CO»n Pressure of Carrier gas: 30 psig

Half cycle time: 15,0 mints. Purge ratio:2,2
Initial saturation pressure for:-

Column 1= 60,npsia Column 2= 2g,n psia
Volumetric flow rate of:=-

Feed @ 60,0 psia= 10,0cc/min,

Purge @ 20,0 psia= 22,0 ce/mine

Feed peak height,hp= 5,8 @ 16 Attenuation for 002

Peak height

End of half : Top . Bottom o
cycle no, Attn,. Product Product h/hg
0 16 5,8 . 5,8 1.00
1 16 2.5 ——— 0.3
2 I o0 - C0.1720
3 2. [ ——— 0,038
L 1 3.9 —— 0.0L20
5 1 1.9 - 0,0205
6 l 192 hendhth ol OQQ:L?(;
7 1 0,8 - 00,0096
8 :1.6 bl 693 190862
9 32 —-rm 8alL 2,0060
10 16 o 6.9 11806
11 32 - 8.1 2,760
12 16 e Te5 1.2931



Table né.- 8
_Run No.-5 - System-He=C3ly
Oven temp,:110°C - Cell current:185 mA, |
Pressure of carrier gas = 30 psig
Detector temp.: 37°C _ Cérrier gas:-Helium

Attenuation = 16 for 03H6

Pressure absolute Peak height
psia
tol 2.7
LL 7 1.2
9.7 5.0
3u 7 5.8
397 6.5



Table no.- 9

Run No,- 6 System-He-C3Hg
Oven temp,:110 C_ Cell current: 185 mA, !
Detector temp:37 C Carrier gas : Helium }
Feed concn.: 1 % CaHg Pressure of Carrier gas: 30 psig

Half cycle time: 15,0 wmints, Purge ratio: 2,2
Initial saturation pressure foriw

Column 1= 60.psig Column 2= 20.0 psia
Volumetric flow rate of:=-

Peed @ 60,0 psia=10,0cc/min,

Purge @ 20.0 psia=22.0 cc/min,

Feed peak height,hp=2,5 @16 Attenuation for C3Hg

~ Peak height ;
End of half Top . Bottom

cycle no. Attn, Product ' Product . h/hg

0 16 2,5 2.5 1e0

1 8 2,95 ——— 0.,5673
2 8 1.50 : ’ - . . 002885
3 2 2.60 - 061250
i 2 ‘ 1.80 : - 0.,0865
5 16 ——— TeT 2.9615
? 16 o lLe 05 15570
8 2 1,20 - 0.0577
9 16 v 7.5 2.8200
10 1.6 : e m EPe) 1.5000
11 16 S C 7eh 2.9230

12 16 - le2 . 1LeBLE0



Run No.- 7 System- He-CH,
Oven temp.:llO”Co | Cell current: 185 mA. !
Detector temp: 37 C Carrier gas : Helium )
Feed concne: 1 % CqHg Pressure of Carrier gas: 30 psig

Half cycle time: 15,0 mints. Purge ratio: 2,2
Initial saturation pressure for:w

Column 1= 60,0psisa Column 2= 60,0 psia
Volumetric flow rate of:-

Feed @ 60,0 psia= 10,0cc/min,

Purge @ 20.0 psia= 22,0 cc/mine

Feed peak height,hp= 2.6 @ 16 Attenuation for C 3Hg

Peak height _
End of half Top . Bottom . '
cycle no, Attn, Product Product h/h,
0. 16 2.6 2.6
1 16 2.6 ———
2 - —— -
3 8 2oL —
L 8 1.1 —
5 2 2.7 -
b6 16 o 8.2
7 16 e 8.3
8 - S -
9 o - e -
10 2 LeB - o
1. 2 1ol -
12 1 10 -
13 1 1.725 e e
T 1 1,28 e
15 1 1.00 ———
16 16 . 3,2
17 16 e 7.9
19 16 - —— 7.9

ey
20 - o o : R

21 16 e | 8.0




Table no.- 11l

Run No,- 8 ' System-iﬁe—C3Hé

. \
Oven temp,.:110°C, Cell current: 185 mA, \
Detector temp:37 C Carrier gas : Helium \

Feed concne: 1 % C Hg Pressure of Carrier gas: 30 psig-—
Half cycle time: 15,0 mints. Purge ratio: 1.5 e
Initial saturation pressure fori- , '
Column 1= 60,0psis Column 2= 60,0 psia

Volumetric flow rate of:-

Feed @ 60,0 psia= 10,0cc/min,

Purge @ 20.0 psia= 15,0 cc/min,

Feed peak height,hp= 2,6 @ 16 Attenuation for C3H6

Peak height ,
End of half Top . Bottom :
cycle no. Attn,. Product Product h/hg,

0 16 2.6 2.6 1,00
1 16 2.6 - 1,00
2 16 1.2 - 0.,1615
3 8 1.1 - 0,211.5
hk L’, 193 hadeadind 0‘1250
5 2 1.55 - 0,075
6 2 1,00 -~ 0,01.001
7 - e m—
8 - U e e
9 2 0,75 - 0.0306
10 16 o 763 2.5070
11 16 e em o 1 T+5 2.,5850
12 - e e m e o s e
13 - N ———
Lh 16 emimrm 7ol
"

s 16 e O Tel



Table no.-12

Run No.- 9 System—-He-CBH()
: \
Oven temp,:110°C . Cell current: 185 mA, \
Detector temp: 37 C Carrier gas : Helium !
Feed concn,: 1 % C Hg Pressure of Carrier gas: 30 psig -

Half cycle time::LS?o mints. Purge ratio: 1.5
Initial saturation pressure fori-

Column 1= 60,0psia Column 2= 60,0 psia
Volumetric flow rate of:=- :

Feed @ 60 psia=10.0cc/min,

Purge @ 20,0 psia= 15,0 cc/min,

Feed peak height,hny=2,6 @ 16 Attenuation for C 5Hg

Peak height

End of half Top . Bottom '
cycle no. Attn, Product Product : h/h
0 16 2.6 2.6 100
1 16 —— Te2 2,769
2 16 102 - e 00;1615
3 8 1.1 | ——— ' 0,2115
I Iy 1,25 - 0.1202
5 2 1,10 ——— A 0.0673
6 2 0,80 ——— 0,0385
7 1 1.20 - ' 0,0280
8 1 0,85 —— 0,020
9 1 0,80 - 0,0192
10 1 0.h5 L em 0,056
11 1 0,55 e 0.01.32
12 1 0.50 — 20
13 1 0.0 -
ih 1 Oohi e
s 1 0,15 ——
164 16 0,010 wronvn
17 i - 2 g
18 16 e ?;§




Table no.- 13

Run No.- 10 System—Hb~C3H6
: \
Oven temp.:110 C_ Cell current: 185 mA, \
Detector temp:37 C Carrier gas : Helium \
Feed conecn.: 1 % CaHg Pressure of Carrier gas: 30 psig

Half cycle time: 15,0 mints. Purge ratio: 2,2
Initial saturation pressure for:-

Column 1= 60 psia Column 2= 40 psia
Volumetric flow rate of:- .

Feed @ 60,0 psia= 10,0cc/min,

Purge @ 20.0 psia= 22,0 cc/min,

Feed peak height,hg= 2,6 @ 16 Attenuation for 03H6

Peak height
End of half Top ) Bottom
cycle no, Attn, Product Product

0 16 2.6 , 2.6
1 16 ' o T 7.]{.
?_ . T —-———
3 16 0,8 ———
i i 1.5 -
5 2 2.0 ———
6 1 2.5 -
7 1 199 bl
6 1 165 -
9 1 1.3 v e e
10 1 1.05 S
13 1 0,85 N

19.. l OgaO . o
13 1 0.70 -
Lh 1 0.65 e
L ’.,; 1 0. i"} 0 o
LA 1 0,58 o on
17 1 0.5 e
13 1 0,55 N




Table no.- 1l

Run No.=-1ll
Oven temp.:110°C
Pressure of carrier gas = 30 psig
Detector temp.:37°C B

Attenuvation = 16

Pressure absolute

psia

1.7
19.7
2l 7
29.7
3h.7

Sys tem~ He=-C 02"C3H6

Cell current:185 mA,

Carrier gasy Helium

Peak height

co,_ 0336
.8 2.1
5.8 2.7
7.1 3.4
8.1 4.0
8.9 | o7



Teble no.- 15

Run No.-12 System-He-C02-03H6
Oven temp.:llOOC i Cell current:185 mA.
Detector temp.:37 C Carrier gas : Helium
Half cycle time: 150 mints.Pressure of carrier gas: 30 psig
Feed concn,:1%C05,1%CqH, Purge ratio: 2.2
Initiol saturation pressure for - ‘
Column 1= 60.0 psia Column 2= 60.0 psia

Volumetric flow rate of:~

Feed @60,0 psia=10,0 cc/min.

Purge @ 20.0 psia= 22,0 cc/min.

Feed peak height,hy= 4.7 @ léAttenuation for GOp

= 2,0 @16 Attenuation for C4Hg
' Peak height

Top . Bottom
Product Product
End of half
cycle no, Attn. C02 CBHé COp C3H6
) COP

0 16 Le7 2,0 o7 2.0 1.0

1 16 Lie7 2.0 o T e 1.0

2 16 260 0.9 - - n 0.11255

3 Ly 3.6 240 - - 0.,1915
I i 1.5 1.10 R - 0,0796
5 2. 1.6 1.5 - mme 0.0l26 )
6 2 0.7 0.9 - - 00,0186 156
7 1 0.8 1.2 o~ - v 0,0106 e
8 1 0.l 0.6 e o 0.005% i
9 1 Oy 0,6 e - 0.0053 BERE
1.0 32 o e o 6.3 3.1 2,601 3,100
13 32 - - Sa} 300 29‘9{-},5/ b 00
2 32 —— e )Xag 3@0 qopﬂ(’ * 0
3 32 - e ))v() 20()’ ﬁ«' MRS
I 32 - oo 28 2.8 2,000
- ,; 32 ——m o (r)@r{ 9@[} Yo
b 32 ——— S 1.5 2.9 A0

17 32 L e 1.5 200 0.~

18 32 - o e 1,3 2.9 0,568




Table no,-16

J - - - -

Run No.= 13 | System~He 002 C3H6
Oven temp.:110 C Cell current:185 mA.
Detector temp..37 C Carrier gas : Helium
Half cycle thb 15, 0 mints.Pressure of carrier gas: 30 psig
Feed COHCH..lncoz,lmC3H6 Purge ratio: 2 2
Initial saturation pressure for -
Column 1= 60.0 psia Column 2= 60.0 psia

Volumetric flow rate of:=

Feed @ 60,0 psia= 10, 0 cc/min.

Purge @ 20.0 psia= 22,0 cc/min.

Feed peak height,hy=75.2 @ l6Attenvation for COp

= 2.1 @16 Abttenuation for C3Hg

Peak height

Top Bottom
A Product ' Product
End of half
cycle no. Attn. COp CyHg  COp CHg h/hg
€O, G-
O 16 qu 2‘1 hahad - 100 190
1 32 - ——— To3 302 2.8076  3,0L76
2 32 - - Te5 343 2,886 3,11130
3 I 5.7 3.0 —— — 06,2700 043570
I ol 1.6 1e3 - -— 0,0769 0,158
5 L 0.9 0.9 - - 0,.01L23 0.,1071
6 2 1.1 1e2 o o e 0,026 O 071N
7 1 1;7 3.01 Rl hidiinhad 0902{"?§ (") “2’7 7
8 1 1.2 1ot ——— ———— 0,01y oh3
9 N 0.9 1.0 = o 0,01083
:LO 1 O.h. 037 w———— - OQOOIZ'Q)
10 32 - S 706 .1
12 32 S e 643 3.6
13 32 - e 503 3.5
1 32 - o 3.0 3.5
.'Li'; 3. o bt 302 ?)OE:;
L6 32 —— e e 2,1 363
17 32 v om e S 1.6 303
18| 32 - oo 1a6 3ol
19 32 S e Lol 362
!ﬂ){} ! 3(? o » 7S o ;0(“3 30?
21 14 ——— - L85 bl
P 16 - 1 1.6 5.0

.
I N

o
Ll
}_.J
(S8
i
H
i
3
i
S
o
O
.
L



Teble no.- 17

Run No.-1l ~ System-He-CO,-C_H

277376
Oven tempa: llO ¢ Cell current:185 mA. '
Detector temp.: 37 C Carrier gas : Helium
Half cycle tlme. 8.0 mints.Pressure of carrier gas: 30 psig
"Feed concn..loCOz,l/C He Purge ratio:1.,5

Initial saturation pressure for -

Column 1=)0.0 psia Column 2&&_0 0 psia
Volumetric flow rate of:~

Feed @ )j0,0psia=1 7cc/h3n.

Purge @ 20,0 p51a— 0 cc/min.

Feed peak height, hO” 7& @ 1l6Attenuation for COp

= 2,05 @16 Attenuation for C3H6
Peak height

(U] .
s
i

[ox)

£

T ed e V) Bed (D R0

=10 O OO

WAL O I DN

Top _ Bottom

» : Product ' Product

End of half

cycle no, - Attn, CQz C4Hg COs C4lg OC
0 16 Loly 2,05 === - 1
1 16 lpolt 2.05 — —— 1
2 16 Lolt 2005 - - 1
3 16 2‘7 1030 - - - 006
i 16 1.7 1,05 - - 0.5
5 ~ 16 1.1 0,8l - - Ol
6 L 3.3 2,60 - - Ogg
7 )4- 200 1090 o o ik Qfs:
8 L 1.3 1.8 - ——— 0.2
9 2 2.2 3.60 ——— - 0.2
10 2 1.7 2630 - o 0.1
11 2 1.2 .70 -— - 0.
12 2 1.0 3,00 R - 0.
:??) l 107 .- 70?)(} knithaadiheid ot (:m
1 1 1.3 5,70 ——— S 0,
15 32 - S T 1.7 ]
16 32 - e e ly .2 1.75 ;
17 32 - o= om l1e35 1.75 i
18| 32 — ———— I1+30 1.75 1
19 \ 32 - o o s 7 L. 00 1.30 D LOC 1o
20\ 32 - m——— 3550 1.9C  1.7730  1.GILO
214 32 - o e Lo 1O 1,90 2, 0000 RRE RN



Teble no,-18

7O 4 ~He=~ -

Run No.~ 15 System-He 002 CBHé
Oven temp,:110°C _ Cell current:185 mA.
Detector tempe:37 C Carrier gas : Helium
Half cycle time: 8,0 mints.Pressure of carrier gas: 30 psig
Feed concn.:l%COZ,l%C He, Purge ratio: 1.0
Initial saturation pressure for - o
Column 1= 0.0 psia Column 2= 0.0 psia

Volumetric flow rate of:-

Feed @ l0.0psia=1l.7 cc/uin,

Purge @ 20.0 psia= 22,0 cc/min., A

Feed peak height,hy=l.7 @ lbAttenuation for COp

=2,1 @16 Attenuation for C3H6
| Peak height

Top . Bottom
Product Product
End of half _
cycle no,  Attn, COp C3Hg €O CqHg h/hg
0 16 L7 2,1 - - 1,0 1.0
1 32 - o 301 1.5 1,319 1.l
2 32 - ""‘f“ L‘.ol 10 9 la?if‘; 196 3
3 16 1.7 1,0 —-—— - 0,362 0.l
Iy .16 1.0. 068 S ——— 0,213 0,281
5 It 2,8 2.9 - o 0,119 0,321
6 L 1.7 23 - - 0,000l 0,07
7 It 1o2 1.9 - ——— 0,00110 D02
8 2 106 3«)! T b O g()?'jo (\{i-(
9 2 1.2 3.0 S —— 00,0319 0,7
1.0 1 1.5 - 599~ - — 0,099 0.,
11 1 1.2 3.9 - e o 0,07
12 1 0.9 3.7 o e 0,07
13 32 ——— e om 3.2 ToH 1
ith 32 - o ror Lol 1.9 T
15 32. - - L 2.0 i,
LA 32 S S N5 2.2 T,
17 32 - - bl 2,0 1.l
ER 32 - e lely 2o JL0
19 \ 32 - o o L ,08 1,88 1.
20 32 - - ) 1.9 1,70
21 32 - S 12 1.9 1L7)
e 32 - S el 1.9 1.7




Run no: 16

Table No: 19

Saturation pressure - 20 psia

Detector temp, = 37 C

Oven temp. = 110 C

Cell current - 185 mA

Carrier gas = Heliunm

Attenuation - 16

hI' hnd min.

0
0
0
1
1
2
2
2
3
3
L
L
5
5
6

Time

15
25
50
15
30
05
15
30
00
30
00
30
00
30
00

System: He-C02~C

Peak height

03H6

0.65
1.05
1.20
1.20
1.20
1.20
1,50
1.50
1.50
1.50
1.50
1.50
20,10
2,10
2,10

3

He



Table No: 20
Run no: 17 System: He-002-03H6
Saturation pressure - 60 psia
Detector temps = 37 C
Oven temp, = 110°¢C
Cell Current - 185 mA
Carrier gas - Helium

Attenuation - 16

Time Peak height
hr -« mine. 002 C3H6
O - 15 100 0015
0 - 25 1.7 0.25
0 - L5 1.7 0.30

- 55 , 1.7 0.30
- 10 3.05 0.30
- 30 4.8 0.35
- 00 4.8 0.35
- 30 1.8 - 0,35
- 00 1.8 0.35
- 30 L8 0.35
- 00 1.8 0,35
30 1.8 0.35
- 00, 1.8 0635
- 30 .8 . 0.35
- 00 .8 0.75
- 30 .8 1.15
- 00 l1,8 160

e I ¢ e MRS SRS W~ = UC SR U SR USRI (G SR S S SR
H

- 30 Le8 2,10

@]
L]

00 L.8 2,10



Taéble No:21
THERMAL PARAMETRIC PUMP

- Physical parameters for use in computations =

Column diameter =1.0 cm

Column height = 90,0 cm,

Column cross-sectional area = 0,785 cm2

Packing - Bio-Rad AG 11 AS-Resin

Density for silica gel ! §5!' = 0,761 gm/cm3

Bed voidage 'e ' = 0,38

bed height = 90,0 cums.,

Top reservoir dead volume ' Vg ' = 5.0 cco

bottom reservoir dead volume ' Vg ' = 5.0 cc.

Operating temperature =

Hot temperature = 70.0°C

Cold temperature = 5,0°C

Equilibrium constants for system NaCi-HEOf

An expression given by Swwgd (1971) has been used:

MT =a, - bm.T » where a_= L .6347

bm= 0.00993

Mass transfer coefficient for NaCl-H,0 system~-

Following expression has been used as given by Sweod

(1971) - )
A =g, oy

11

Oe?

2 om0
A= 0,320 @ 70 C

where, &

&= 0,0736 @ 5°C



-

Syatem
HemCOg
H@"C 02
Ha»CgHé
He=C 3H6
He-CBH6

Taeble No: 22

HEATLESS PARAMETRIC PUMP

- Physical parameters for use in computations =

Column dismeter = 3,175 cm,.

- column diameter
Column cross-sectional area
Packing - Silica gel type
density of silica gel ' ¥ =
Particle diameter for 12-28

bed voidage 'e ' =

0.42

bed height = 100 cm,

100.0 cm.,

7.913 cm®

0.73 gm./cm3

fylor mesh size = 0,1 cm

A constant value of sequilibrium coefficient 'K?'

calculated at 60 psia has been used for both systems,

Systen
He = CO»

He - C’3

He,

Operating temperature = 25,0 C

Kp

52.7
250.

0

Mas transfer coefficient calculated from equation (C)-

Appendix - I

fiow rate

(ce/min)
10.0 lL.0
.7 Lo
1040 1,25
10.0 1.25
1.7 1.25

262
1.0
262

1.5

1.0

(minml) @ Pressurn
650 [0 LR
0.49L65 - 1.27046
- 0.72717 L.0L6L
0,13001 - 0.33515
0.13001 - N, 2TTA0
- 0.1930L 0,27507



Table : 23

.4

“‘"“’“"'*ﬂﬁ!f“Omréﬁﬁﬁmtn'mcgj:ﬁ:rw’""

— " 1ND 17
1 2 60,854
1 Yy XX NTR
1 0,1000CE~03 0,18271E~03 1
I 2 0,99735E~04 _ 0,18150E=0% 2
3 0.99441E~04 0,18026E-03 2
4 G.5910EE~04 0,17899€-03 2
5 0,98742E6~04 0,17770E=03 2 o
5 0.58345E~04 T 7T 0,17640ER0 2
7 0,.97915E~04 N.175038E-03 2
e 8 GLQJﬂG/C:ﬁﬂ_ _0,17375E~03 2 .
9 0,5699CE~04 0,17242E~03 2
10 0.96491E-14 0,17109E~03 2
11 0,9597cEnn4 __0,16976E=03 2 e
12 0, 5543 qaEA04 7D, 16843603 1
13 0,9438CE-04 0,18711E~03 1
14 0,94312Er04 _g_;pgaoe ~03 1
i5 0.93783E-04 8.16450E~03 i
16 0.93142E~04 0.,16322E~03 1
17 0,9g54ﬁ§;ggﬁ 0.16195E-03 1
18 0.9193%Ew04 . 0,16070E~03 1
19 0.91328E~04 0,15948E~03 1
20 0,90713E~04 0,15827E-03 1
21 0.90097E~04 0,15708E~03 1
72 6.89475E~04 0,15592E~03 1
23 1, 8BBEZEQY 0,15478E»03 1
A 24 N 8874¢E~04 0,153476<03 !
25 0,87633E-04 0,15258E~03 i
26 0.87024E-04 0.15152E~03 i
27 5.B641SE=04 0,15049E=03 i
28 0,8582CE~04 0.14948E~03 1
29 0,8522EE~04 0,14850E-03 1
6 11] O EARATESGA T T 0,14755E~03 1
31 0.84065E-04 0,14662E=03 1
32 N 83496E-04 0,14572€-03 1
33 UTEPGITER4 0. 149485E-03 1
34 0,82387€-04 0,14400E=-03 1
35 D.81B4¢E=04 0,14318E-03 1
36 D E{ILTETA 0714239E-03 1
37 0.8079EE~04 0.14162E~03 1
38 0,8029CLE~04 0,14088En03 1
39 G 79793E-03 07140{7E-03 1
40 p,7930EE~04 0,13948E-03 1
41 0,78834E-04 0.13881E-03 1
47 0. 7837ZET4 DV1381L7E-0T 1
43 0.7762%E-04 0,13755E-03 1
44 0,77484E~D4 0,13695E~03 1
75 0. 7705€E- G4 0, 136376-03 i
46 0.76643E-04 0,13582E-03 1
47 0.76241E-n4 0.13529E-03 1
48 9. 7585CE~04 §,13478E-03 1
49 0.75471E=04 0,13429E~03 1
50 0, 75101&704 £.133826~03 1
23, 0,74747E-04 0,133376-03 1
52 0,7440ZzE-04 0.13293E~03 1
53 0. 74065E~04 0,13252E~03 1
54 0,7374€E=04 0,132126+03 1
55 0.73434E~G4 0,13174E~03 1
56 0,73133E~04 0,13137E~03 1
57 0.72842E-04 0,131026-03 1
58 0,72562E-04 0,13069E-03 1
59 n,72292E-~04 0.13037E~03 )
60 G,72031F-~04 0,13006E~03 1
61 0.7179CE~04 0,12977E-03 1
62 o 71338E~04 0,17949E-03 1
3 C7130%E~04 T0,12922E-03 1
64 o 71081E~14 0,12897E-03 1
. 65 £,.70866E~04 0,12872€-03 1
66 0.70455€E-04 0.12849En03 i




0.1020€E-03

OO OOy O JTVTII U NI W
DU O VW NOMIU & W O

0,1027€E~03 T

0,10345E-03 .

0,10419E-03

0,10485E-03
0,105576~03

M IND Y
2 i 60.077
1 yY XX NTR
* i 0,73255Er04 0,89893E~04 1
) 0. 73C55E-Nd  0.89893E~04 i -
3 0,73255E~04 0.89893En04 1
4 0.732%5E-04 0,89894E~04 1
- 5 DT 7I2GEEROETTTTTTTTTTY 89895604 1
6 0,7325€E-04 0.89897E-04 b
7 0,7325EE-04 0,89902E-04 1
g 07328 1ER0ETTT T, 89910E-04 {
9 D,7326€E=04 0,89923E~04 i
10 0.73275E~04 6.89945E~04 i
- 11 0 T73I2BEESQETTTTTT 08997 7E-D4 1
o 12 0,73309E-04 0,90023E-04 1
13 0,7333%E~n4 0,90087€-04 1
14 0T7IIVIGEFTA 0V90174ES0] 2 .
15 0.73434E~04 0.90286E~04 2
16 0,73307E~04 _ 0,90430E-04 2
17 07 3ETIESTA 0,906 10E-04 2
18 0,73721€-04 0,90832E~04 2
19 .0,7337CE~-04 0.91099E~04 2
20 07405 <E-TY 0,9{4918E-04 ‘
21 | 0,7427CE~04 0,91791E~04 2
22 0.74526E-04 0.922722E-04 2
23 0 74330ES0dT T 0,92713E-04 2
24 0,75177E-04 0,93266E~04 2
25 0,75571E~04 0,93882E-04 2 B
28 0, 76014E-04 0 94561E~014 2
27 0,76507E-04 0,95302E~04 2
28 0,7705CE~04 0,96102E~04 2
79 0. 7784TE-D4 0. 96960E-04 2
. 30 0.7828CE~04 0,97872E~04 2
; 34, 0.78565E~04 0,98833E-04 2
32 0. 79692E-04 0.99839E-04 ¥
33 0,8046CE~D4 0,10088E~03 2
34 0.84264E-04 0,10196E~03 2
35 0. E2I0CE=0YS 0 LUIG7E-03 Tl
38 0,82564E~04 0,10420E-03 2
37 0,.83852E-04 0,10535E£-03 2
38 0.8476CE=-D19 0, 10651E-03 2
39 0.85684E~04 0.10768E~03 i
40 0.B661EE-04 0.,10885E~03 1
41 0,87558E-04 0.11002E~03 1
42 0,8850CE~04 0.,11118E-03 1
43 0.89441E~04 0,11232E~03 1
44 0.90377€~04 0,11346E-03 1
45 - 0,91306E~03 0,11457E~03 1
46 0,92225E~04 0,11567E-03 1
47 0,33131E~04 0,11674E-03 1
4 0,54C24E-04 0,11780E03 1
49 0,94501E~04 0,11883E=03 1
0,95764E%04 0,11984E-03 2
p.I6L0EE~04 0.12084E~03 1
0.974378-04_____ _0,12180E-03 2
0,9824EE~04 0,12275€E-03 2
0.9904CE~04 0.12368E-03 1
0,9981/E~24 0,12459€-03 3
0,10058E-03 0.12548E~03 1
0.10132E=03 0,12636E-03 i
1
1
1
1
i
1
1
1

o O
oo

0.10694E~J3
0.10762E-03

0,1062¢E-03__

0,12722E-03

0. 12808E-03

0,12892E~03
0,12976E-03

0, 13060E-03

0,13143E~03
0,13226E-03

0,13309E~03

0,13392E~03

0.12226E-03

YYAV




il sena il 1 e b e i

B i R I B i R AE + rie 225 o] k3 Bheonra s« b e e

-

M IND 1T
— - 2 2 60,851 _
— i B . S . S NTR
. 1 0,10798E-03 T0,19739E-03 {
2 0.1077CEn03 0,19604€E-03 2
3 0,1073tE~03 0,19464E=03 2
- 4 0, 10/0ZE=03 0, 19320603 2
5 0,1066¢E~03 0,19172E~03 2
6 0.1061EE-03 0,19020E-03 2
7 0 10576EA23 T T0,18865E-03 2 )
8 0.10515E~03 0,18708E03 2
9 0.1046%E~03 0.18548E03 2
10 0 1040EE-03 TTU0,18385E-03 2 - -
11 0,10398€-03 0,18222E-03 2
12 0.,1028%€~03 0,18056E-03 2
13 0. 1022CESGT "0, 17B9GE-03 2
14 0.10153E~03 0,17722E-03 2
15 0,10083E~03 0,17554E=03 2 ]
1% 0,10032E=037 0, 17385603 1 v
17 0.9938%€-04 0,17215E~03 1
18 0.9863¢E~04 0,17045E-03 1
19 0. 97672E=04 T 0 16876E-03 1 o
20 0.97095E~04 0,16706E-03 1
21 0,96305E-04 0.16536E-03 i -
22 0.95504E=04 0,16367€~03 1
23 | 0.94694E~n4 0,16197E~03 1
24 0,93874E-04 0,16029E-03 i
25 0.9304€E~04 0,158606-03 1
26 0,92214E~04 0,15693E-03 1
, 27 0,91375E~04 0,15526E~03 i
28 0,90531E-04 0,153606~03 S S - -
29 - 0,896B3E-04 0,15494E-03 1
30 0,.88332E~04 0,15030E~03 1
31 0,87975E-04 0,14866E-03 1
32 0,87125E~04 0,14704E~03 1
33 0,86265E-04 0,14543E-03 1
37 0, 85414E-04 0,14384E-03 1
35 0.84555E-04 0,14226E~03 1
36 0,83706E-04 0,14069E~03 i
37 0,82855E=04 0,13915E-03 1
38 0.82007E-04 0.13762E-03 1
39 0.81162E~04 0,13612F-03 1
40 0,8032¢E=~04 0,13463E~03 1
41 0.79487E-04 0,13317E-03 1
42 0,78658E-04 0,13174E~03 1
43 0.7783¢€€E-04 0,13033E-03 1
44 0,77021E~04 0,12895E~03 1
45 0,76214E~04 0,12760E-03 1
46 0,7541€E~04 0,12627€-03 1
47 0,74627E~04 0.12498E=03 1
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