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ABSTRACT

A continuous parametric pump in which the feed and product 

streams flow steadily both in upflow and downflow (hot and cold 

temperatures, respectively) is examined theoretically and experimen­

tally. The model system is Sodium Chloride-Water-Bio Rad AG11A8 Ion 

Retardation Resin, a physical system characterized by relatively 

slow interphase mass transfer rates. For short half-cycle times, 

where interphase equilibrium is not approached, separation of the 

salt from water is found to be enhanced by longer half-cycle times, 

smaller reservoir displacements, and longer adsorbant columns. In 

most cases, separation improves with increasing number of cycles. 

However, steadily degrading separation is found to exist when solute 

loading on the cold half-cycle exceeds the regenerating capacity of 

the hot half-cycle upflowing fluid, a situation produced by increased 

lean (bottom) product withdrawal rate.

A computational method for predicting continuous non-equilibrium 

parametric pump performance is developed. The method is based on a 

set of exterior solute material balances, the equations of change for 

the two-phase system and a linear adsorption isotherm for the solute- 

solvent-adsorbant system. The method of characteristics is combined 

with a finite difference approximation to solve the equations of 

change. There is good agreement between predicted and experimental 

results.
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1

INTRODUCTION

The field of parametric pumping has received considerable at­

tention in recent years. This name is given to a process where the 

inherent ability of a particular two-phrase system to achieve sepa­

ration of the components of a fluid mixture is enhanced by synchro­

nizing an oscillating direction of interphase mass transfer with an 

oscillating direction of fluid flow. The result is a spatial 

separation of an initially homogenous fluid mixture into two mix­

tures, one lean and the other concentrated in solute. The direc­

tion of interphase mass transfer can be made to oscillate by period­

ically changing the algebraic sign of the driving force, i.e., by 

periodically changing the position of physical equilibrium. This 

coupling of two directional physical phenomena is central to the 

uniqueness of the parametric pumping process.

The simplest parametric pump is batch operated and will illus­

trate the coupling action. Suppose it is desired to remove com­

ponent A from fluid mixture of A and B. A is preferentially 

adsorbed on solid S, which is held fixed in the column pictured in 

Figure 1. The column interstital space and the two piston-operated 

fluid reservoirs at either end of the column are filled with the 

fluid mixture at some initial concentration of A, y . Suppose that 

the position of interphase equilibrium is highly temperature de­

pendent. Let the temperature of the two-phase system be made to
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change periodically with time by alternately heating or cooling the 

system by applying some heat transfer medium of appropriate tempera­

ture to the column jacket. Then y, the concentration of A in the 

liquid and x, the concentration of A on the solid, will periodically 

adjust themselves to new values in response to the change in the 

thermodynamic state of the system induced by changing temperature. 

Usually, A will adsorb on S when the system is cooled and desorb 

when the system is heated.

Now, let the direction of flow of the fluid be made to change 

periodically with time by the piston arrangement shown in Figure 1 

and let the direction of flow be sychronized with the system tem­

perature; e.g., flow only upward when heating and only downward when 

cooling. Then the volume of fluid enclosed in the column inter­

stitial space will be depleted in A by adsorption on S only when 

it moves downward and enriched in A by desorption from S only when 

it moves upward. After successive application of hot upflow and 

cold downflow intervals, fluid depleted in A migrates to the bottom 

of the column; fluid enriched in A migrates to the top. The result 

is a net displacement of component A to the top of the column after 

a number of sychronized temperature-flow cycles. Separation of the 

system fluid into a fraction relatively lean in A at the column 

bottom and a fraction relatively concentrated in A at the column 

top has been achieved.

In 1966, Wilhelm and his co-workers gave preliminary results 

on the separation of NaCl from water using a batch parametric pumping
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process in the recuperative mode. In these initial experiments,
21detailed by Rice, an alternating up and down fluid flow direction

across a stationary bed of solid particles (IRC-45 and IR-50 Ion

Exchange resins in mixed bed) was synchronized with an alternating

hot and cold temperature field in the bed. In the recuperative 
23mode, the liquid influent to the bed was heated or cooled prior 

to contacting the adsorbant phase rather than using a jacketed 

column. After several cycles of operation, the homogenous fluid 

portion of the system was separated into a fluid lean in NaCl, 

which existed in a reservoir at the bottom of the bed and a fluid

rich in NaCl, which existed in a reservoir at the top of the bed.
34 22Later work, detailed by Rolke, utilized the direct mode of

operation, where temperature cycles in the adsorbant bed were in­

duced in the entire bed contents by external heating and cooling.

The experimental system was the same and the results were theoreti­

cally justified using a "tinker-toy" model derived from the equation 

of continuity, and equilibrium relation, and a mass-transfer expres­

sion.

33In 1968, Wilhelm and Sweed showed that the ability of a solid

adsorbant to achieve separation of the components of a fluid mixture

could be greatly enhanced by parametric pumping. Using the direct

mode on a batch system, toluene was separated from n-heptane using

silica gel adsorbant. Experimental results showed large separations
27and were analyzed by means of the STOP-GO computer algorithm. In 

this method a numerical solution is derived from the model equations
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by dividing each half-cycle (up or down flow) into a number of time 

increments, each treated as a small flow displacement with no inter­

phase mass transfer followed by a period of mass transfer with no 

flow.

Utilization of the parametric pumping process is not limited,

of course, to temperature induced liquid-solid mass transfer systems.
16Jenczewski and Myers separated ethane and propane on activated

carbon, Patrick, et.al.^ separated SC^ and air on silica gel; and
29Turncock and Kadlec separated nitrogen and methane using Type 5A

molecular sieves, all with temperature as the driving parameter.
26Shendalman and Mitchell used pressure as the driving parameter to

separate carbon dioxide and helium on silica gel. Sabadell and 
22Sweed used pH to separate Na+ and K+ ions in aqueous solution

12using a strong cation exchange resin, and Chen, et al, have sep-
30arated Protiens by pH parapumping using Sephaldex resin. Wankat 

has treated parametric pumping of liquid-liquid extraction, where 

one fluid phase is held stationary, either by coating a liquid sub­

strate with it, or by containing in a column and inducing the 

alternating flow pattern in the mobile phase by periodically invert­

ing the column.

Nor is parametric pumping limited to single adsorbant beds,

one-solute systems, or oscillating flow patterns. In cycling-zone 
19adsorption, the mobile phase flows unidirectionally but enters

successive zones of alternating driving parameter values, e.g. hot
11 31 3and cold temperature, ’ or high and low pH, both of which are
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utilized to separate glucose and fructose in aqueous solution- 

straight parametric, pumping has also been used for sugar separation
6 -j*in aqueous media. The separation of Na and K in aqueous media

24has already been mentioned. In addition, toluene and analine are

separated from n-heptane using silica gel adsorbant in thermal para-
„ . . 8,10 metric pumping.

Theoretical treatment of parametric pumping processes in sys­

tems where interphase mass transfer is rapid has largely been based
18on the work of Pigford, Baker, and Blum. They applied a theory 

of operation to the batch parametric pump based on the assumption 

that interphase mass transfer was so rapid that local fluid-solid 

equilibrium existed everywhere in the bed at all times. They showed 

that the solute traveled through the adsorbant bed in sharply de­

fined wave fronts whose distance of penetration into the column
2could be theoretically established. Aris generalized the approach 

recognizing that the treatment of Pigford, et.al. applied to a par­

ticular case of the more general theory.

4Chen and Hill then extended the analysis to semi-continuous 

and continuous parametric pumps. In the former case, a portion of 

the lean and concentrated products are removed intermittently from 

the lower and upper reservoirs, respectively, during one or both 

half-cycles of operation and a feed stream of constant composition 

is also introduced intermittently during a portion of one or both 

half-cycles. In the continuous case, a fluid of composition yQ is
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continuously fed into the dynamically coupled thermodynamic change-

fluid flow field. Product streams are then removed continuously

from the top and bottom of the column at compositions y _ and y ,Tlr Br
respectively, where yTp^yo^yBp^ pee(j is introduced and products 

are removed at such a rate that the fluid volume contained in the 

system remains constant.

4Chen and Hill showed that there were three regions of opera­

tion for all parametric pumps. The regions are defined by the rela­

tive lengths of concentration front penetration during hot and cold 

half-cycles of operation and column length. Separations were found 

to be severely limited in two of the regions of operation and un­

limited in the other, where complete removal of solute from the lean 

product was possible. Later work experimentally verified these 

findings for the semi-continuous^ and continuous cases'* and suggested 

that, for shorter half-cycle times, separation was limited in all

three regions of operation because of a significant departure from
9 20equilibrium operation. ’ In all this work the experimental sys­

tem was the same as Wilhelm and Sweed.

Attempts to theoretically treat the non-equilibrium case have 

all been based on reducing the model equations (partial differential 

equations) to linear ordinary form and solving them numerically.

Sweed and Gupta^"* have developed a mixing cell algorithm and a near- 

quilibrium model as alternates to the STOP-GO algorithm. In the 

present work, the method of characteristics is combined with a
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numerical solution based on Euler’s method to predict parametric 

pump behavior for a non-equilibrium system.

14Earlier, Gregory investigated parametric pumping in batch and 

a type of semi-continuous operation. The experimental system was 

NaCl, 1^0, Bio Rad AG11A8 Ion Retardation Resin. Interphase mass 

transfer which takes place by simultaneous adsorption of Na+ and 

Cl ions on negatively and positively charged resin sites, appeared 

to be relatively slow, and Gregory predicted, using the STOP-GO 

algorithm, and demonstrated experimentally, that separation of 

NaCl from water increased steadily with the number of cycles of

operation to a nearly constant value for a narrow range of operating
, 28 conditions.

In the present work, completely continuous parametric pumping 

is applied to the same physical-chemical system. Whereas, in 

Gregory’s study, no product flow or intermittent product flow 

obtained during certain portions of each half-cycle of operation, 

this work treats the case where lean and concentrated products exist 

from opposite ends of the adsorbant bed in a continuous manner.

Using the method described above to solve the model equations it is 

shown that, under non-equilibrium operation the solute moves through 

the bed in a diffuse manner; no sharply defined wave fronts are 

found to exist. Limited, but steadily decreasing separations are 

achieved where loading of the adsorbant bed by solute during a cold 

half-cycle is exceeded by the capacity for removal of solute from
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the bed during the next hot half-cycle, in agreement with the gen­

eral trend of Gregory's results. However, when operating outside 

the range of Gregory's work, a limited separation of steadily de­

creasing magnitude is found to exist. This result is related to the 

situation where column loading during the cold half-cycle exceeds 

regenerative action during the next hot half-cycle. A gradual 

buildup of solute in the adsorbant bed is noted in these cases and 

it is found that the active variables in changing the ability of the 

column to purge itself of adsorbed solute is the rate of lean prod­

uct withdrawal. The effects of cycle time, reservoir displacement 

and column height on separation are examined and comparisons with 

the equilibrium theory are made.
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THEORY

A. Process Description

Consider a two-phase system composed of a homogeneous fluid 

mixture of components A,B,C,. . . , and a solid, S, which preferen­

tially adsorbs component A. This reversible interphase mass transfer 

operation may be symbolized by

A (sol'n)-^-A (ads.)* (1)

If liquid A,B,C,. . . and solid S are brought into contact, either 

direction of (1) will prevail until equilibrium is reached, i.e., 

until the thermodynamic state of the system can be described by a 

relation of the form

x = f O T . y ^ x J  . (2)

Thus, given a particular system we are free to control the direction 

of (1) by controlling the thermodynamic state of the system through 

the action of the intensive system parameters, ¥ , in (2).

If the solid phase is held fixed in space, the fluid phase can 

be made to move relative to the solid phase. We are equally free 

to choose the direction of that motion. It is the dynamic coupling 

of these two phenomena, i.e., the sychronizing of interphase mass 

transfer with bulk fluid flow, that characterizes the parametric 

pump.
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If the direction of (1) is found to be highly temperature 

dependent and the effect of other intensive thermodynamic proper­

ties is minimal, then (2) becomes

x = f(T,y) . (3)

The function f is the adsorption isotherm for the system in question 

and it may take one of several forms, linear, Langmuir, Freudlich, 

etc. With each change in T, the system will seek to satisfy (3) 

by the action described by (1). With each change of state the 

appropriate direction of (1) will prevail tending toward the 

equilibrium described by (3).

A continuous parametric pump has been hypothesized, and 

studied theoretically and experimentally for equilibrium systems.

It is apparent for these pumps, that the feed may be introduced at 

either end of the column. It is also apparent, however, that in­

troducing feed solution at the lean end of the column would enrich 

a stream already depleted in A with additional solute, thereby 

reducing the effect of the separation. Since, in general, we de­

sire to maximize the effect of the separation technique, we will 

only consider feeding the enriched end of the column. Successful 

operation of the parametric pump, i.e., sustained removal of lean 

and concentrated product streams from either end of the column is 

dependent on the permanence of the fluid and solid phase concentra­

tion gradients imposed on the column by the coupled mass transfer- 

fluid flow process.
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The particular continuous parametric pump shown in Figure 2

will be considered. Feed flows to the column top at a constant rate

(c}> + 4 0  Q> where Q is the reservoir displacement rate, equal for1 B
both top and bottom of the column, respectively. The product 

streams are located at the reservoirs themselves, so that during 

reservoir discharge product flows only from the reservoir and not 

from the column discharge or feed streams. We heat the column 

during upflow for a time period, T ,  and cool it during downflow for 

an equal time interval so that we take a product lean in A from the 

column bottom and one enriched in A from the column top, as described 

by (4).

B. External Equations

A set of external equations for the continuous parametric pump 

are derived from a set of material balances made for a particular 

full cycle, consisting of a hot upflow half-cycle and a cold down­

flow half-cycle, each of duration T .  Referring to Figure 3, during 

the hot, upflow half-cycle, the concentration of the effluent from 

the column top varies with time and has the general behavior of a 

desorption breakthrough curve, while the concentration of the fluid 

entering the column bottom is constant. The effluent mixes with 

feed solution before a portion of the combined stream is taken off 

as top product. The remainder of the stream enters the top reser­

voir, where it is mixed with solution from the previous cold cycle 

that has remained in the top reservoir "dead volume." From Figure 

4, during the ensuing cold half-cycle, a portion of the stream
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leaving the top reservoir is removed as top product before the 

remainder mixes with feed solution to form the constant concentra­

tion influent to the column top.

Meanwhile, referring to Figure 4, during this cold half-cycle, 

the concentration of the effluent from the column bottom varies with 

time behaving much like an adsorption break-through curve. A por­

tion of this stream is removed as bottom product and the remainder 

enters the bottom reservoir, where it is mixed with solution that 

has remained in the bottom reservoir dead volume from the previous 

hot half-cycle. During the ensuing hot half-cycle a portion of the 

effluent from the bottom reservoir is again removed as bottom prod­

uct while the remainder forms the constant concentration influent 

to the column bottom (see Figure 3). The development which follows 

generates expressions for the concentration of the top and bottom 

cold cycle product streams and the boundary condition concentration 

for the column top during downflow and the column bottom during 

upflow.

From Figure 3, at the feed point, during the up-flow half­

cycle,

O f > T +  4>B)yo + (1 -  V<yT1>n
(5)

(i + <f>T) < yTP1 > n

and, for a successive upflow-downflow sequence, at the top reservoir, 

QT ̂ yTPl ̂  n + VT <yTP2 > n-1
(6)

= (Qt + VT)< yTp2 > n>
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Dividing (6) through by Qt and letting

CT = (7)
Qt

we substitute the result into (5) and rearrange to obtain

i-'J’n \ / „  s 4. /

JT (8)

+ (sir)

where, for n=l, < y T1> 1 = < yXP2 > 0 = y0' Ec*uation (8) 8ives the 

cold half-cycle top product for cycles 1 through n. To obtain the 

column top boundary condition for the nth cold half-cycle, we make 

a downflow material balance at the feed point,

(1-V < yTP2>n + (CpT + V  yo =
(i+'t’g) < yT2^n

Rearranging (9), we obtain the cold half-cycle boundary condition

< y T 2 > n ' < 7 ™ > »  + yo (10)
B

From Figure 4, for the downflow cold cycle we see that

< yB P 2 > n = < yB2>n (11)

and a material balance on the bottom reservoir for a successive 

downflow-upflow sequence gives

QT <yBP2 y n + VB <yBP2 > n-1
(12)

= VB + QT<yB1> n+1>
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Rearranging (12), letting

CB = (13)
Qt

we adjust the subscript designations to obtain the hot half-cycle 

boundary condition,

< yB l > n = < VB?2> n-1 + < YBP2>n-2 (14)

where, for n=l, < y BP2> 0 = < y BP2> _ 1 = yQ-

Equations (10) and (14) are used to determine the fluid phase 

boundary conditions for downflow and upflow, respectively, while 

equations (8) and (11) are used to calculate the cold half-cycle 

product concentrations. The terms ^ y ^ ^  anc* <C yB2 ̂  ecluat:i-ons 

(8) and (11), which are also implicitly present in (10) and (14) are 

calculated by solution of the internal equations governing mass 

transfer within the adsorbant column.

C. Internal Equations

The equation of continuity for the two-phase solution-adsorbant 

system, neglecting axial diffusion, radial concentration gradients 

and variation of fluid density with concentration, is

ev + P ,-s
3z 3t S 9t ^ }

For adsorption processes where liquid film resistence to mass 

transfer is rate controlling, the interphase transport of the 

adsorbed component of the fluid mixture is said to be driven by
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departure of the actual liquid concentration from the equilibrium 

liquid concentration for the existing solid concentration. Thus,

In general, the mass transfer coefficient, A, is a function of 

liquid phase physical properties, solid geometry, and liquid 

velocity. The principal parameters of interest in the case of 

parametric pumping are temperature effects on fluid properties and 

fluid velocity since they will be markedly different for the hot 

and cold temperature half-cycles. Concentration effects on fluid 

properties can be ignored for dilute solutions and moderate ranges 

of concentration.

The equation relating the existing solid concentration to an 

equilibrium liquid concentration is given by the adsorption isotherm 

for the liquid solid system at the temperature of interest. If the 

form of adsorption isotherm is linear,

9x = A (y-y*). 
3t

(16)

y* = x (17)
M

where M = M (T). (18)

combining (16) and (17),

9x = A(y-x) 
3t M

(19)

and, combining (19) and (15), and rearranging,

A(y-x) = 0. 
M

(20)
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Equations (19) and (20) are a set of first order linear partial 

differential equations in two independent and two dependent varia­

bles .

At the beginning of either a hot or cold half-cycle, the 

column will have imposed upon it from the previous half-cycle both 

a liquid and solid phase axial solute distribution, which together 

form a set of initial conditions. These are

For upflow the concentration of the fluid entering the column 

bottom is constant and the upflow boundary condition for the liquid 

phase is (see equation (14)).

The solid phase concentration at the column bottom is, of course, 

variable, but a combination of (19) and (23) yields an implicit 

solid phase boundary condition,

For downflow the concentration of the fluid entering the column 

top is constant and the downflow liquid phase boundary condition 

for a column of height, h, is given by

@t = 0, z>0, y = y(z), (21)

@t = 0, z>0, x = x(z). (22)

@ z = o, t>o, y = < y B1> (23)

3x | = A 
3t

(24)
z=o

@z = h, t>0, y = < > T2>. (25)



21

Considerations similar to these employed in developing the solid 

phase boundary condition for the upflow half-cycle lead to the 

implicit boundary condition

|a I - *2 (<y}2 - s  )• (26)
3tx-h 2

Equations (19) and (20) can be reduced to a more manageable
-  1 11form by introducing a new variable, z, ’ defined by

z = ẑ . (27)
v

Then, by the chain rule, operating on (27),

3y = 3̂ . 3z_ = 1̂ . (28)
3z 3ẑ  3z v 3z

Substituting (28) into (20) gives

3^ + 3̂ _ = - (l-e\ p l(y-x) . (29)
3z 3t V £ / S M

Now, consider two families of curves in the z -t plane, where, for 

one family of lines

3t = 1, (30)
3z

and, for the other,

3i = 0. (31)
3t

These lines are pictured on Figure 5. Along any direction in the 

z-t plane,

d^ = 3^ + 3^ 3t. (32s
di 3z 3t 3z * K }
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and

dx = Jx + j)x _9£ . (33)
dt 9t 9z 9t

Therefore, along characteristic lines described by (30), using 

(32) and (30) in (29),

dy_ = - (l-e \ p A (y-x) (34)
dz \ e )  M

and, along characteristics described by (31), using (33) and 

(31) in (19) gives

dx = X (y-x) (35)
dt M

Equations (34) and (35) now form a set of ordinary differential 

equations which can be solved numerically to obtain x and y as 

functions of z and t. The boundary and initial conditions are 

revised to reflect the new independent variables as follows:

a.) initial conditions,

@t=0, z-0, y=y(z) (36)

@t=0, z-0, x=x(z) (37)

b.) upflow boundary conditions,

@ z=o, t-o, y = < y B1>  (38)
c.) downflow boundary conditions

dx I = \  « y Bi>" ̂  )dt j.0 Ml (39)

@z=h/v2, t-0, y=<yT2>  (40)

dx | = X « y  ?> -  x .
dt ;-h/v2 “2 ' <41)
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Euler's Method is employed to reduce the above ordinary dif­

ferential equations to finite difference form. Integrating (34), 

we obtain

y(z) = y *. (3T5) U
o

(42)

and, integrating (35)

x(t) = x(t ) + A I (y-x) dt,
1 ■ Mo

(43)

We choose a suitably small finite distance interval, Az, and use 

equations (27) and (30) to find that

Az = Az = At = 6 (44)
v

We approximate the integral by the trapezoidal rule and let i,j

refer to points in the z,t plane. Then (42) becomes (see Figure 5)

yi+l, j+1 Yi,j+1
¥ )  ■ ■  -

p A 6_ 
2 i+1,j+1

(45)
x.

M i,j+l “
x. i. .1+1

M

and (43) is transformed into

X - LI -_1_1 == • + ^l+l, j+1 l+l,j — j yi+l,j+l

xj+l,i+l + yi+l,j - Xi+l,i
M M

(46)

Finally, in order to solve the above equations an iterative scheme 

will be used. If the k+lst estimate of x and y are desired and the 

kth estimates of both quantities have been obtained, using a
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superscript for the iteration number, our working equations be­

come

k+1
'i+l,j+1 yi»j+1 - ( 1—£ \ p A6 [ yi+l,j+1

k
Xi+l,1+1 yi,j+1 - Xi,j+1

M M

(47)

and

k+1 ,X... .... = X . , 1 . +  AO
i+1jJ+1 i+l,J ~2

k
7i+l,j+1

Xi+1,j+1 + Yi+1,j Xi+l,j
M M

(48)

Starting with some realistic values for x"!", - and y!,. . sayi+l,j+1 'i+l,j+1’
x.,_ . and y.,, the iterative scheme is carried out k+1 times, i+l,j Ji+l,j’
until, for some chosen error in x and y, designated e,

and

k+1 _ k
Xi+l,j+l Xi+l,j+1

k
Xi+l,j+l

k+1 _ k
yi+l,j+1 yi+l,j+1

< ex (49)

k
Yi+l,j+1

< e (50)

D. Applying the Model

The external equations discussed in section B are combined with 

the solution to the internal equations discussed in section C to 

predict performance of the continuous non-equilibrium parametric 

pump. The calculation scheme will be described in detail.
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1. Initial Condition. At time zero the system is at equilib­

rium at the high temperature with the liquid concentration every­

where equal to the feed composition. The process is initiated by

a hot upflow half-cycle to further insure establishment of the 

equilibrium condition. No mass transfer takes place; the system 

remains at equilibrium at the higher temperature and the concentra­

tion of the effluent from the column top remains constant at y .o

2. Cold Downflow Half-Cycle. The initial axial concentration 

profiles for this first cold half-cycle are

y=yD (51)

x=y
ur (52)Mi

and the liquid concentration at the column top, our downflow 

boundary condition, is

< yT 2 > * yo (53)

Starting at the column top (z=h), (41) is solved anayltically 

giving the solid phase concentration, x, as a function of time, 

to yield

x=M2 <yT2> 1- /1-M.A exp f-X2t

V

(54)

An appropriate time interval for application of (47) - (50) is 

chosen and, using (54), x is calculated at z=h for t=6, 26, 36,

. . ., m6. For t=6, the liquid and solid concentrations along the



27

axial direction are calculated using (47) and 48) along with some 

first guess at x and y for k=l. Thus, at each time interval, x and 

y will have been determined at z=h, h-Sv, h-25v, . . •, 0 by solu­

tion of (47) - (50). After m time intervals, we have

m6 - T, (55)

i.e., given our choice of distance parameter z=6, a reasonable 

number of time intervals can bring the time, t, as close to the 

actual cycle time, X, as desired. Because of our choice of char­

acteristic equation, we are constrained by (44) in our choice of

distance and/or time interval length, and will, in general, not be

able to satisfy (55) exactly. However, our choice of 6 prescribes

the error in cycle time inherent in the calculation procedure, which 

is (see Figure 5),

e = ±6 . (56)
T 2 t

Therefore, the shorter the finite difference step used in solving 

(47) - (50), the smaller the error in the computed half-cycle time, 

m6, and the smaller the resulting error of the estimate of local 

concentration value at t=T.

3. Hot Upflow Half-Cycle. Once the cold half-cycle is completed, 

the initial axial concentration profiles for both the liquid and 

solid phases are then established for the succeeding hot half-cycle.

In a manner similar to that employed for the previous cold half­

cycle, solution of (39) establishes the solid phase boundary
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condition at the column bottom for each time interval, 6. The 

solution is

Successive applications of (47) - (50) are performed at succeeding 

axial positions from the column bottom to the column top for each 

time interval until (55) is approximately satisfied within the error 

limit given by (56). At this point the initial condition for the 

next cold half-cycle is established, i.e., the axial concentration 

profile for both solid and liquid phases at the end of a hot half­

cycle are the initial conditions required by (40) for the ensuing 

cold half-cycle. The method is then applied for n full cycles, each 

consisting of a hot and cold half-cycle, in that order.

4. Product Concentration. From (8) and (11) it is apparent 

that estimation of the cold half-cycle product concentrations re­

quires knowledge of the average concentration of the column effluent 

for each half-cycle. This average is easily computed for r finite 

difference time intervals for the column top by

exp (57)

Ti ' 1
/

(58)

and, for the column bottom by

(59)
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Direct substitution of (58) and (59) into (8) and (11), respectively, 

give the cold half-cycle top and bottom product concentrations for 

each of the n cycles of operation.

5. Computer Solution. The computer program given in Appendix 

I was devised to carry out the calculations described in Section 4, 

above.^ For reasonably short half-cycle times, distance intervals 

smaller than h/65 gave negligible improvement in the computed esti­

mates for liquid and solid-phase concentrations. For half-cycle 

times longer than 120 minutes, the finite difference interval 

6=h/65v became too large to achieve convergence of the iteration 

calculation due to the low value for fluid-phase velocity, v. 

Therefore, the number of finite-difference distance intervals was 

doubled to 130 to compute concentrations at 180 minute half-cycle 

times.

Less than ten iterations were normally required to satisfy the 

error criterion established by equations (49) and (50). Computer 

output for all the cases investigated are on file in their original 

form in the Chemical Engineering Department Library.

Values for the relavent physical parameters are read initially 

into the program, these being hot and cold temperatures, column 

height, reservoir displacement, half-cycle time, product withdrawal 

ratios for top and bottom, and feed composition. The equilibrium 

parameters, M in equation (17) are calculated as a function of 

temperature by the relationship given in equation (85). Using the
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bed cross-section, solids void fraction, reservoir displacement rate 

and half-cycle time, fluid velocities for both half-cycles are 

calculated via the relations

v1 = Q(l-c|)B)/eA (60)

and

v2 = Q(l+cJ>B)/eA (61)

and these velocities, in turn, are used to estimate the mass trans­

fer coefficient via equation (64). Finally, the finite difference 

interval is calculated by using the given number of axial distance 

intervals, N, the column height and the velocity, so that

6 ' &  (62)

Since 6 is identical to the time-unit finite difference interval, 

At, the number of time intervals required for completion of the 

calculation for a given half-cycle is given by

R = N (63)h

After choosing appropriate axial position and time intervals for 

generation of output, solution of the model equations proceeds in 

subroutine XYCALC. Upon completion of the half-cycle, the average 

product concentrations and boundary conditions for the next half­

cycle are calculated in the main body of the program before return 

to XYCALC for the next series of calculations.

Experimental conditions were chosen to facilitate comparisons 

with the well-established equilibrium theory of operation. A summary
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of that theory's development and comments relative to interpreta­

tion of equilibrium theory operation appear in Appendix II.
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EXPERIMENTAL METHOD

A. The Experimental System

Sodium Chloride can be removed from its aqueous solution by 

attachment of the ionic species to a suitable solid phse. BioRad 

AG11A8 Ion Retardation Resin is one such solid. The resin is an 

"amphoteric ion exchange resin," which contains an equal number of 

positively and negatively charged sites within the resin matrix.

Ionic species are attracted to sites of opposite charge (rather than 

exchanged for another ion of like charge) in such a way that ionic 

neutrality is maintained in both liquid and solid phases. The ionic 

species, then, diffuse through a liquid film surrounding the resin 

particle (slow) and then react electro-chemically with the ionic 

fragment of opposite charge connected to the resin matrix (rapid).

The desorption reaction follows the reverse sequence. The rapid 

electro-chemical dissociation is followed by a relatively slow dif­

fusion through the liquid film to the bulk of the surrounding liquid.

Uncomplicated, therefore, by counterdiffusion of exchanged 

ionic species, or by the presence of fluid-phase reactions involving 

the exchanged species (H+ and OH ions, for example), the interphase 

mass transfer can be viewed as one where diffusion across the liquid 

film surrounding the solid particle is the controlling resistance 

and where the difference between bulk liquid concentration and the
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liquid concentration corresponding to the existing local solid con­

centration is the driving force.

The resistance to mass transfer is a direct function of the 

properties of the liquid film, whose thickness and viscosity are 

controlled by temperature, fluid velocity and concentration within 

the liquid film. For moderate concentrations, this last effect can 

be ignored, but both temperature and velocity will be markedly dif­

ferent between the cold and hot parametric pumping half-cycles, 

and, therefore, so will resistance to mass transfer. Experimental 

determinations of the resistance (A in eq (16)) were performed and 

empirical relations of the form

X = gva (64)

were derived, where 3 is a function of temperature and 
14a = 0.30. These are described in Appendix III.

Adsorption isotherms for the system Sodium Chloride-Water-
14BioRad AG11A8 Resin have been determined at 5°C and 55°C and are 

linear for the range 0 - .2M NaCl in the liquid phase, that is, the 

isotherm is described by

y* = x 
M (65)

where M is a function of temperature. A linear dependence of M with 

temperature was assumed of the form

M = M + y (273.16 + T) (66)o
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and an isotherm was calculated for 70°C. The experimental and
14calculated isotherms are pictured on Figure 6, where the specific 

region of interest treated in this work is marked. The linearity 

of the adsorption isotherms in this region is apparent.

B. Description of Apparatus

The laboratory continuous parametric pump is pictured in 

Figure 7. A 1.0cm x 90cm adjustable length jacketed glass column 

(A) was packed to a specified height with 40 - 80 mesh Bio-Rad 

AG11A8 Ion Retardation Resin in equilibrium at room temperature with 

aqueous sodium chloride solution of feed concentration. The reser­

voirs at either end of the column (B and C for top and bottom,

respectively), which created the axial flow displacements were 
350cm Becton-Dickenson Multi-Fit glass syringes driven by a Harvard 

Apparatus variable speed infusion-withdrawal pump (D) set for reci­

procal operation. While the plunger at C ran in the forward direc­

tion, emptying C, the plunger at B withdrew, filling B, and vice 

versa. The reservoir displacement rate was set by adjusting the 

speed of the drive mechanism. The syringe plungers were lightly 

greased with Dow-Coming flouro-silicone stopcock grease. To in­

sure that both reservoirs were well-mixed, small teflon-coated 

magnetic stirring bars were placed in the syringes and driven by 

water-activated magnetic stirrers (not pictured).

The synchronous temperature changes within the column were 

achieved by supplying the column jacket with 70°C water during 

upflow and 5°C water during downflow. The hot and cold water
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sources were constant temperature baths (E and F for hot and cold 

baths, respectively). The hot bath temperature was maintained by 

a George Ulanit Co. Heetgrid electric immersion heater (G) and the 

cold bath temperature by a Neslab Instruments U-Cool refrigerated 

cooling coil (H). Both temperatures were regulated by H B 

Instrument Co. Quickset temperature controllers (I). Little Giant 

submerged centrifugal pumps (J) circulated the water to and from the 

baths. Two check valves (K) at the column jacket entrance pre­

vented the baths from mixing and stopcock valves (L) at the column 

jacket exit insured return of jacket fluid to the proper bath.

The fluid feed was delivered to the column top by a Chemical 

Apparatus Co. Vibrostaltic laboratory pump (M) whose pumping rate 

was regulated by a Variac motor control (N). The feed tank was a 

calibrated burette (0) and the feed rate was monitored by a cali­

brated Manostat rotamater (P). The top and bottom products exited 

continuously to calibrated receivers (Q and R, respectively), their 

flow rate being controlled by glass and teflon cappilary valves (S). 

Air pockets and flow disruptions due to expansion and contraction

effects in the interstitial column fluid induced by rapid tempera-
3ture change between half-cycles were relieved by a 10cm expansion- 

contraction reservoir (T) and Valve (U) at the column top. The
3expansion-contraction reservoir was initially filled with 2.0cm 

feed solution. The connecting tubing (1/32 "ID), joints and 

adapters were constructed of teflon and/or glass and manufactured 

by Rainin Instrument Corporation.
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C. Experimental Procedure

Before each run fresh resin in the self-adsorbed form was 

equilibrated with feed solution at room temperature for 24 hours. 

Fresh feed solution was prepared for each run by weighing an exact 

amount of USP Grade NaCl into distilled water and bringing the 

solution to an exact volume. The concentration was checked by 

electrical conductivity, the conductivity apparatus having been 

pre-checked with a standard 0.1000M NaCl solution.

The adsorbant column was packed to specified height for each

run by introducing a slurry of fresh resin in equilibrium with feed

solution at room temperature to the column top. The feed tank and

connecting tubing were filled with feed solution. The bottom

reservoir was filled with a predetermined amount of feed solution

and the top reservoir, except for its "dead volume" was empty. The

"dead volume" contained feed solution. The expansion-contraction
3reservoir contained 2.0cm feed solution. Hot water was directed 

to the column jacket with the expansion-contraction reservoir valve 

open and, as the column contents approached thermal equilibrium 

with the jacket fluid, the expansion contraction reservoir rose to 

5.0cm. After 2.5 minutes at 70°C, the expansion-contraction res­

ervoir valve was closed and feed solution was delivered to the 

column top at the feed rate set for the particular run. Two column 

volumes of feed solution were delivered to the column top and re­

moved at the bottom product take-off valve to bring the column
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contents to the same initial condition for each run, i.e., resin 

in equilibrium with feed solution at 70°C.

Each run began with a hot upflow half-cycle, the flow pattern

actuated by simultaneous filling of the top reservoir and emptying

of the bottom reservoir. Top and bottom products were continuously

withdrawn at a uniform rate by adjusting the top and bottom product

valve positions and observing the volume in the calibrated receivers.

Feed was continuously delivered to the column top, its rate being

observed at the rotameter. When the required reservoir volume was

displaced from column bottom to column top, the reservoir pump

was shut off, the feed stopped and the product valves closed. The

expansion-contraction reservoir valve was opened, the hot water

pump shut off, and the cold water pump activated. The expansion-
3contraction reservoir volume dropped to 2.0cm in 2.5 minutes and 

the expansion-contraction reservoir valve was shut. Meanwhile, the 

feed volume, half-cycle time, and product volume were observed. 

Reservoir pump action was reversed and the cold downflow half-cycle 

was initiated. Again top and bottom products were continuously 

removed and feed solution continuously delivered as in the previous 

half-cycle. At the completion of the cold half-cycle the next hot 

half-cycle was begun after relieving expansion effects as before.

This procedure was repeated for the desired number of full cycles.

The top and bottom products were analyzed for Sodium Chloride

content by electrical conductivity at each cold half-cycle. When
3necessary, the sample was diluted to 8.0 cm with distilled water
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to fill the conductivity cell. The product concentrations in mmoles/ 

ml were then determined by

Product _ Sample Molarity x Sample Volume 
Molarity Product Volume



41

DISCUSSION

A. General

Computer solution of the model equations was used to generate 

performance curves for continuous parametric pumps at various values 

of the operating parameters of interest in this study. These per­

formance curves give the variation in solute separation, i.e., top 

and bottom product concentrations for the cold half-cycle, with 

number of cycles and were then compared with the results of experi­

mental runs to establish the efficacy of the model equations in 

predicting parametric pump performance.

Once the validity of the model had been established, the in­

ternal operation of the parametric pump was investigated using the 

model equations. Liquid phase and solid phase concentrations were 

calculated as a function of axial position and time for each half­

cycle, generating various concentration curves for any set of 

operating conditions. The concentration curves were then compared 

with the performance curves to explain the behavior of the para­

metric pump.

The major variables affecting the shape of continuous para­

metric pump performance curves are, in addition to temperature, not 

studied here, bottom product withdrawal rate ((JO, column displace- 
ment per half-cycle (Qt ) and column height (h). The half-cycle
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duration, T, is also of interest in analyzing the performance of 

non-equilibrium parametric pumps. Indeed, variation of the shape 

of a parametric pump performance curve with half-cycle duration is 

the basic indication of non-equilibrium operation, since if 

equilibrium operation is assured, no variation with time is possible.

Therefore, this parameter will be investigated first.

B. Effect of Half-Cycle Duration, x

It is apparent that maximum separation of solute between the

lean and concentrated product streams is achieved when the adsorbant 

column is operated at equilibrium. Under those conditions, the 

maximum quantity of solute is removed from the liquid to the solid 

phase at the cold temperature, insuring the minimum possible solute 

concentration in the lean product. Similarly, under equilibrium 

conditions, the maximum quantity of solute is discharged from the 

solid to the liquid phase at the hot temperature, insuring, in turn, 

the maximum possible solute concentration in the enriched product. 

Therefore, if better separation, i.e., leaner bottom product con­

centrations and richer top product concentrations, are obtained with 

longer half-cycle times, it is apparent that equilibrium operation 

has not been attained at the shorter half-cycle time.

The first set of experimental runs was chosen to illustrate 

this point. Table 1 summarizes the experimental conditions for 

three runs at 24, 36, and 48 minute half-cycle duration, respectively. 

Column height, reservoir volume and lean product discharge rate were
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TABLE 1

EXPERIMENTAL CONDITIONS FOR RUNS WITH VARIABLE CYCLE TIME

Operating Variable Value

Hot Temperature

Cold Temperature

Reservoir Displacement

Bottom Product Withdrawal Ratio

Top Product Withdrawal Ratio

Dead Volume

Feed Composition

Feed Rate

Column Height

343° K 

278° K 

25 cm3 

0.04 

0.36 

4.5 cm3

0.100 mole NaCl/liter 

0.4167 cm3/min 

90 cm
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chosen such that, if equilibrium conditions obtained, Region I 

operation was assured, i.e., L ^ L ^ h  from equations (A-15), (A-16) , 

and (A-17).

The experimental results are presented in Table 2. From the 

graphical representation of the data on Figure 8, it is apparent 

that longer half-cycle times gave markedly better separations and 

that assuming non-equilibrium operation for the 24-minute half­

cycle time is justified. Figure 8 also compares the separation 

predicted by the model equations (Table 3) with the experimental 

data, showing a reasonable fit to the data and indicating that the 

model equations, do, in fact predict the same trend as do the ex­

perimental results.

Figure 9 compares calculated bottom product concentrations at 

longer half-cycle times given on Table 4, illustrating the approach 

to equilibrium conditions. The equilibrium theory performance 

curve was generated using equation (44) from reference 5 and the 

operating parameters from Table 1. The model equations predict 

that, for this physical system, equilibrium operation of the para­

metric pump is not reasonably approached, even at a 3-hour half­

cycle time. And the deviation of the curve for 24 minutes from the 

equilibrium theory prediction further establishes the non-equilibrium 

nature of operation in that time region. This half-cycle time was 

used for the remainder of the experiments.
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TABLE 2

EXPERIMENTAL RESULTS, VARIABLE CYCLE TIME 

(CONCENTRATIONS IN MOLES NaCl/LITER)

Half-Cycle
Time

(Minutes) 24 36 48

No.
Cycle

Top
Product

Bottom
Product

Top
Product

Bottom
Product

Top
Product

Bottom
Product

1 0.100 0.0935 0.100 0.0870 0.100 0.0916
2 0.106 0.0717 0.111 0.0718 0.106 0.0824
3 0.105 0.0648 0.112 0.0621 0.105 0.0695
4 0.113 0.0566 0.116 0.0611 0.113 0.0542
5 0.120 0.0521 0.114 0.0473 0.120 0.0495
6 0.124 0.0500 0.114 0.0459 0.124 0.0403
7 0.122 0.0490 0.112 0.045 7 0.122 0.0424
8 0.119 0.0476 0.114 0.0430 0.119 0.0380
9 0.122 0.0453 0.111 0.0374 0.122 0.0355
10 0.125 0.0404 0.113 0.0376 0.125 0.0292
11 0.122 0.0397 0.112 0.0362 0.122 0.0269
12 0.119 0.0394 0.115 0.0317 0.119 0.0261
13 0.121 0.0386 0.112 0.0280 0.121 0.0223
14 0.121 0.0369 0.112 0.0269 0.121 0.0209
15 0.115 0.0372 0.113 0.0276 0.115 0.0211
16 0.115 0.0368 0.111 0.0272 0.115 0.0197
17 0.120 0.0370 0.112 0.0258 0.120 0.0177
18 0.117 0.0363 0.111 0.0256 0.117 0.0162
19 0.116 0.0366 0.110 0.0260 0.116 0.0165
20 0.118 0.0370 0.111 0.0262 0.118 0.0161
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TABLE 3

CALCULATED RESULTS, VARIABLE CYCLE TIME 

(CONCENTRATIONS IN MOLES NaCl/LITER)

Half-Cycle
Time

(Minutes) 24 36 48

Cycle
No.

Top
Product

Bottom
Product

Top
Product

Bottom
Product

Top
Product

Bottom
Product

1 0.1000 0.0812 0.1000 0.0799 0.1000 0.0792
2 0.1085 0.0728 0.1096 0.0733 0.1103 0.0689
3 0.1133 0.0662 0.1150 0.0627 0.1161 0.0605
4 0.1159 0.0612 0.1181 0.0568 0.1194 0.0541
5 0.1171 0.0572 0.1195 0.0521 0.1211 0.0489
6 0.1172 0.0.539 0.1198 0.0482 0.1215 0.0446
7 0.1167 0.0511 0.1195 0.0449 0.1213 0.0410
8 0.1161 0.0487 0.1187 0.0421 0.1206 0.0379
9 0.1152 0.0466 0.1178 0.0397 0.1196 0.0352

10 0.1144 0.0448 0.1168 0.0376 0.1186 0.0330
11 0.1135 0.0432 0.1159 0.0358 0.1175 0.0310
12 0.1127 0.0419 0.1150 0.0342 0.1165 0.0292
13 0.1120 0.0407 0.1141 0.0328 0.1155 0.0277
14 0.1114 0.0396 0.1133 0.0316 0.1147 0.0264
15 0.1108 0.0387 0.1126 0.0305 0.1139 0.0252
16 0.1103 0.0378 0.1120 0.0295 0.1131 0.0242
17 0.1098 0.0371 0.1114 0.0287 0.1125 0.0233
18 0.1094 0.0365 0.1109 0.0279 0.1119 0.0225
19 0.1090 0.0359 0.1104 0.0273 0.1114 0.0218
20 0.1087 0.0354 0.1100 0.0267 0.1109 0.0212
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TABLE 4

CALCULATED BOTTOM PRODUCT CONCENTRATIONS 

VARIABLE CYCLE TIME 

(CONCENTRATIONS IN MOLES NaCl/LITER)

Half-Cycle
Time

(Minutes)

Hycle
No.

24 36 48 60 120 180

1 0.0812 0.0799 0.0792 0.0788 0.0777 0.0773
2 0.0728 0.0703 0.0688 0.0678 0.0654 0.0644
3 0.0662 0.0630 0.0605 0.0540 0.0554 0.0538
4 0.0612 0.0568 0.0541 0.0522 0.0475 0.0454
5 0.0572 0.0521 0.0489 0.0466 0.0410 0.0386
10 0.0448 0.0376 0.0330 0.0297 0.0217 0.0184
15 0.0387 0.0305 0.0252 0.0216 0.0129 0.0096
20 0.0354 0.0267 0.0212 0.0173 0.0085 0.0055
25 0.0336 0.0247 0.0190 0.0151 0.0063 0.0035
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C. Effect of Bottom Product Withdrawal Rate, (/>„___________________________________________ lj

In equilibrium parametric pump operation, increasing bottom

product withdrawal rate to the point where (j) = b marks the
B B

transition from Region I to Region II. In Region I, bottom product 

concentration is independent of cp and is seen to be a monotoni- 

cally decreasing function with cycle number (see Figure A-2). In 

Region II, however, the bottom product concentration is minimized 

after a number of cycles before a steadily increasing concentra­

tion characterizes the lean product concentration performance curve 

(Figure A-2). On Appendix II of this work, an explanation of this 

phenomenon is given in terms of concentration front penetration 

length, equilibrium operation being characterized by the movement 

of sharply defined wave fronts along the column’s axial length.

In essence, if hot half-cycle concentration front penetration is 

exceeded by cold half-cycle concentration front penetration, solute 

tends to migrate toward the lean end of the column, disrupting 

separation and producing the degenerating separation characterizing 

equilibrium Region II (Figure A-2).

There are no sharply defined wave fronts along the axis of a 

non-equilibrium adsorption column. Axial concentration gradients 

are continuous, smooth, and their shape is time-dependent as well. 

However, penetration theory may also apply, in a qualitative sense, 

to the non-equilibrium case. If, on the average, downward movement 

of solute along the column’s axial length is greater during the 

cold half-cycle than upward movement of solute on the hot half-cycle,
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solute will tend to migrate toward the bottom of the column, having 

the same disruptive effect on separation as in the Region II 

equilibrium case. The bottom product withdrawal rate, (j)̂, is the 

principal variable affecting the relative movement of liquid along 

the column axis between the hot and cold half-cycles since the 

velocities of the cold and hot flowing fluid, respectively, are 

given by

Movement of solute is affected by the rate of interphase mass trans­

fer as well as fluid velocity (bulk flow), but it will be shown that

effect on separation.

The next series of experimental runs were designed to examine

this effect. Table 5 summarizes the experimental conditions for a

series of experimental runs where, for a given column height and

reservoir displacement, the bottom product rate was varied across a

wide range (0.04 - - 0.28). The experimental results are givenB
in Table 6 and calculated results for the same conditions are given 

in Table 7.

For the first group of runs, at 90 cm. column height, operating 

parameters were chosen such that column operation matched the re­

quirements for equilibrium Region I and II, that is L^<h, and 

I^h, if equilibrium operation could be obtained. In addition, for

(67)

and
(68)

the bottom product withdrawal rate, has the above describedB
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TABLE 5

EXPERIMENTAL CONDITIONS FOR RUNS WITH VARIABLE BOTTOM 

PRODUCT WITHDRAWAL RATE 

(LONG COLUMN)

Operating Variable Value

Hot Temperature 343° K

Cold Temperature 278° K

Reservoir Displacement 25 cm3

Feed Rate Ratio D i 0.400

Dead Volume 4.5 cm3

Feed Composition 0.100 moles

Column Height 90 cm

Half-Cycle Time 24 min.
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TABLE 6

EXPERIMENTAL RESULTS, VARIABLE 

BOTTOM PRODUCT RATE, LONG COLUMN 

(CONCENTRATIONS IN MOLES NaCl/LITER)

Bottom Product 
Withdrawal
Ratio 0.04 0.16 0.28

Cycle Top Bottom Top Bottom Top Bottom
No. Product Product Product Product Product Product

1 0.100 0.0935 0.100 0.0824 0.100 0.0908
2 0.106 0.0717 0.114 0.0752 0.119 0.0787
3 0.105 0.0648 0.115 0.0692 0.122 0.0727
4 0.113 0.0566 0.120 0.0655 0.130 0.0738
5 0.120 0.0521 0.127 0.0719 0.131 0.0718
6 0.124 0.0500 0.128 0.0724 0.133 0.0723
7 0.122 0.0490 0.123 0.0733 0.134 0.0784
8 0.119 0.0476 0.127 0.0727 0.136 0.0811
9 0.122 0.0453 0.127 0.0708 0.136 0.0816

10 0.125 0.0404 0.127 0.0721 0.136 0.0817
11 0.122 0.0397 0.127 0.0731 0.136 0.0822
12 0.119 0.0394 0.125 0.0732 0.135 0.0821
13 0.121 0.0386 0.125 0.0716 0.136 0.0823
14 0.121 0.0369 0.127 0.0703 0.133 0.0824
15 0.115 0.0372 0.125 0.0682 0.135 0.0826
16 0.115 0.0368 0.126 0.0680 0.135 0.0832
17 0.120 0.0370 0.124 0.0655 0.134 0.0848
18 0.117 0.0363 0.126 0.0645 0.137 0.0847
19 0.116 0.0366 0.126 0.0621 0.133 0.0843
20 0.118 0.0370 0.125 0.0613 0.132 0.0849
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TABLE 7

CALCULATED RESULTS, VARIABLE 

BOTTOM PRODUCT RATE, LONG COLUMN 

(CONCENTRATIONS IN MOLES NaCl/LITER)

Bottom Product 
Withdrawal
Ratio 0.04 0 .16 0.28

Cycle
No.

Top
Product

Bottom
Product

Top
Product

Bottom
Product

Top
Product

Bottom
Product

1 0.1000 0.0812 0.1000 0.0810 0.1000 0.0809
2 0.1085 0.0728 0.1093 0.0744 0.1096 0.0761
3 0.1133 0.0662 0.1151 0.0740 0.1160 0.0741
4 0.1159 0.0612 0.1189 0.0675 0.1203 0.0740
5 0.1171 0.0572 0.1213 0.0660 0.1233 0.0748
6 0.1172 0.0539 0.1228 0.0651 0.1254 0.0759
7 0.1167 0.0511 0.1238 0.0645 0.1269 0.0772
8 0.1161 0.0487 0.1244 0.0642 0.1281 0.0785
9 0.1152 0.0466 0.1248 0.0640 0.1289 0.0796

10 0.1144 0.0448 0.1250 0.0639 0.1295 0.0807
11 0.1135 0.0432 0.1252 0.0638 0.1300 0.0816
12 0.1127 0.0419 0.1253 0.0638 0.1304 0.0823
13 0.1120 0.0407 0.1253 0.0638 0.1307 0.0830
14 0.1114 0.0396 0.1254 0.0638 0.1310 0.0835
15 0.1108 0.0387 0.1254 0.0638 0.1312 0.0840
16 0.1103 0.0378 0.1254 0.0638 0.1314 0.0844
17 0.1098 0.0371 0.1254 0.0638 0.1315 0.0847
18 0.1094 0.0365 0.1254 0.0638 0.1316 0.0850
19 0.1090 0.0359 0.1254 0.0638 0.1317 0.0852
20 0.1087 0.0354 0.1254 0.0638 0.1318 0.0854
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these runs, fluid breakthrough from one end of the column to the 

other was precluded by the length of the column, i.e.,

Qt (1-<J> ) Qt (1-NJ) )
ejT ~  < — i r -  < h - (69)

From the graphical representation of the experimental data on 

Figure 10, it is apparent that the same qualitative behavior exists 

in the non-equilibrium case. For low bottom product withdrawal rates 

(tj) =0.04) the bottom product concentration curve has a monotonically 

decreasing character, matched, within reason, by the behavior pre­

dicted by the computational model. For high bottom product with­

drawal rates (cj)g=0.28) the characteristic degenerating separation 

is the case both theoretically and experimentally.

Figure 11 shows calculated concentration curves for the oper­

ating conditions outlined on Table 5, where lean product concentra­

tion is plotted against number of cycles of operation at various 

bottom product withdrawal ratios. The calculated data are given on 

Table 8. The curves show a minimum in bottom product concentration

first appearing at <J> =0.20 at the seventh cycle of operation. NoB
such minimum appears for (j) =0.16, at least in the first twenty-fiveB
cycles of operation. These curves indicate that a gradual transi­

tion from monotonically decreasing bottom product concentration to 

a performance curve containing a minimum is obtained by increasing 

bottom product withdrawal rate. They also show, qualitatively at 

least, that non-equilibrium behavior is analogous to equilibrium 

behavior as far as lean product withdrawal ratio is concerned.
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TABLE 8

CALCULATED BOTTOM PRODUCT CONCENTRATIONS 

VARIABLE BOTTOM PRODUCT WITHDRAWAL RATE 

LONG COLUMN 

(CONCENTRATIONS IN MOLES NaCl/LITER)

Bottom Product 
Withdrawal
Ratio 0.04 0.08 0.12 0.16 0.20 0.24 0.28

Cycle
No.

1 0.0812 0.0811 0.0811 0.0810 0.0810 0.0809 0.0809
2 0.0728 0.0733 0.0736 0.0744 0.0749 0.0754 0.0761
3 0.0662 0.0675 0.0690 0.0700 0.0713 0.0726 0.0741
4 0.0612 0.0634 0.0655 0.0675 0.0695 0.0715 0.0739
5 0.0572 0.0602 0.0633 0.0660 0.0690 0.0715 0.0748
6 0.0539 0.0578 0.0614 0.0651 0.0685 0.0719 0.0759
7 0.0511 0.0558 0.0601 0.0645 0.0685 0.0726 0.0772
8 0.0487 0.0541 0.0592 0.0642 0.0687 0.0733 0.0785
9 0.0466 0.0528 0.0584 0.0640 0.0695 0.0740 0.0796

10 0.0448 0.0516 0.0578 0.0639 0.0703 0.0747 0.0807
15 0.0387 0.0477 0.0552 0.0638 0.0727 0.0770 0.0840
20 0.0354 0.0457 0.0543 0.0638 0.0738 0.0781 0.0854
25 0.0336 0.0447 0.0531 0.0638 0.0742 0.0786 0.0859
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Concentration profiles within the adsorbing column calculated 

via solution of the model equations illustrate the effect of bottom 

product withdrawal rate on separation. Figure 12 shows liquid con­

centrations in the column versus time at the top midpoint, and 

bottom of the adsorbing column for the lower bottom product with­

drawal rate (cj) =0.04). A steadily decreasing liquid phase concen- 

tration throughout the column length is predicted by the model, 

showing a net movement of solute toward the concentrated end of the 

adsorbing column.

The solid-phase axial concentration profile at the end of each 

half-cycle is shown on Figure 13, where each division of the ordi­

nate represents the entire column length. With each succeeding 

cycle of operation, the average solid concentration for the hot 

half-cycle has decreased steadily as indicated by the downward dis­

placement of each hot half-cycle concentration profile, indicating 

a net movement of solute out of the system in the concentrated 

product.

The same series of curves for the higher bottom product with­

drawal rate (cj) =0.24) is presented in Figures 14 and 15. From B
Figure 14, the liquid phase concentration at the column ends and 

midpoint indicate a developing net movement of solute toward the 

lean end of the column, rather than toward the concentrated end.

The liquid contained within the column volume is apparently accumu­

lating solute with time. The same is true for the solid phase, as 

shown in Figure 15. Here the solid phase concentration is increasing
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with time along the entire column length. Figure 15 is identical 

in construction to Figure 13.

The next series of experimental runs were designed to demon­

strate the effect of total liquid displacement and column length on 

separation of solute into lean and concentrated products. The re­

sults show that it is the relative fluid displacement between cold 

and hot half-cycles, rather than total displacement relative to 

column length, that marks the transition between steadily increasing 

separation and steadily degrading separation. Operating parameters 

were again chosen with reference to the equilibrium theory of oper­

ation for comparison purposes.

It is apparent from comparing equations (67) and (68) with 

equations (A-8) and (A-9) that the penetration length for the lead­

ing equilibrium theory wave front lags behind total fluid displace­

ment by the factor (1-b)/(l+mo) for the cold half-cycle and by 

(1+b)/(l+mo) for the hot half-cycle. Therefore, equation (69) need 

not apply, although(A-17) or (A-18) do, to remain within Region I or II 

for equilibrium operation. For the first set of runs, discussed 

above, both (69) and (A-17) or (A-18) were true. However, at the 

operating conditions described on Table 9, with a 60 cm column 

length and 25 cm3 reservoir displacement, in contrast with (69),

Qt (l-Hj) ) Qt (1-40
-TT- 5 -JT- >h <7t»

although, if equilibrium conditions were possible, it was still
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TABLE 9

EXPERIMENTAL CONDITIONS FOR RUNS WITH VARIABLE 

BOTTOM PRODUCT WITHDRAWAL RATE 

(MEDIUM COLUMN)

Operating Variable 

Hot Temperature 

Cold Temperature 

Reservoir Displacement 

Feed Rate Ratio (<|> -Hf> )D 1
Dead Volume 

Feed Composition 

Column Height 

Half-Cycle Time

Value

343° K 

228° K 

25 cm3 

0.400 

4.5 cm3

0.100 moles NaCl/liter 

60 cm 

24 min.
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true that L^<h and l^h. The experimental results are summarized 

on Table 10 and appear graphically along with the performance pre­

dicted by the model equations (given on Table 11) in Figure 16. 

Again, a reasonable fit of the model to the experimental data is 

obtained and the same qualitative behavior shows up. For low bottom 

product withdrawal rates (4> =0.08) a steadily decreasing bottom 

product concentration is shown to exist, but a high bottom product

withdrawal rates (()> =0.24), a minimum in bottom product concentra-b
tion exists and separation is seen to degrade thereafter with in­

creasing number of cycles.

The model equations were then applied to the operating condi­

tions summarized on Table 9 to generate performance curves for the 

bottom product concentration at various values of <j) , which areD

shown on Table 12. Figure 17 shows that performance is similar to 

that obtained with the previous set of operating conditions. Irre­

spective of column length relative to liquid displacement, a gradual 

transition from steadily improving separation to steadily degrading 

separation is noted with the concentration minimum first appearing

within the first 25 cycles of operation at (|) =0.20.J3

The internal operation of the adsorbant system remains qualita­

tively the same as for the previous set of operating conditions. 

Figure 18 gives the liquid phase concentration curves at the top, 

midpoint, and bottom of the adsorbing column at (J) =0.08. Again theD
liquid phase solute concentration along the column length is seen
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TABLE 10

EXPERIMENTAL RESULTS, VARIABLE BOTTOM PRODUCT 

RATE, MEDIUM COLUMN 

(CONCENTRATIONS IN MOLES NaCl/LITER)

Bottom Product 
Withdrawal
Ratio 0.08 0.16 0.24

]ycle
No.

Top
Product

Bottom
Product

Top
Product

Bottom
Product

Top
Product

Bottom
Producl

1 0.100 0.086 0.100 0.087 0.100 0.084
2 0.109 0.072 0.110 0.077 0.107 0.088
3 0.114 0.080 0.116 0.074 0.118 0.071
4 0.122 0.071 0.117 0.071 0.123 0.079
5 0.189 0.064 0.116 0.074 0.124 0.074
6 0.112 0.066 0.118 0.075 0.129 0.076
7 0.114 0.060 0.120 0.071 0.137 0.078
8 0.112 0.062 0.117 0.073 0.137 0.079
9 0.113 0.062 0.123 0.075 0.137 0.083

10 0.113 0.062 0.122 0.074 0.138 0.084
11 0.113 0.065 0.121 0.077 0.137 0.085
12 0.115 0.068 0.120 0.077 0.135 0.084
13 0.116 0.066 0.122 0.077 0.136 0.085
14 0.113 0.057 0.124 0.075 0.139 0.086
15 0.110 0.055 0.120 0.071 0.138 0.087
16 0.114 0.052 0.120 0.067 0.138 0.085
17 0.112 0.158 0.122 0.070 0.136 0.084
18 0.112 0.059 0.122 0.068 0.134 0.083
19 0.113 0.059 0.121 0.069 0.136 0.084
20 0.111 0.060 0.121 0.068 0.130 0.083



68

TABLE 11

CALCULATED RESULTS, VARIABLE BOTTOM PRODUCT RATE, 

MEDIUM COLUMN 

(CONCENTRATIONS IN MOLES NaCl/LITER)

Bottom Product 
Withdrawal
latio 0.08 0.16 0.24

"ycle
No.

Top
Product

Bottom
Product

Top
Product

Bottom
Product

Top
Product

Bottom
Product

1 0.1000 0.0817 0.1000 0.0819 0.1000 0.0821
2 0.1088 0.0754 0.1092 0.0770 0.1095 0.0787
3 0.1136 0.0709 0.1147 0.0740 0.1156 0.0773
4 0.1156 0.0678 0.1171 0.0725 0.1192 0.0773
5 0.1160 0.0656 0.1191 0.0716 0.1214 0.0777
6 0.1158 0.0639 0.1198 0.0711 0.1228 0.0783
7 0.1153 0.0625 0.1201 0.0708 0.1237 0.0789
8 0.1147 0.0615 0.1202 0.0706 0.1243 0.0794
9 0.1142 0.0606 0.1202 0.0704 0.1247 0.0799
10 0.1138 0.0599 0.1202 0.0703 0.1250 0.0803
11 0.1134 0.0593 0.1201 0.0702 0.1252 0.0806
12 0.1130 0.0588 0.1201 0.0701 0.1254 0.0808
13 0.1127 0.0584 0.1201 0.0701 0.1256 0.0810
14 0.1125 0.0581 0.1201 0.0701 0.1257 0.0812
15 0.1123 0.0578 0.1200 0.0700 0.1258 0.0813
16 0.1121 0.0576 0.1200 0.0699 0.1258 0.0814
17 0.1120 0.0574 0.1200 0.0699 0.1259 0.0815
18 0.1119 0.0573 0.1200 0.0699 0.1259 0.0816
19 0.1118 0.0571 0.1200 0.0699 0.1259 0.0816
20 0.1117 0.0570 0.1200 0.0699 0.1260 0.0817
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TABLE 12

CALCULATED BOTTOM PRODUCT CONCENTRATIONS 

VARIABLE BOTTOM PRODUCT WITHDRAWAL RATE 

MEDIUM COLUMN 

(CONCENTRATIONS IN MOLES NaCl/LITER)

Bottom Product 
Withdrawal
tatio 0.04 0.08 0.12 0.16 0.20 0.24 0.28

"ycle
No.

1 0.0817 0.0817 0.0818 0.0819 0.0820 0.0821 0.0822
2 0.0746 0.0754 0.0762 0.0770 0.0778 0.0787 0.0796
3 0.0692 0.0709 0.0725 0.0740 0.0757 0.0773 0.0792
4 0.0653 0.0678 0.0702 0.0725 0.0749 0.0773 0.0799
5 0.0623 0.0656 0.0683 0.0716 0.0747 0.0777 0.0811
6 0.0599 0.0639 0.0675 0.0711 0.0748 0.0783 0.0822
7 0.0580 0.0625 0.0667 0.0708 0.0750 0.0789 0.0833
8 0.0564 0.0615 0.0661 0.0706 0.0752 0.0794 0.0842
9 0.0551 0.0606 0.0656 0.0704 0.0753 0.0799 0.0849
10 0.0540 0.0599 0.0652 0.0703 0.0755 0.0803 0.0855
15 0.0590 0.0578 0.0641 0.0700 0.0760 0.0813 0.0871
20 0.0496 0.0570 0.0637 0.0699 0.0762 0.0817 0.0875
25 0.0491 0.0567 0.0635 0.0699 0.0762 0.0818 0.0877
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to decrease uniformly from cycle to cycle showing a net removal of 

solute to the concentrated end of the column. The same is true for 

the solid phase concentration as seen in Figure 19, which has an 

identical construction to Figures 13 and 15. Here solid phase con­

centration throughout the adsorbant column decreases with time show­

ing a net rejection of solids from the system to the concentrated 

product.

For cj) =0.24, however, the obverse is true. In the liquid phase, 

as seen in Figure 20, a gradual buildup of solute develops after the 

first cycle of operation and, by the fourth cycle, has reached the 

column bottom, and the steadily degenerating separation found in the 

earlier set of runs appears. Figure 21 shows the solid phase solute 

concentration in the same manner as Figure 19. Again, solute ac­

cumulates on the solid adsorbant with increasing number of cycles 

rather than being rejected with the concentrated product.

This series of experimental runs, designed to investigate the 

effect of total liquid displacement and column length on separation, 

was continued by moving column operation into a region operationally 

equivalent to equilibrium theory Region III. Here column length 

was reduced to 30 cm, so that, if equilibrium operation were pos­

sible, L^>h and I^h. In equilibrium theory operation, the char­

acteristic shape of the separation curves is not affected by the 

relative lengths of concentration front penetrations, i.e., no 

minimum in lean product concentration appears even though L  ̂> L^. 

However, in the non-equilibrium case, the appearance of the
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minimum occurs even under these operating conditions. In short, the

only factor influencing the characteristic shape (minimum or no

minimum) of the performance curve for bottom product concentration

is the bottom product flow ratio, ())„.
15

The experimental conditions are summarized on Table 13 and the 

experimental results appear on Table 14. The experimental results 

are compared with the performance predicted by the model equations 

(Table 15) on Figure 22, again showing a reasonable fit of the model 

to the data and the same qualitative behavior indicated at longer 

column lengths. For cf) =0.08, the lean product concentration de-D
creases with increasing number of cycles. At <|> =0.24, a minimum in

15

lean product concentration appears early and the degenerating level 

of separation continues thereafter.

The model equations predict the same behavior for operation 

with the short column. Figure 23 shows the calculated dependence 

of lean product concentration on bottom product withdrawal rate 

given on Table 16, indicating that the minimum in lean product con­

centration first appears between (J) =0.16 and <j) =0.20, the same
D 15

behavior as with the longer columns. At (j) =0.08, Figure 24 shows
15

that liquid phase solute concentration throughout the column length 

decreases with increasing number of cycles and Figure 25 shows that

the same holds true for the solid phase. However, at (f> =0.24,D
Figures 26 and 27 show that solute accumulates in the adsorbant 

column with time in both liquid and solid phases as was the case 

with the longer columns.
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TABLE 13

EXPERIMENTAL CONDITIONS FOR RUNS WITH VARIABLE 

BOTTOM PRODUCT WITHDRAWAL RATE 

(SHORT COLUMN)

Operating Variable

Hot Temperature

Cold Temperature

Reservoir Displacement

Feed Rate Ratio (()>„+(() )
15 1

Dead Volume 

Feed Composition 

Column Height 

Half-Cycle Time

Value

343° K 

278° K 

25 cm3 

0.400

4.5 cm3

0.100 moles NaCl/liter 

30 cm 

24 min.
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TABLE 14

EXPERIMENTAL RESULTS, VARIABLE BOTTOM PRODUCT RATE,

SHORT COLUMN 

(CONCENTRATIONS IN MOLES NaCl/LITER)

Bottom Product 
Withdrawal
Ratio 0.08 0.16 0.24

]ycle
No.

Top
Product

Bottom
Product

Top
Product

Bottom
Product

Top
Product

Bottom
Product

1 0.100 0.090 0.100 0.092 0.100 0.088
2 0.109 0.092 0.107 0.094 0.105 0.095
3 0.111 0.086 0.107 0.087 0.108 0.091
4 0.106 0.080 0.107 0.083 0.109 0.094
5 0.104 0.075 0.109 0.081 0.106 0.088
6 0.102 0.080 0.106 0.083 0.110 0.086
7 0.104 0.077 0.109 0.085 0.107 0.085
8 0.106 0.075 0.106 0.082 0.108 0.086
9 0.104 0.074 0.107 0.086 0.107 0.088

10 0.106 0.073 0.112 0.086 0.109 0.089
11 0.104 0.072 0.112 0.087 0.118 0.088
12 0.102 0.071 0.109 0.087 0.109 0.092
13 0.108 0.073 0.110 0.086 0.108 0.088
14 0.105 0.071 0.111 0.087 0.108 0.088
15 0.106 0.073 0.110 0.087 0.106 0.088
16 0.103 0.071 0.109 0.086 0.108 0.092
17 0.106 0.070 0.111 0.087 0.107 0.092
18 0.103 0.072 0.108 0.086 0.106 0.095
19 0.107 0.072 0.106 0.085 0.108 0.094
20 0.111 0.070 0.105 0.086 0.106 0.093
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TABLE 15

CALCULATED RESULTS, VARIABLE BOTTOM PRODUCT RATE,

SHORT COLUMN 

(CONCENTRATIONS IN MOLES NaCl/LITER)

Bottom Product 
Withdrawal
Ratio 0.08 0. 16 0. 24

Cycle 
No.

Top
Product

Bottom
Product

Top
Product

Bottom
Product

Top
Product

Bottom
Product

1 0.1000 0.0862 0.1000 0.0867 0.1000 0.0871
2 0.1073 0.0830 0.1081 0.0847 0.1088 0.0865
3 0.1089 0.0809 0.1108 0.0837 0.1126 0.0865
4 0.1086 0.0797 0.1116 0.0833 0.1141 0.0870
5 0.1081 0.0788 0.1117 0.0831 0.1150 0.0875
6 0.1075 0.0782 0.1117 0.0830 0.1154 0.0879
7 0.1071 0.0778 0.1116 0.0830 0.1157 0.0881
8 0.1068 0.0775 0.1116 0.0829 0.1160 0.0883
9 0.1065 0.0772 0.1116 0.0829 0.1161 0.0885
10 0.1064 0.0771 0.1115 0.0828 0.1162 0.0886
11 0.1062 0.0769 0.1115 0.0828 0.1163 0.0887
12 0.1061 0.0769 0.1115 0.0828 0.1164 0.0887
13 0.1061 0.0768 0.0115 0.0828 0.1164 0.0888
14 0.1060 0.0767 0.1115 0.0828 0.1164 0.0888
15 0.1060 0.0767 0.1115 0.0828 0.1165 0.0888
16 0.1059 0.0767 0.1115 0.0828 0.1165 0.0888
17 0.1059 0.0767 0.1115 0.0828 0.1165 0.0888
18 0.1059 0.0766 0.1115 0.0828 0.1165 0.0888
19 0.1059 0.0766 0.1115 0.0828 0.1165 0.0888
20 0.1059 0.0766 0.1115 0.0828 0.1165 0.0888
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TABLE 16

CALCULATED BOTTOM PRODUCT CONCENTRATIONS 

VARIABLE BOTTOM PRODUCT WITHDRAWAL RATE 

MEDIUM COLUMN 

(CONCENTRATIONS IN MOLES NaCl/LITER)

Bottom Product 
Withdrawal
latio 0.04 0.08 0.12 0.16 0.20 0.24 0.28

"ycle
No.

1 0.0860 0.0862 0.0865 0.0867 0.0869 0.0871 0.0873
2 0.0819 0.0830 0.0839 0.0847 0.0853 0.0865 0.0867
3 0.0785 0.0809 0.0821 0.0837 0.0847 0.0865 0.0869
4 0.0772 0.0797 0.0811 0.0833 0.0850 0.0870 0.0877
5 0.0763 0.0788 0.0798 0.0831 0.0853 0.0875 0.0880
10 0.0743 0.0771 0.0782 0.0828 0.0857 0.0886 0.0890
15 0.0732 0.0767 0.0798 0.0828 0.0857 0.0888 0.0890
20 0.0730 0.0766 0.0796 0.0828 0.0857 0.0888 0.0890
25 0.0730 0.0766 0.0796 0.0828 0.0857 0.0888 0.0890
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The effect of column height on separation is summarized on

Table 17 and Figure 28. Here, lean product concentration is shown

as a function of cycle number and column height for =0.08 and
13

=0.24. The characteristic shape of the curve is not changed by
D

decreasing column length but is strongly affected by bottom product 

withdrawal rate.

D. Effect of Reservoir Displacement, Qt

A final series of experiments were conducted at $ =0.04 for var-
D

ious reservoir displacements holding the column length constant at 

90 cm. The operating conditions are summarized on Table 18 and the 

experimental results appear on Table 19. Figure 29 compares the 

experimental results with the model equations and shows a good 

agreement between experimental and predicted results. Figure 30 

shows the effect of reservoir displacement on separation from the 

calculated results appearing on Table 20. Here lean product concen­

tration is shown as a function of cycle number and reservoir dis­

placement for c|> =0.04 and 0.24. Again, reservoir displacement doesD
not determine whether or not a minimum in lean product concentration 

will occur but bottom product withdrawal rate does.

Sweed has reported an interesting aspect of batch non­

equilibrium parametric pump operation. He has shown that the ulti­

mate separation factor, defined as the ratio of top product solute 

concentration to bottom product solute concentration after many 

cycles of operation is maximized at a particular value of reservoir 

displacement. For his direct mode batch parametric pumps, the
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TABLE 17

CALCULATED BOTTOM PRODUCT CONCENTRATIONS

VARIABLE COLUMN LENGTH
=0.40, QT=25cm3, t=24 min.

I  B

(CONCENTRATIONS IN MOLES NaCl/LITER)

VB = 0.08 0.24

Column
leight

3ycle
No.

30 60 90 30 60 90

1 0.0862 0.0817 0.0811 0.0871 0.0821 0.0809
2 0.0830 0.0754 0.0733 0.0865 0.0787 0.0754
3 0.0809 0.0709 0.0675 0.0865 0.0773 0.0726
4 0.0897 0.0678 0.0634 0.0870 0.0273 0.0715
5 0.0788 0.0656 0.0602 0.0875 0.0777 0.0715
6 0.0782 0.0639 0.0578 0.0879 0.0783 0.0719
7 0.0778 0.0625 0.0558 0.0881 0.0789 0.0726
8 0.0775 0.0615 0.0541 0.0883 0.0794 0.0733
9 0.0772 0.0606 0.0528 0.0885 0.0799 0.0740

10 0.0771 0.0599 0.0516 0.0886 0.0803 0.0747
15 0.0767 0.0578 0.0477 0.0888 0.0813 0.0770
20 0.0766 0.0570 0.0457 0.0888 0.0817 0.0781
25 0.0766 0.0567 0.0447 0.0888 0.0818 0.0786
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TABLE 18

EXPERIMENTAL CONDITIONS FOR RUNS WITH 

VARIABLE RESERVOIR DISPLACEMENT

Operating Variable

Hot Temperature

Cold Temperature

Half-Cycle Time

Feed Rate Ratio ((ĵ +cjO
d 1

Bottom Product Withdrawal (cf) )D
Dead Volume 

Feed Composition 

Column Height

Value

343° K 

278° K 

24 min.

0.400 

0.040

4.5 cm3

0.100 moles naCl/liter 

90 cm
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TABLE 19

EXPERIMENTAL RESULTS, VARIABLE RESERVOIR DISPLACEMENT,

LONG COLUMN 

(CONCENTRATIONS IN MOLES NaCl/LITER)

Reservoir 
Displace­
ment (cm3) 25 35 45

Cycle Top Bottom Top Bottom Top Bottom
No. Product Product Product Product Product Product

1 0.100 0.0930 0.100 0.0851 0.100 0.0890
2 0.110 0.0727 0.113 0.0769 0.117 0.0870
3 0.112 0.0768 0.120 0.0687 0.122 0.0735
4 0.116 0.0600 0.188 0.0620 0.120 0.0648
5 0.112 0.0580 0.123 0.0640 0.124 0.0671
6 0.115 0.0560 0.120 0.0617 0.122 0.0592
7 0.119 0.0500 0.121 0.0499 0.125 0.0585
8 1.121 0.0498 0.127 0.0519 0.130 0.0581
9 0.118 0.0495 1.120 0.0493 0.124 0.0609

10 0.112 0.0475 0.121 0.0495 0.128 0.0593
11 0.113 0.0413 0.117 0.0450 0.127 0.0542
12 0.117 0.0399 0.119 0.0492 0.123 0.0590
13 0.118 0.0383 0.123 0.0486 0.128 0.0585
14 0.112 0.0390 0.120 0.0463 0.126 0.0590
15 0.117 0.0377 0.119 0.0472 0.128 0.0580
16 0.118 0.0368 0.120 0.0461 0.122 0.0583
17 0.112 0.0376 0.119 0.0455 0.124 0.0581
18 0.115 0.0365 0.116 0.0427 0.124 0.0579
19 0.108 0.0365 0.114 0.0421 0.120 0.0582
20 0.109 0.0366 0.110 0.0438 0.121 0.1577
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TABLE 20

CALCULATED BOTTOM PRODUCT CONCENTRATIONS

VARIABLE RESERVOIR DISPLACEMENT
h=90cm, t=24 min. , 4> +4>„= 0.401*

(CONCENTRATIONS IN MOLES NaCl/LITER)

0.04 0.24

Reservoir
Displacement

Dycle
No.

25 35 45 25 35 45

1 0.0812 0.0809 0.0815 0.0809 0.0812 0.0822
2 0.0728 0.0727 0.0737 0.0754 0.0768 0.0787
3 0.0662 0.0667 0.0683 0.0725 0.0752 0.0779
4 0.0612 0.0624 0.0645 0.0715 0.0751 0.0782
5 0.0572 0.0590 0.0617 0.0715 0.0756 0.0789
6 0.0539 0.0563 0.0595 0.0719 0.0764 0.0796
7 0.0511 0.0541 0.0578 0.0726 0.0771 0.0802
8 0.0487 0.0523 0.0564 0.0733 0.0778 0.0808
9 0.0466 0.0508 0.0553 0.0740 0.0783 0.0812
10 0.0448 0.0496 0.0545 0.0747 0.0788 0.0815
15 0.0386 0.0458 0.0522 0.0770 0.0802 0.0823
20 0.0354 0.0443 0.0514 0.0781 0.0807 0.0825
25 0.0336 0.0437 0.0512 0.0786 0.0808 0.0826
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maximum separation appears to occur where the reservoir displace­

ment equals the column void volume. At reservoir displacements 

greater than the column void volume, separation diminishes because 

fluid breakthrough occurs from one end of the column to the other. 

The poorer separations at reservoir displacements less than the 

column void space are not explained.

Similar results have been obtained in the continuous case by 

using the model equations to calculate product concentrations at 

various reservoir displacements. Table 21 shows the conditions 

chosen for the calculations, where, all other variables held con­

stant, the reservoir displacement is made to change over the range 

45 cm3 to 5.0 cm3 for a 1.0 cm diameter by 90 cm long column (void 

volume = 27 cm3). The calculated results are shown in Table 22 and 

pictured graphically on Figures 31 and 32. The limiting condition 

at zero reservoir displacement is obtained by inference. At zero 

reservoir displacement and zero feed rate to the column, the res­

ervoir contents cannot change in composition, assuming diffusion is 

negligible. From Figure 32, it is apparent that the separation 

factor is maximized at a reservoir displacement of 10.0 cm3, about 

2/5 the column void space for the continuous non-equilibrium par­

ametric pump.

Table 23 shows the calculated parametric pump performance on 

a cycle-by-cycle basis, from which an interpretation of the above 

result can be derived. The steadily decreasing separation factor 

for QT>25cm3 is apparently due to breakthrough of solute from the 

concentrated to the lean end of the column during the cold half-
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TABLE 21

CONSTANT PARAMETERS FOR CALCULATION OF THE 

EFFECT OF RESERVOIR DISPLACEMENT ON SEPARATION

Operating Variable 

Hot Temperature, T^

Cold Temperature, T^

Half-Cycle Time, T 

Feed Rate Ratio, (<j) +<J) )1 D

Bottom Product Withdrawal ((JO
15

Dead Volume Ratio (CrT,=CTI)
1 D

Feed Composition 

Column Height

Value

343° K 

278° K 

24 min.

0.40

0.08

0.18

0.100 mole NaCl/liter 

90 cm
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TABLE 22

SEPARATION AS A FUNCTION OF RESERVOIR DISPLACEMENT

t=24 min. , cf) = 0.32, cb =0.08, h=90 cm, n=cycles 
T  B

Reservoir
Displacement

(cm3)

Steady State 
Product Concentration 
_____ (mole/1.)_______
_T°E_ Bottom

Separation
Factor

(<YTP2> /<YBP2> n n

5 0.1218 0.0351 3.47

10 0.1201 0.0310 3.87

15 0.1174 0.0342 3.43

20 0.1159 0.0394 2.94

25 0.1151 0.0447 2.58

35 0.1127 0.0517 2.18

45 0.1103 0.0571 1.93
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TABLE 23

PRODUCT CONCENTRATIONS AS A FUNCTION OF CYCLE 

NUMBER AT VARIOUS RESERVOIR DISPLACEMENTS

Reservoir 
Displace­
ment (cm3) 5 10 15 20

Cycle
No. Top Bottom

1 0.1000 0.0838
2 0.1065 0.0777
3 0.1105 0.0728
4 0.1131 0.0688
5 0.1148 0.0656
6 0.1160 0.0628
7 0.1169 0.0603
8 0.1177 0.0582
9 0.1182 0.0563
10 0.1187 0.0546
15 0.1202 0.0479
20 0.1210 0.0434
25 0.1215 0.0400
30 0.1218 0.0374
35 0.1219 0.0361
40 0.1220 0.0356
45 0.1219 0.0353
50 0.1218 0.0351

Top Bottom To£

0.1000 0.0825 0.1000
0.1074 0.0755 0.1000
0.1120 0.0700 0.1129
0.1149 0.0656 0.1159
0.1168 0.0620 0.1179
0.1182 0.0589 0.1194
0.1192 0.0563 0.1203
0.1200 0.0540 0.1210
0.1206 0.0520 0.1214
0.1211 0.0502 0.1216
0.1223 0.0439 0.1212
0.1224 0.0399 0.1202
0.1221 0.0373 0.1193
0.1216 0.0353 0.1186
0.1212 0.0338 0.1181
0.1208 0.0327 0.1178
0.1204 0.0317 0.1176
0.1201 0.0310 0.1174

Bottom Top Bottom

0.0818 0.1000 0.0814
0.0743 0.1084 0.0736
0.0685 0.1134 0.0678
0.0639 0.1166 0.0635
0.0602 0.1186 0.0601
0.0572 0.1198 0.0574
0.0547 0.1204 0.0551
0.0526 0.1207 0.0533
0.0508 0.1207 0.0517
0.0492 0.1205 0.0504
0.0438 0.1191 0.0458
0.0405 0.1179 0.0432
0.0385 0.1171 0.0416
0.0369 0.1166 0.0406
0.0358 0.1163 0.0400
0.0351 0.1161 0.0397
0.0346 0.1160 0.0395
0.0342 0.1159 0.0394
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TABLE 23 (Cont'd)

PRODUCT CONCENTRATIONS AS A FUNCTION OF CYCLE 

NUMBER AT VARIOUS RESERVOIR DISPLACEMENTS

25 35 45

122. Bottom

0.1000 0.0811 0.1000
0.1087 0.0733 0.1091
0.1139 0.0678 0.1143
0.1170 0.0640 0.1167
0.1186 0.0606 0.1175
0.1194 0.0581 0.1175
0.1196 0.0561 0.7171
0.1194 0.0544 0.1166
0.1191 0.0530 0.1160
0.1187 0.0518 0.1155
0.1169 0.0478 0.1138
0.1157 0.0458 0.1130
0.1151 0.0447 0.1127

Bottom Top. Bottom

0.0812 0.1000 0.0816
0.0739 0.1094 0.0751
0.0690 0.1139 0.0707
0.0655 0.1153 0.0677
0.0629 0.1154 0.0654
0.0609 0.1148 0.0637
0.0592 0.1142 0.0624
0.0579 0.1135 0.0613
0.0568 0.1129 0.0605
0.0560 0.1124 0.0600
0.0533 0.1110 0.0580
0.0522 0.1105 0.0573
0.0517 0.1103 0.0571
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cycle. Figure 33 shows the bottom product concentration transient 

for the first five cycles of operation. There is clearly a change 

in the shape of the transient curves as the reservoir displacement 

decreases from 45 cm . For reservoir displacements both greater
3 3than 25 cm and less than 25 cm , the transient is initially less 

steep than the 25 cm3 curve. In the former case, solute break­

through has occurred; in the latter case, mass transfer resistance 

is greater due to lower fluid velocity.

However, as Figure 34 indicates, whereas the transient is 

always less steep for reservoir displacements greater than 25 cm3, 

the transient becomes steeper for the smaller reservoir displace­

ments beyond 5 cycles of operation. Obviously, where the reservoir 

displacement is less than the column void space, the fluid contained 

in the column has more than one "pass" across the adsorbant surface, 

which it undergoes on successive cold half-cycles. Since it has 

been shown earlier that a steadily decreasing solid and liquid phase 

concentration gradient exists in the column at the chosen value of 

bottom product withdrawal, c|> , it is clear that proportionately 

more solute can be transferred from the liquid to the solid as it 

is subject to more extensive contact with the liquid phase.

However, it has been pointed out that as reservoir displacement

(an hence, fluid velocity) is decreased, resistance to interphase
0.3mass transfer is increased since A is proportional to v ’ . At 

reservoir displacements less than 10 cm3, this effect is seen to 

predominate. Figures 35 through 38 show the liquid phase axial
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concentration gradient as a function of reservoir displacement 

after 1, 5, 10 and 25 cycles of operation for reservoir displace­

ments less than 25 cm3. Except for the column top where the driving 

force for mass transfer is greatest, the axial concentration
ogradient is reduced substantially at 5 cm reservoir displacement. 

Figure 39 is a representation of the solid phase concentration 

transient at the column mid-point at the end of the hot half cycle. 

Due to the substantial increase in mass transfer resistance at 

5 cm3 reservoir displacement, it is apparent that removal of solute 

from the solid on the hot half-cycle is markedly less effective. 

There are much less available sites for adsorption on the next 

half-cycle, i.e., the driving force for mass transfer to the solid 

for the cold half-cycle is reduced, in addition to the obvious in­

crease in mass transfer resistance due to lower velocities. The 

combination of these two effects work to reduce separation at this 

low reservoir displacement.
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SUMMARY OF CONCLUSIONS

A. The Theoretical Model

This work establishes the reliability of the model equations 

for predicting the behavior of continuous non-equilibrium para­

metric pumps. The model is based on the equations of change for 

the liquid-solid system with the diffusion term of negligible im­

portance, a liquid-film controlling mass transfer rate expression, 

and a linear equilibrium relation between the liquid and solid 

phases. Gregory had previously established the reliability of the 

same model equations for batch and semi-continuous parametric pumps.

This work further establishes the reliability of the method 

of characteristics for resolving the model equations into a set of 

four algebraic relations governing liquid boundary conditions and 

a set of two finite-difference expressions governing internal 

column operation. Gregory's study of batch and semi-continuous 

parametric pumps made use of a STOP-GO algorithm for solution of 

the internal equations and a set of material balance realtions for 

the external equations, which were particular to his experimental 

set-up.

There is little to choose between the two computational schemes. 

The method of characteristics is more fundamental, but may be less 

efficient computationally than the STOP-GO algorithm at longer half-
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cycle times, especially when the approach to equilibrium is 

close.

The agreement between the experimental results and the behavior 

predicted by the model equations is good. The qualitative differ­

ences between separations achieved under varying operating conditions 

is correctly predicted by the model equations. Investigation of 

internal pump operation using the model equations leads to meaning­

ful interpretation of the behavioral differences noted from experi­

ment to experiment.

B. Qualitative Behavior

This study examines the effect of cycle time, relative displace­

ment of fluid on cold and hot half-cycles of operation, and total 

fluid displacement relative to column volume on separation of a 

feed stream into two products, one lean and the other concentrated 

in solute. The following effects are noted:

1. Better separation, i.e., leaner bottom product and more 

concentrated top product, is achieved at longer half-cycle times. 

However, for the experimental system under study, which is charac­

terized by slow interphase mass transfer rates, half-cycle times in 

excess of four hours would be required to achieve equilibrium opera­

tion and, hence, maximum separations. Gregory had previously 

established the beneficial effect of longer half-cycle times on 

separation in his work with batch and semi-continuous operation.
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2. Poorer separation is achieved when the reservoir liquid 

displacement per half-cycle exceeds the liquid volume in the absorb- 

ant bed. Although a much wider range of relative displacements is 

studied in this work, this conclusion matches that of Gregory for 

his batch and semi-continuous operation.

3. Separation is greatly affected by the relative amounts of 

liquid fed to the adsorbant bed on the cold and hot half-cycles.

This work establishes the fact that sufficient fluid must be fed to 

the bed on the hot half-cycle to remove all the solute adsorbed on 

the bed during the previous cold half-cycle. When the above is true, 

a steadily improving separation is achieved with increasing number 

of cycles of operation. When an insufficient amount of fluid is 

delivered to the column on the hot half-cycle, separation improves 

momentarily but then soon degenerates to a steadily worsening sep­

aration due to accumulation of solute in both the liquid and solid 

portions of the adsorbant bed. This effect is found to depend on 

the relative amounts of hot and cold half-cycle displacement and

not at all on total displacement relative to column liquid volume. 

This phenomenon is not treated in earlier works.

The nature of the parametric pumping process is such that no 

simple relation exists which predicts what the relative displace­

ment of cold and hot half-cycle liquid must be to avoid the situa­

tion of worsening separation with time. The limiting lean product 

withdrawal rate is a complex function of position of equilibrium 

(a function of temperature and composition), resistance to
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interphase mass transfer (a function of temperature and fluid 

velocity), and the driving force for interphase mass transfer (a 

function of half-cycle time and temperature), among other factors. 

Prediction of the operability of a particular parametric pumping 

application, if it is characterized by slow mass transfer rates, 

must rely on evaluation of the individual mass transfer relation, 

equilibrium isotherms, and concentration region.

This aspect of parametric pumping operation has not been 

treated by other workers in the field and provides fertile ground 

for future research efforts.
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NOMENCLATURE

A cross-sectional area of solid bed (cm2) 

a constant defined by equation (68)

b constant defined by equation (72)

C dead volume ratio (dimensionless)

e error (dimensionless)

h height of adsorbant bed (cm)

i index for z-calculation

j index for t-calculation

k number of iteration

L penetration distance (cm)

M equilibrium constant, see equation (17)

m equilibrium constant, see equation (66)

N number of intervals

n cycle number

Q reservoir displacement rate (cm3/min)

R number of intervals

r index for time intervals

T temperature (°C)

t time (minutes)

constant defined by equation (A-5)

V dead volume, cm3

v fluid velocity (cm/min)



X soled-phase concentration•(m moles/gm)

Y liquid phase concentration (moles/liter)

Z axial distance (cm)

Greek Letters

a constant defined by equation (83)

8 constant defined by equation (83)

6 finite difference interval (min)

£ void space (dimensionless)

A mass transfer rate constant (min *)

y constant defined by equation (85)

p density (gm/cm3)

T half-cycle time (min)

<p product withdrawal flow ratio (dimensionless)

ip thermondyamic property

0) a frequency (min *)

Other Symbols and Subscripts 

<> average value

n cycle number

T top

B bottom

P product

0 initial condition

1 hot upflow half-cycle

2 cold downflow half-cycle

S solid phase
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APPENDIX I

COMPUTER PROGRAM FOR CONTINUOUS NON-EQUILIBRIUM 

PARAMETRIC PUMP SIMULATION

The following material is appended to this work to detail the 

computational operations discussed in the Theory Section. There 

follows, in order,

Table A-l, Nomenclature for Computer Program Input and 

Output

Exhibit A, The Computer Program 

Exhibit B, Sample Input

Exhibit C, Sample Output, First 5 Cycles of Operation 

Exhibit D, Sample Output Summary
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TABLE A-l

NOMENCLATURE FOR COMPUTER PROGRAM INPUT AND OUTPUT

Program
Symbol

N

Text
Symbol

NNZ m
NCASE —
NITER —

AM MoBM y

H h
TIME T
YO Yo
Q Qx
VT VT
VB VB
TEMPI T1
TEMP 2 T2
VOID e
AK2 32BK oc
AK1 31DENS psERR e
A —

PHOT
PHOB *B
VI
V2 V2DTI 61DT2 *2
YTP1 <yt:
YT2 YT2

Designation

number of cycles 
number of distance intervals 
number of cases to be run 
maximum number of iterations

constants in eq. (66) used to 
calculate equilibrium coefficients

column height 
half-cycle time 
feed concentration
reservoir displacement 
top reservoir dead volume
bottom reservoir dead volume
hot temperature
cold temperature

column void fraction

constants in eq. (64) used to calculate A

solid density
error limits on iteration
cross-sectional area of bed

top product flow ratio 
bottom product flow ratio

hot half-cycle fluid velocity
cold half-cycle fluid velocity
hot half cycle finite difference interval
cold half cycle finite difference interval

average top product concentration (hot) 
influent concentration at column top
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TABLE A-l (Cont * d)

Program Text
Symbol Symbol Designation

TIME t time (no. of intervals)
DIST Z distance (axial, no. of intervals)
YY Y fluid phase concentration
XX X solid phase concentration

M n cycle number
YTP2 <YTP2> average top product concentration (cold)
YBP2 <YBP2> average bottom product concentration (cold)
YBP1 <YBP1> average bottom product concentration (hot)
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E X H IB IT  C

'a
6 . <1253

9 2 
7 .54274

DTI

0 . 21549

nT2

0 ,

i

YTPl a . IOOOQE’ 03 YT2 0.100

T I ME D 1ST YY XX
€ 1 2 0 , 98?6?686E-04 0 . 12354767E-03

1 1C 0 .939626B6E-04 0.12354767E-03
1 1 P 0 . 7flS6?686E-04 0 . 12354767E-03

G 1 ? 6 3 . 9g962686E-04 0 , 12354767E-03
1 34 u , 909626866-04 0 . 12354767E-03
1 42 0 . 909626866-04 0 , 12354767E-03

€ 1 5C 0 , 98S6?686E-04 0 , 12354767E-03
1 59 0 . 909626866-04 0 . 12354767E-03
1 6 A C. 78?A?686E-04 0 . 12354767E-03

S T IMF D I ST y i XX
9 2 j  , 990A5320E-04 U.129760266-03
9 li. 0 . 921199096-04 0 . 12905868E-03

3 9 IP 0 . 9 2 1 19909F-04 0 . 12905868E-03
9 26 0 . 92119909E-04 0 . 129058686-03
9 3 4 0 .921199096-04 0. 12905868E-03

3 9 4 2 • , . 9 ? i i 9909F - 04 u , 12905868E-03
9 5 .. .9211 990 9^-04 0 . 12905868E-03
9 53 0 . 921199096-04 0 . 12905868E-03

0 9 AA C .92119909F-04 0 . 129058685-03
TIME D I ST Y Y XX

17 T 0 . 7 9 l 5 ; 8416 - 04 0 . 13536730E-03
t 17 1 J C . 7260g9 9 0F-fi4 0 . 133488116-03

17 19 r , 071071691-04 0 . 13293473E-03
17 26 0 .07207169E-04 0 . 13293473E-03

@ 17 34 0. 072071696-04 0 . 13293473E-03
17 42 0.071071696-04 0 . 13293473E-03
17 5,. t .  9720/ 1696-04 0 . 13793473E-03

f 17 58 b . 071 0 71696 -04 u . 1 3293473E-03
17 66 0 . 8720 / 1696-04 U. 13293473E-03

TIME DIST YY XX
3 29 2 u , 9 9 2 4 118 0E-04 0 . 140427796-03

29 10 0 . 934401176-04 0 . 137596686-03
25 1 9 j . 582013276-04 u. 13609737E-03
25 26 0. 812233916-04 0. 13566071E-03
25 3 4 n . 0 3922393*- -0 4 0 . 13566071E-03
25 42 0 . 03r>2?393E-O4 0 . 135660716-03

3 25 rji- 0 . 039223936-04 0 . 135660716-03
25 58 0 .039223936-04 0 . 13566071E-03
25 66 u .039223936-04 0 . 13066O71E-O3

*» TIME DIST i i XX
33 ,> 0 . 9911428 36-04 0 . 14499496E-03
33 l : 0 . 94015354P-04 0 . 14140584E-03

•* 33 18 0 . 89184220E-04 0 , 13911041E-O3
33 26 0 .049987576-04 0 . 137921676-03
33 34 0. 015426026-04 0 . 13/57727E-03
33 42 0 , 815426026-04 0, 13757727E-03
33 5o 0 ,«154?602F-U4 0. 13757727E-03
33 98 0 .012426O2E-O4 0 , 137577276-03
33 66 0 , 3l54?602F-O4 0 . 13757727E-03

TIME DIST YY XX
41 2 . 993 0410 96-0 4 0. 1 49H624E- 03

9 41 1 0 . *45 4 13196-04 0 , 14493513E-03
41 i  r . *nCl939 9c -04 0. 141998676-1)3

18357
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4 1 f. J
$ 41 34

41 42
41 5o

4 41 58
41 66

TIME DI ST
t 49 2

49 10
49 18

6 49 26
49 34
49 42

i 49 50
49 58
49 66

•{ TIME DI ST
57 ?
57 10
37 18
37 26
57 34
37 42
57 5 k
37 3 8

9 37 f>6
TIME, . DI ST

63 ;
; 63 l i ’

65 16
T f 26

( 63 34
65 42
65 5 .■

3 65 66
65

M
n 6

- .  •>6C' M0>9i - - ' M O . 1 4 0 1 5 1 1 1 C - 0 J
0 , 8 2 6  0 3 9 3 2 6 - 0 4  0 , 1 3 9 1 9 7 0 9 6 - 0 3
G . 7 9 e 6 0 5 3 5 E - O 4 0 , 1 3 8 9 2 5 4 6 6 - 0 3
n . 7 9 8 6 8 5 3 5 6 - 0 4  0 , 1 3 8 9 2 5 4 6 E - 0 3
0 . 7 9 6 6 0 5 3 5 6 - 0 4  0 . 1 3 8 9 2 5 4 6 E - 0 3
0 . 7 9 6 6 8 5 3 5 6 - 0 4  0 . 1 3 8 9 2 5 4 6 E - 0 3
YY XX
0 . 9 9 4 4 5 0 3 8 E - 0 4  0 , 1 3 2 8 3 5 5 4 E , 0 3
0 . 9 5 Q 2 o 8 3 4 E - 0 4  0 , 1 4 8 2 0 4 3 ? E - 0 3
0 . 9 o 7 9 i  9 7 4 E - 0 4  0 , 1 4 4 7 4 0 0 0 6 - 0 3
0 . 8 6 9  4 7 7 2 2 E - 0 4  0 . 1 4 2 3 4 0 1 1 E - 0 3
0 . 0 3 6 1 4 4 4 6 6 - 0 4  0 . 1 4 0 8 4 8 9 8 E - 0 3
0 . 8 0 8 5 7 6 0 0 6 - 0 4  0 , 1 4 0 0 8 8 0 1 E - 0 3
0 . 786 9 o 9 0 7 E - 0 4  0 , 1 3 9 8 7 3 8 2 E - 0 3
0 . 7 8 6 9 n 9 0 7 E - 0 4  0 , 1 3 9 8 7 3 B2 E 1 0 3
0 . 7 g 6 9 u 9 0 7 E - 0 4  0 , 1 3 9 8 7 3 8 2 E - 0 3
yy XX
: . 9 9 4 9 9 9 5 7 6 - 0 4  0 . 1 5 6 1 9 2 3 7 E - 0 3
0 . 9 5 4 5 8 1 0 4 6 - 0 4  0 . 1 3 1 2 3 1 4 3 E - 0 3
C . 9 1 5 0 5 8 6 2 E - 0 4  0 , 1 4 7 3 4 7 2 8 E - 0 3
0 . 078 3 3 1 4 8 E - 0 4  0 . 1 4 4 4 8 1 2 8 E - 0 3
j . 8 4 5 7 5 1 9 2 6 - 0 4  0 . 1 4 2 5 2 0 2 6 6 - 0 3
J . 8 1 E 1 3 1 8 1 E - 0 4  0 . 1 4 1 3 1 6 6 8 E - 0 3
o . 7 9 5 7 H 6 0 3 E - 0 4  0 . 1 4 0 7 0 9 8 9 6 - 0 3
0 . 7 7 8 6 2 4 8 1 6 - 0 4  0 . 1 4 0 3 4 0 9 3 E - 0 3
0 . 7 7 8 6 2 4 8 1 6 - 0 4  0 . 1 4 O 5 4 0 9 3 E - 0 3
YY XX
0 , 9 9 5 4 9 4 1 9 6 - 0 4  0 . 1 5 9 2 2 2 0 5 E - 0 3
0 . 9 5 8 5 7 2 6 3 6 - 0 4  0 , 1 5 4 0 3 3 2 0 E - 0 3
0 . 9 2 1 6 5 6 0 2 6 - 0 4  0 . 1 4 9 8 2 1 0 8 E - 0 3
0 . 8 8 6 6 2 2 1 4 E - 0 4  0 , 1 4 6 5 6 8 5 9 E - 0 3
0 . 8 5 4 8 7 7 1 4 6 - 0 4  0 , 1 4 4 1 9 9 8 0 E - 0 3
0 . 8 2 7 3 4 3 6 1 E - 0 4  0 . 1 4 2 5 9 8 4 1 E - 0 3
0 , 0 9 4 4 9 0 9 9 E - 0 4  0 . 1 4 1 6 2 7 3 4 6 - 0 3
u . 7 6 6 3 0 8 8 4 6 - 0 4  0 . 1 4 1 1 4 3 4 2 E - 0 3
0 , 7 7 2 7 9 7 3 5 6 - 0 4  0 , 1 4 1 0 1 0 2 0 E - 0 3

1 YTP2 0 , 1 0 0 0 0 E - 0 3 YfiP2

YBPl  
TI ME DIST

l ?
l 1 1

f 1 1 0

1 26
1 3 4

« 1 4 2
l 5
1 6 c

9 1 66
TIME DI ST

9 2
« 9 1

9 I f !
9 26

3 9 34
9 42
9 5 „

S 9 5 8
9 66

TI ME DI ST
9 17 2

17 10
17 18

9 17 2c
17 4

! . 02324E-04 
YY
0 , 8 7 8 1 4 4 4 9 6 - 0 4  
0 , 8 9 6 5 5 2 5 1 6 - 0 4  
0 . 9 1 7 3 3 6 9 1 6 - 0 4  
0 , 9 4 0 1 0 9 3 1 6 - 0 4  
0 . 9 6 4 2 7 1 6 0 6 - 0 4  
0 , 9 8 9 0 4 0 5 6 6 - 0 4  
0 , 1 0 1 3 4 6 3 6 6 - 0 3  
0 . 1 0 3 6 4 6 6 6 S - 0 3  
0 . 1 0 5 6 9 2 2 0 E - 0 3  
YY
0 . 8 4 7 2 5 2 5 2 6 - 0 4  
U . 1 0 3 3 H 4 9 8 E - 0 3  
0 . 1 0 5 2 4 5 0 7 6 - 0 3  
0 . 1 0 7 4 2 3 0 1 6 - 0 3  
0 . 1 0 9 9 0 1 0 7 E - 0 3  
0 . 1 l 2 6 3 9 3 $ 6 - 0 3  
0 . 1 1 5 5 7 3 9 9 6 - 0 3  
C . 1 1 8 Ai 6 6 3 E - 0 3  
0 , 1 2 1 6 5 6 5 0 6 - 0 3  
YY
0 . 0 3 4 6 1  0 1 0 6 - 0 4  
0 . 9 6 7 8 7 3 3 4 5 - 0 4  
O'. 1 0 6 3 7 4 2 4 6 - 0 3  
0 . 1 0 8 4 1  4 4 8 6 - 0 3  
0 . 1 1 C 7 7 7 0 9 c - U 3

XX
0 , 1 4 2 8 1 5 2 6 6 - 0 3  
U . 1 4 4 8 3 3 2 5 E . 0 3  
0 . 1 4 7 3 2 3 6 8 6 - 0 3  
0 . 1 5 0 3 Q 5 1 6 E - 0 3  
0 . 1 5 3 7 7 0 0 7 6 - 0 3  
0 . 1 5 7 6 7 8 2 8 6 - 0 3  
0 , 1 6 1 9 5 J 4 1 E - 0 3  
0 . 1 6 6 4 7 4 8 6 E - 0 3  
(J, 1 7 1 0 9 0 2 9 6 - 0 3  

XX
0 . 1 2 2 0 1 6 3 0 E - 0 3  
0 . 1 3 2 3 1 4 8 2 E - 0 3  
U , 1 3 4 7 4 8 4 1 6 - 0 3  
0 . 1 3 7 5 9 5 2 3 E - 0 3  
0 . 1 4 0 8 3 0 9 9 E - 0 3  
0 . 1 4 4 4 0 2 1 8 E - 0 3  
0 . 1 4 8 2 2 3 4 8 6 - 0 3  
U . 1 5 2 1 7 7 2 9 6 - 0 3  
0 , 1 5 6 1 1 7 2 0 6 - 0 3  

XX
0 , 1 1 1 4 9 2 8 9 6 - 0 3  
0 . 1 ^ 6 6 4 8 4 8 6 - 0 3
0 . 1 3 2 2 7 1 5 3 E - 0 3  
0 . 1 3 4 9 6 8 8 2 E - 0 3  
0 . 1 3 8 0 5 4 2 7 6 - 0 3

0 . 8 2 0 0 6 6 -
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1 7 4 2
( 17 5 j

17 58
17 66

€ TIME DI ST
25 2
25 10

« 25 18
25 26
25 34

£ 25 42
25 50
25 58

!> 25 66
TIME DI ST

33 z'
5 33 U

33 19
33 26
33 34
33 42
33 5 j
33 58
33 66

TIME DI ST
< 41 2

41 10
41 i a

f 4 1 26
41 34
41 42

t> 41 50
41 50
41 68

0 TIME DI ST
49 2
49 10

i 49 10
49 26
49 34

9 49 4 2
49 50
49 50

9 49 66
TIME DI ST

57 2
9 57 10

57 18
57 26

9 57 34
57 42
57 5 C

% 57 58
57 66

TIME DI ST
9 65 2

65 1 G
65 10

9 65 26
65 34
69 429 65 50
65 58
65 66n

v . U 3  4.T535L--03 
2 . U 633866E-03  
2 . U S 4 U 1 B F - 0 3  
0 .122553896-03
Y V
C ,_02j6i9O86-O4 
0. ^19122105-04  
0.1024 942 95 -03  
O.1O704934E-O3 
0 . 110079465-03  
0 . U 2 6 2 2 0 3 E - 0 3  
0 . 11.543247E-03 
Q . U 8 44 54 0 E -03  
0.121570056-03  
YY
0 . 02578568E-O4 
0 . U848H115E-04 
0 . 902 3? 4 206 - 0 4 
0 .105668146-03  
0 .10522580E-03  
0. I l l 6 4 6 2 8 E - 0 3  
C . 114351105-03  
C . 117284746-03  

. 120366525-03  
r  y
0.824445306-04  
0.861935696 -04  
r , 84 4 7^0226-04  
C . 10274394F-03  
0 . 107799026-03  
Ci. UC69103E-03  
0.113283376-03  
0 . l l f i l ? 6 6 3 E - 0 3  
C .119150096-03
Y Y
0 . 02281 1276-04  
0 .847058836-04  
0 . 91238O70E-O4 
0.994762526-04  
0.105780876-03  
o .109542036-03  
0 .112256376-03  
0 .115000446-03  
0 . U 7952 76 E-0 3
Y Y
r . 8235i  5586-04  
0 . 837664846-04  
u . 88«7?5 l76 -04  
0 .962290796-04  
0.1022 768 96 -03  
0 . 10604417B-03  
0 .111180986-03  
0 . H 2 9 i  2966-03  
0 . 1K70299E-O3  
YY
0.023370796-04  
0,031058036 -04  
0 . 86734999E-04  
0.932546826-04  
0 ,100407966-03  
0 , lOf1 40 86 E-03  
0 ,109935056-03  
O.U283O09E-O3  
0 . U 5645 67 E-0 3

0 . 1 4 1 4 8 2 2 9 6 - 0 3  
U . 1 4 5 1 7 6 9 3 E - 0 3  
0 . 1 4 9 (J30 6 7 6 - 0 3  
0 . 1 5 2 9 0 5 4 1 6 - 0 3  

XX
0 . 1 0 6 2 1 6 9 3 6 - 0 3  
0 , 1 2  0 3 2 9 37 E -  0 3 
0 , 1 2 9 8 5 3 1 3 6 - 0 3  
0 , 1 3 3 7 0 5 1 8 6 - 0 3  
0 . 1 3 6 6 3 8 3 9 E - 0 3  
0 . 1 3 9 9 3 0 7 9 6 - 0 3  
0 , 1 4 3 5 1 7 9 7 6 - 0 3  
0 , 1 4 7 3 0 4 5 1 6 - 0 3  
0 . 1 5 1 1 6 4 6 4 6 - 0 3  

XX
0.  1 0 3 5 8 8 2 2 6 - 0 3  
0 . 1 1 4 7 7 2 4 4 6 - 0 3  
0 . 1 2 5 9 9 3 1 6 E - 0 3  
0 , 1 3 2 1 6 4 2 3 6 - 0 3  
0 . 1 3 5 4 4 9 5 0 6 - 0 3  
0 , 1 3 8 5 9 9 8 9 6 - 0 3  
0 , 1 4 2 0 7 0 4 5 6 - 0 3  
U . 1 4 5 7 7 7 9 3 E - 0 3  
0 . 1 4 9 6 0 8 3 9 E - 0 3  

XX
0 , 1 0 2 2 8 4 8 7 6 - 0 3  
0 . 1 1 0 4 1 6 4 0 6 - 0 3  
0 . 1 2 1 5 3 8 7 0 6 - 0 3  
0 . 1 2 9 6 9 0 6 3 E - 0 3  
0 . 1 3 4 1 5 0 7 9 6 - 0 3  
0 , 1 3 7 3 4 7 5 8 6 - 0 3  
0 . 1 4 0 6 9 1 5 3 E - 0 3  
0 . 1 4 4 3 0 5 4 4 E - 0 3  
U . 1 4 8 0 8 7 3 6 E - 0 3  

xx
0 . 1 0 1 6 4 1 3 9 6 - 0 3  
0 . 1 0 7 2 3 8 3 7 E - 0 3  
0 . 1 1 7 1 6 0 6 0 E - 0 3  
0 , 1 2 6 4 4 5 6 9 6 - 0 3  
0 . 1 3 2 3 7 3 9 7 6 - 0 3  
0 . 1 3 6 0 8 3 5 2 E - 0 3  
0 . 1 3 9 3 6 5 7 4 6 - 0 3  
0 .  1 4 2 8 7 2 9 3 E - 0 3  
0 , 1 4 6 5 8 8 5 4 6 - 0 3  

XX
0 . 1 0 1 3 2 3 7 5 6 - 0 3  
0 . 1 0 5 0 3 1 4 7 6 - 0 3  
0 . 1 1 3 2 6 1 9 8 6 - 0 3  
0 , 1 2 2 7 7 0 0 3 6 - 0 3  
0 i 1 3 0 0 1 5 0 9 E - 0 3  
0 . 1 3 4 6 1 0 6 6 6 - 0 3  
0 . 1 3 8 0 6 6 3 9 6 - 0 3  
0 . 1 4 1 4 8 3 0 0 6 - 0 3  
0 . 1 4 5 1 1 6 3 6 6 - 0 3  

X X
0 . 1 0 H 6 7 5 9 E - 0 3  
0 . 1 0 3 5 5 4 0 9 E - 0 3  
0 .  H 0 0 2 2 9 0 E - 0 3  
0 . 1 1 9 0 1 7 7 3 6 - 0 3  
0 , 127 j . 3966E. r Q3  
0 . 1 3 2 7 8 3 4 9 E - 0 3  
0 . 1 3 6 6 9 6 4 4 6 - 0 3  
0 , 1 4 0 1 2 9 6 6 6 - 0 3  
0 . 1 4 3 6 7 6 6 6 E - 0 3
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4
T l ME1

DI ST
n1

1 i o
t 1 18

1 26
1 34
1 42
1 50
1 58
1 6 6

TIME DI ST
0 2
9 13
9 18
9 26
9 34
9 42
9 50
9 58
9 66

TIME DI ST
f l 7 2

17 10
17 18
17 26
17 34
17 42

r? 17 50
17 38.
17 66

‘i TIME DI ST
25 2
25 10

9 25 18
25 26
25 34
25 42
25 5 0
25 58

8 25 6 6
TIME DI ST

33 2
t 33 10

33 18
33 2 6
33 34
33 42
33 50
33 58
33 66

t l M E Di ST
• 41 ' 2

41 ’ 10
41 - " 1 8 '

€ 41 26
41 34
41 42

€ 41 ■ '90
41 _a 50
4 l 66

$ TIME DI ST
49 2

YY
0 . 1 0 6 0 9 5 9 7 6 - 0 3  
0 , ' 1 0 5 3 7 9 1 3 6 * 0 3  
0 . 9 6 8 7 o 5 2 8 E - 0 4  
0 . 9 1 0 7 3 4 2 3 6 - 0 4  
u . 062 0 7 2 6 2 5 - 0 * )  
n,  0 3 1 5 5 3 0 4 5 - 0 4  
0 . 8 1 8 3 9 5 9 2 E - 0 4  
0 . 0 1 - 5 0 4 5 7 0 6 - 0 4  
0 , a i 4 7 u 3 5 2 E ~ 0 4  
YY
J 1o5q43q15-03 
0 ! 9 9 3  9 5 3 1 4 E - 0 4  
0 . 9 5 1 6 5 1 7 4 6 - 0 4  
0 . 9 0 0 2 3 6 3 3 6 - 0 4  
0 . Q 4 6 4 1 1 2 7 E - 0 4  
0 . Q O l 5 l 0 6 l E - O 4  
0 . 7 7 2 5 / 9 6 6 6 - 0 4  
0 . 7 6 1 6 5 6 2 6 6 - 0 4  
3 . 7 5 S 6 6 7 0 1 E - 0 4  
YY
0 , i O 6 O3 7 9 3 E - O 3 
0 . * 9 3 0 1  2 0 7 6 * 0 4  
0 . 7 3 4 4 6 5 2 0 6 - 0 4  
0 . 0 9 2 8 5 1 3 8 6 - 0 4  
0 . 0 4 3 0 3 3 2 5 6 - 0 4  
0 . 7 9 4 4 8 2 9 1 E - 0 4  
0 , 7 5 4 9 1 5 9 2 6 - 0 4  
0 , 7 3 1 1 7 6 2 6 6 - 0 4  
0 , 7 2 1 3 7 4 0 9 6 - 0 4  
YY
0 . 1 0 * 1 2 2 6 4 6 - 0 3  
0 . 9 9 9 6 0 7 4 7 6 - 0 4  
0 . 9 3 8 9 6 2 0 3 6 - 0 4  
0 . 8 0 4 4 9 2 6 1 E - O 4  
a . U 4 3 0 ? 1 9 8 6 - 0 4  
0 . 7 9 7 0 7 3 4 4 6 - 0 4  
0 , 7 5 3 4 / 1 9 7 6 - 0 4  
0 . 7 2 0 1 3 8 0 5 6 - 0 4  
0 . 7 0 0 7 9 1 4 2 6 - 0 4  
YY
C . 1 0 6 1 9 9 1 4 6 -  n 3 
0 . 1 0 0 5 7 7 7 4 6 - 0 3  
0 , 9 4 9 0  7 1 6 9 6 - 0 4  
O. 8 92 46OO0E- O4  
0 . 0 4 0 0 5 2 8 0 6 - 0 4  
0 , 0 0 0 6 0 3 8 8 6 - 0 4  
0 , 7g91 7 9 9 6 6 - 0 4  
0 . 7 2 2 0 B 0 1 4 6 - 0 4  
0 . 6 9 4 7 3 6 2 2 E - 0 4  
YY
0 . 1 0 6 2 6 7 8 6 6 - 0 3  
0 . 1 0 1 1 3 2 9 2 E - 0 3  
U . 9 5 0 4 1 3 4 3 6 - 0 4  
0 . 9 0 4 6 1 9 8 1 6 - 0 4  
0 . 8 5 1 0 1 7 1 0 6 - 0 4  
0 , 0 0 2 6 7 3 0 9 6 - 0 4  
0 . 7 6 5 3 5 5 3 6 6 - 0 4  
0 . 7 2 9 3 9 1 3 2 B - 0 4  
0 7690  5? 0 0 1 6 - Cf4 
YY
0 . 1 0 * 3 ^ 9 0 1 6 - 0 3

X y
0 . 1 3 5 1 3 9 5 3 E - 0 3  
0 , 1 2 9 9 8 0 2 1 6 - 0 3  
0 . 1 2 3 4 9 8 5 4 6 - 0 3  
0 . 1 1 6 1 9 9 8 4 E . 0 3  
0 . 1 0 9 4 8 8 0 1 E - 0 3  
0 . 1 0 4 7 9 2 8 5 E - 0 3  
0 . 1 0 2 4 0 8 8 0 6 - 0 3  
0 . 1 0 1 7 9 8 5 6 E - 0 3  
0 . 1 0 1 7 1 Q 1 3 E - 0 3  

XX
0 , 1 4 1 4 9 3 2 0 e - 0 3  
0 . 1 3 5 8 9 1 0 4 6 - 0 3  
0 . 1 2 9 1 4 8 9 2 6 - 0 3  
0 . 1 2 1 5 4 3 5 5 E - 0 3  
0 . 1 1 4 5 2 1 2 3 E - 0 3  
0 . 1 0 9 5 7 2 9 1 E - 0 3  
0 . 1 0 7 1 1 2 3 0 6 - 0 3  
0 . 1 0 6 3 5 4 3 9 E - 0 3  
0 . 1 0 6 2 4 8 6 0 6 - 0 3  

XX
0 ' I472i56i0-O3 
0 . 1 4 0 0 6 0 5 3 6 - 0 3  
0 . 1 3 3 9 0 9 4 0 E - 0 3  
0 . 1 2 6 1 9 5 8 0 6 - 0 3  
0 . 1 1 8 9 0 3 1 0 E - 0 3  
0 . 1 1 3 5 4 9 8 0 6 - 0 3  
0 , 1 1 0 6 8 9 7 4 6 - 0 3  
0 . 1O96710OE- O3  
0 . 1 0 9 4 6 1 7 8 6 - 0 3  

XX
0 . 1 5 2 3 7 9 8 6 E - 0 3  
0 . 1 4 5 4 5 2 0 1 6 - 0 3  
0 . 1 3 0 0 2 5 9 0 6 - 0 3  
0 , 1 3 0 2 3 2 8 6 E - 0 3  
0 . 1 2 2 8 2 3 6 2 E - 0 3  
0 . 1 1 7 1 0 4 8 2 E - 0 3  
0 . 1 1 3 7 3 7 7 0 6 - 0 3  
0 . 1 1 2 2 7 6 4 1 E - 0 3  
0 . 1 1 1 8 1 3 0 2 B - 0 3  

XX
0 . 1 5 7 0 3 9 8 9 E - 0 3  
0 . 1 4 9 7 0 2 4 2 E - 0 3  
0 . 1 4 1 9 1 0 8 3 6 - 0 3  
0 , 1 3 3 6 2 3 4 0 E - 0 3  
0 . 1 2 6 3 2 2 3 7 6 - 0 3  
0 . 1 2 0 3 6 8 5 4 6 - 0 3  
0 . 1 1 6 5 3 4 3 0 E - 0 3  
0 . 1 1 4 5 4 7 4 5 6 - 0 3  
0 . 1 1 3 6 8 4 5 2 E - 0 3  

XX
0 . 1 0 1 2 4 5 8 OE - O3  
0 . 1 5 3 6 3 5 4 7 E - 0 3  
0 . 1 4 5 6 0 3 9 8 E - 0 3  
0,  1 3 7 2 8 4 1 1 6 - 0 3  
0 . 1 2 9 5 1 4 8 7 6 - 0 3  
0 . 1 2 3 3 5 7 0 1 E - 0 3  
O . 1 1 9 1 6 0 1 1 E - O 3  
0 . 1 1 6 6 8 8 9 3 E - 0 3  
0.1i?35743E7.-q3 

XX
0 • 1 6 5 o 4 i 8 q E - q 3
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49 1 >’ 0 , 1 0 1 6 3 9 5 8 8 - 0 3
JJ 49 18 0 . 9 6 7 0 4 0 2 5 E - 0 4

49 26 0 , 9 1 5 9 8 9 8 0 E - 0 4
49 34 0 . 8 6 4 3 4 9 2 7 E - 0 4

J 49 42 0 . 8 1 4 0 9 7 7 2 E - 0 4
49 50 0 . 7 7 0 1 4 0 3 2 E - 0 4
49 58 0 . 7 3 6 9 3 6 9 2 6 - 0 4

■J! 49 6 6 0 . 7 0 6 4 0 2 6 4 E - 0 4
TIME DI ST YY

57 2 0 . 1 0 6 3 0 5 6 2 6 - 0 3
i- 57 10 0 , 1 0 2 1 O2 0 0 E- O3

57 18 0 . 9 7 5  O o 9 8 9 E- 0 4
57 26 0 . 9 2 6 6 i 3 5 7 E - 0 4

V 57 34 0 . 8 7 6 9 S 2 5 4 E - 0 4
57 42 0 . 3 2 7 9 5 2 6 9 E - 0 4
57 50 0 , 702O627OE- O4

■I 57 58 0 . 7 4 3 2 6 0 8 9 6 - 0 4
57 66 0 . 7 1 4 4 2 7 0 0 6 - 0 4

TIME DI ST YY
I 65 2 0 * 1 0 6 4 3 5 9 1 6 - 0 3

65 10 0 . 1 0 2 5 2 3 9 8 E - 0 3
65 18 0 . 9 8 2 3 7 1 4 2 6 - 0 4
65 26 0 , 9 3 6 5 3 9 5 8 6 - 0 4
65 34 0 . 0 0 8 8 5 5 7 2 6 - 0 4
65 42 0 . 8 4 1 1 8 5 1 0 6 - 0 4
65 5 0 O . 7 9 5 0 9 3 7 2 E - O 4
65 58 0 . 7 5 5 0 7 7 9 2 6 - 0 4
65

M
66 0 . 7 2 1 4 4 2 3 3 E - 0 4

2 Y'

i YBPl 0 . 7 4 7 9 9 E - Q4
TIME DI ST YY

1 2 0 . 8 5 7 1 4 0 5 4 6 - 0 4
; 1 10 0 . 8 9 3 7 3 7 1 6 6 - 0 4

1 18 0 . 9 3 2 3 9 3 1 5 E - 0 4
1 26 0 . 9 7 1 9 6 8 1 1 6 - 0 4

e 1 34 0 . 1 0 1 0 9 0 6 9 E - 0 3
1 42 0 . 1 0 4 7 4 5 3 6 6 - 0 3
1 50 0 . 1 0 8 0 0 7 7 3 6 - 0 3
1 58 O . U C 7 8 9 0 O E - O 3
1 6 6 0 . 1 1 3 0 5 5 2 1 6 - 0 3

T l f E DI ST YY
i 9 2 0 , 7 7 1 1 3 9 6 0 E - 0 4

9 10 0 , 9 0 7 5 6 4 9 9 6 - 0 4
9 10 0 . 1 0 2 8 4 0 2 8 6 - 0 3

3 9 26 0 . 1 0 7 3 4 7 6 7 6 - 0 3
9 34 0 . U 2 1 0 4 6 4 E - O 3
9 42 0 . 1 1 7 1 4 1 6 5 6 - 0 3

■§> 9 50 0 . 1 2 1 9 3 4 6 4 E - 0 3
9 . 90 0 , 1 2 6 3 1 0 8 6 5 - 0 3
9 66 0 . 1 3 0 1 7 8 8 4 E - 0 3

4 TIME DI ST YY
17 2 0 , 7 5 6 9 4 8 0 0 E - 0 4
17 io 0 . 9 0 0 2 2 0 9 1 E - 0 4

% 17 18 0 . 1 0 2 6 3 2 5 5 E - 0 3
17 . 2 6 0 . 1 0 7 0 2 3 6 6 E - 0 3
17 34 0 . 1 1 1 8 2 4 1 5 E - 0 3

8 17 42 0 . 1 1 6 8 7 0 6 7 E - 0 3
17 50. 0 . 1 2 1 8 9 8 3 4 E - 0 3
17 96 0 , 1 2 6 6 3 0 7 2 6 - 0 3
17 66 O. 1 3 O 8 0 1 7 6 B - O 3

t l M E DIST YY
25 2 0 , 7 5 3 1 7 3 3 7 6 - 0 4

% 25 10 0 . 8 4 8 0 4 5 8 9 E - 0 4
25 18 0 . 9 7 3 2 3 8 3 4 6 - 0 4

, 1 5 7273 - 36E- 03  
. 14 9 O8 7 0 8 E- O3  
. 14 0 6 1 8 3 6 E - 0 3  
. 1 3 2 6 4 0 1 0 E - 0 3  
. 1 2 6 1 4 8 1 7 E - 0 3  
. 1 2 1 6 4 0 3 2 E - 0 3  
, i i 0 7 6 O O 4 E - O 3  
. 1 1 6 9 8 0 9 4 E - 0 3  

XX
, 1684678oE-03  
, 16063702E-03  
115237786E-03  
.14382447E-03  
, 135695215-03  
.128922055-03  
. 12400211E-03  
.12075345E-03 '
.11859486E-Q3

XX
. l 7 i 5 5 9 8 5 E - 0 3  
.16374607E-03  
.15548155E-03  
.14690170E-03  
.138673S3E-03  
.13167196E-03  
. 12638865E-03  
.1227Q187E-03  
.120188046-03

0 . 11095E-03 VRP2 0 ,746

XX
, 13247046E-03  
, 13751182E-03  
. 14332301E-03  
.14990149E-03  
.15706352E-03  
,164392266-03  
i17140868E-03  
.177797 09E-03  
.18347340E-03  

XX
. 11236536E-03  
.126634625-03  
. 13218848E-03  
. 13810970E-03  
, 14443460E-03  
, 15083280E-03  
.15691936E-03  
.162424406-03  
.167251466-03  

XX
.10203291E-03  
.119810926-03  
,128939116-03  
.13460811E-03  
. 14071602E-03  
.14699317E-03  
.15307819E-03  
,158667396-03  
.163613446-03  
xx

, 96863688E-04  
• U 2539 80 E-0 3  
•12514938E-03

0
0
u
0
0
0
0
0
0
00
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
00
0
0
0
0

0
0
0
0
0
00
0
0
0
0
0
0
0
0
0
00
0
0
0
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25 26
t 25 34

25 42
25 50

s 25 58
25 66

TIME DI ST
f 33 2

33 10
33 18
33 26
33 34
33 42

§ 33 90
33 58
33 66

3 TIME DI ST
4 1 2
41 10

€ 41 18
41 26
41 34

8 4 1 42
41 50
41 50

S 41 66
TIME DI ST

49 2
i* 49 10

49 18
49 26

) 49 34
49 42
49 50

! 49 58
49 66

TI ME DI ST
• 97 2

37 10
37 18

i 37 26
n 34
37 42

9 97 90
97 58
57 66

8 TI ME DI ST
65 2
65 10

$ 65 10
65 26
65 34

«9 63 42
65 50
63 50
69 6 6

® YTPl

C TIME D I S T _  
1 2

( i 10
1 18

0 , 1 0 5 ^ 6 7 9 0 9 - 0 3  
0 . 1 1 0 1 1 4 5 8 5 - 0 3  
0 . 1 1 5 0 7 8 3 5 6 - 0 3  
0 , 1 2 0 1 3 3 5 8 5 - 0 3  
0 . 1 2 5 0 0 4 6 8 E - 0 3  
0 . 1 2 5 4 7 0 1 5 5 - 0 3  
YY
0 , 7 5 0 4 4 2 1 2 6 - 0 4  
0 , 8 1 1 0 9 4 5 6 6 - 0 4  
0 . 9 2 4 0 9 2 8 7 6 - 0 4  
0 . 1 0 2 1 i 6 8 9 E - 0 3  
0 . 1 0 8 2 9 8 3 4 E - 0 3  
0 , 1 1 3 1 3 8 5 1 B - 0 3  
0 , 1 1 6 1 6 0 3 7 5 - 0 3  
0 . 1 2 3 1 0 7 3 7 6 - 0 3  
0 . 1 2 7 7 3 6 3 9 5 - 0 3  
YY
0 . 7 4 9 1 5 0 0 5 6 - 0 4  
0 , 7 0 7 8 8 9 0 0 6 - 0 4  
0 , 8 8 0 1 2 4 3 7 6 - 0 4  
0 , 9 8 2 5 5 8 4 1 B - 0 4  
0 , l 0 5 8 i 0 9 0 E - 0 3  
0 . 1 1 1 2 2 4 3 9 E - 0 3  
0 . 1 1 6 1 7 5 1 4 6 - 0 3  
0 . 1 2 1 1 5 2 3 9 6 - 0 3  
0 . 1 2 5 9 0 7 6 8 6 - 0 3  
YY
0 , 7 4 8 5 3 8 7 3 E - 0 4  
0 . 7 7 2 4 4 1 7 0 6 - 0 4  
0 , 8 4 3 9 7 8 4 8 1 - 0 4  
0 . 9 4 2 0 4 7 7 7 6 - 0 4  
0 . 1 0 2 8 0 2 9 4 6 - 0 3  
0 , 1 0 9 0 7 0 2 6 6 - 0 3  
0 . 1 1 4 2 1 4 6 0 6 - 0 3  
0 , 1 1 9 1 8 1 8 6 6 - 0 3  
0 . 1 2 4 0 2 5 1 4 E - 0 3  
YY
0 . 7 4 8 2 5 4 5 3 6 - 0 4  
0 . 7 6 2 7 4 3 0 0 6 - 0 4  
0 , 8 1 5 0 2 0 3 8 6 - 0 4  
0 . 9 0 3 3 9 7 8 8 6 - 0 4  
0 , 9 9 3 9 2 0 1 1 E - O 4  
0 . 1 0 6 5 7 9 3 3 6 - 0 3  
0 . 1 1 2 1 7 3 3 4 6 - 0 3  
0 . 1 1 7 2 1 4 7 2 6 - 0 3  
0 , 1 2 2 l o 7 2 5 E - 0 3  
YY
0 , 7 4 e i i 4 3 9 6 - 0 4  
0 , 7 5 6 7 7 4 9 3 6 - 0 4  
0 . 7 9 4 0 1 6 2 9 6 - 0 4  
0 . 8 6 8 0 9 1 8 0 6 - 0 4  
0 . 9 5 8 1 1 0 4 6 6 - 0 4  
0 . 1 0 3 7 2 5 7 5 E - 0 3  
0 . 1 0 9 9 5 5 2 3 6 - 0 3  
0 , 1 1 5 2 1 0 9 9 6 - 0 3  
0 . 1 2 0 1 6 9 7 2 6 - 0 3

0 . 1 1 4 5 6 E - 0 3

YY
0 . 1 0 6 1 7 2 6 9 6 - 0 3  
0 . 9 9 4 6 6 7 9 3 6 - 0 4  
0 . 9 2 0 6 9 4 0 0 6 - 0 4

0 . 1 3 2 2 1 4 3 2 E - 0 3  
0 , 1 3 8 1 4 4 7 2 6 - 0 3  
0 . 1 4 4 3 4 7 4 0 E - 0 3  
0 , 1 5 0 4 9 4 9 3 E - 0 3  
0 . 1 3 6 2 6 3 0 6 E - 0 3  
0 , 1 0 1 4 4 5 1 OE- O3  
XX

0 . 9 4 2 9 2 1 7 6 E - 0 4  
O . 1 Q 6 3 0 5 9 1 6 - O 3  
0 . 1 2 0 0 7 7 9 2 E - 0 3  
0 . 1 2 9 3 9 7 7 7 E - 0 3  
0 . 1 3 5 7 7 5 2 2 6 - 0 3  
0 . 1 4 1 0 7 0 2 3 6 - 0 3  
0 , 1 4 8 0 3 0 5 3 6 - 0 3  
0 . 1 S 3 9 5 4 4 9 E - 0 3  
0 . 1 5 9 3 6 6 2 2 E - 0 3  

XX
0 . 9 3 0 1 8 8 9 8 E - 0 4  
0 , 1 Q 1 6 7 0 1 4 E - 0 3  
0 . 1 1 4 6 5 4 6 0 E - 0 3  
0 , 1 2 5 6 7 5 8 7 6 - 0 3  
0 ,  1 3 3 2 5 0 2 0 6 - 0 3  
0 . 1 3 9 4 5 3 3 5 E - 0 3  
0 , 1 4 5 5 9 3 0 8 E - 0 3  
0 , 1 5 1 6 0 8 6 6 E - 0 3  
0 . 1 S 7 2 1 9 6 5 E - 0 3  

XX
0 . 9 2 3 9 0 9 6 8 E - 0 4  
0 , 9 0 2 0 O2 1 5 E - O4  
0 , l Q 9 5 4 2 8 7 E r 0 3  
0 . 1 2 1 2 9 6 5 6 6 - 0 3  
0 . 1 3 0 2 3 8 4 3 E - 0 3  
O . 1 3 6 9 9 0 8 6 E - O 3  
0 . 1 4 3 1 6 1 1 5 E - 0 3  
0 . 1 4 9 2 2 6 0 8 6 - 0 3  
0 . 1 5 4 9 9 7 2 1 E - 0 3  

XX
0 . 9 2 0 0 1 9 7 2 6 - 0 4
0 . 9 5 9 5 0 9 4 8 E - 0 4
0 . 1 0 5 1 1 2 4 1 6 - 0 3
0 . 1 1 6 6 4 5 6 3 E - 0 3
0 . 1 2 6 6 8 5 5 3 E - 0 3
0 . 1 3 4 3 1 7 0 6 6 - 0 3
0 , 1 4 0 7 2 2 0 3 6 - 0 3
0 , 1 4 6 0 2 4 2 3 6 - 0 3
0 . 1 5 2 7 1 1 7 6 E - 0 3

XX
0 . 9 1 9 2 9 4 8 3 6 - 0 4  
0 . 9 4 4 0 4 1 3 0 E - 0 4  
0 . 1 Q 1 5 0 3 1 2 E - 0 3  
0 . 1 1 2 0 9 2 6 5 6 - 0 3  
0 . 1 2 2 7 0 4 0 2 E - 0 3  
0 , 1 3 1 2 S 7 1 6 E - 0 3  
0 . 1 3 8 1 8 4 2 4 E - 0 3  
0 , 1 4 4 4 0 0 2 9 6 - 0 3  
0 . 1 3 0 3 8 0 2 3 E - 0 3

YT2 0 . 1 0 9 1 3 E - 0 3

0 , 1 3 5 2 3 1  H E - 0 3  
0 . 1 2 7 2 7 3 7 3 E - 0 3  
0 . 1 1 8 2 5 9 1 5 E - 0 3
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1 26
t 1 34

1 42
1 50
1 58
1 66

TIME D I S t
4 9 2

9 10
9 I S
9 26
9 34
9 42

4 9 50
9 58
9 66

•V TIME DI ST
17 2
17 10

i, 17 10
17 26
17 34

j 17 42
17 30
17 50
17 66

TIME DI ST
25 2
25 10
25 10
25 26

1 25 34
25 42
25 50

' 23 58
25 66

f  I ME DI ST
1 33 2

33 10
33 18

0 33 26
33 34
33 42

I 33 50
33 58
33 66

0 TIME DI ST
41 2
41 10

<4 41 18
41 26
41 34

9 41 42
41 50
41 58

9 41 66
TIME DI ST

49 2
9 49 10

49 1 0
49 26

9 49 34
49 42
49 50

6 49 58
49 66

0, 8469o838E-04  
0 , 792175416-04  
0 , 75820425E-04  
0.74406445E-04  
0 . 74057723S-04  
0.74023191E-04  
YY
0 , l 0 8 1 l 8 0 l B - 0 3
0 ,906646191 -04
0.92403119E-04
O.05S15232E-O4
0,7066 053 98 -04
0.73633214E-04
0.70926031E-04
0 .6924 565 26 -04
0.68934692E-04
YY
0 ,106 2 i700E-O3  
0 ,1 000 907 16 -0 3  
0 .9 239 971 46 -0 4  
0 .8636 516 55 -04  
0 . 79892706E-04  
0 . 73644908E-O4  
0,692 6 i1Q6E-0 4 
0 ,6 662 811 26 -0 4  
0 .6 597 701 28 -0 4  
YY
0 .1083 076 36 -03  
0.10161533E-03  
0.94733652E-04  
0 .8 690 226 26 -0 4  
0 ,8106 000 66 -04  
0.75109550E-04  
0.69815665E-04  
0.65969958E-04  
0 .6382 762 56 -04  
YY
O.1O830051E-O3
0 .1 022 757 06 -0 3
0.95857365E-04
O.0925o060E-O4
0.81966951E-04
0 .7646 727 38 -04
0 ,7117 612 46 -04
0 .6670 040 66 -04
0.6355 352 56 -04
YY
0.10646139E-03  
0 .1026 785 26 -03  
O.96894058E-O4  
0.90630754E-04  
O.04274957E-O4  
0 . 77990244E-04  
0,726 021536-04  
0.60 05 402 58 -04  
0 .6434 541 16 -04  
YY
0.10852706E-03
O.1O342054E-O3
0 .978531896-04
0 ,9191 963 16 -04
0 .058124116-04
0,7981435 96 -04
0.73836519E-04
0.6946233 06 -04
0.65627056E-04

0 , 1 O8904 28E-03  
0.10101646E-03  
0.93723633E-04  
0.93225287E-04  
0.92502377E-04  
O.92412083E-O4  
 XX
0 • 141931446-03  
0 ,133125536 ,0 3  
0.12373133E-03  
0.11404949E-03  
O.1O569909E-O3 
0,1001 123 76 -03  
0 , 97439813E-04  
0.96644143E-04  
0.96536634E-04

X x
0 .1480370 46 -03  
0 ,138639736-03  
0.12868609E-03  
O .H 8 7 6 1 0 8 E .0 3  
0 ,110003306-03  
0.10389920E-03  
0 ,1007604 36 -03  
0 .99677141E-04  
0 .994507606-04  

XX
0 .15352830E-O3  
0 .14375875E-03  
0 .13345339E-03  
0.12313112E-03  
0.11409490E-03  
0 ,1 074 653 38 -0 3  
0.10369910E-03  
0 .10210670E-03  
0 .10161070E-03  

XX
0 ,158484546-03  
0 ,1484 939 16 -03  
0.13797429E-03  
0.12740420E-03  
0 . 11797155E-03  
0 ,1 109 294 06 -0 3  
0 .10653843E-03  
0 ,1 043 123 56 -0 3  
O.1O336190E-O3  

XX
0.16295764E-03  
0 .15287232E-03  
0 ,142244265 -0 3  
0 .13152629E-03  
0 , 121B1316E-03  
0 .1 1 4 2 7 9 5 7E-03  
0 .10936199E-03  
0 , 10630474E-03  
0 .1 04996436 -0 3  

XX
0.16699471E-03
0.15691943E-03
0 ,1 462729 76 -0 3
0.13548520E-03
0 .12557780E-03
0 .11765030E -03
0 ,1 121328 06 -0 3
0 .10874259E-03
0.1Q667126E-03
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TIME DI ST YY XX
i 57 2 0 , 1 0 8 5 0 6 2 3 6 - 0 3 0 . 1 7 0 6 3 8 2 2 E - 0 3

57 10 0 . 1 0 3 9 3 0 4 6 8 - 0 3 0 . 1 6 0 6 5 8 9 8 E - 0 3
57 18 0 , 9 0 7 3 8 1 0 6 6 - 0 4 0 . 1 5 0 0 7 0 2 9 E - 0 3

a 57 26 0 . 9 3 1 2 3 4 9 7 6 - 0 4 0 . 1 3 9 2 0 0 7 6 6 - 0 3
57 34 0 . 3 7 2 6 3 8 1 9 6 - 0 4 0 . 1 2 9 2 4 3 4 9 6 - 0 3
57 42 0 . 8 1 4 3 0 2 9 1 6 - 0 4 0 . 1 2 0 9 9 9 8 6 6 - 0 3

2 57 90 0 , 7 9 9 3 7 0 9 9 6 - 0 4 0 , 1 1 5 0 0 9 9 0 6 - 0 3
57 98 0 . 7 Q 7 1 9 9 5 0 P - 0 4 0 , 1 1 1 0 0 6 8 3 5 - 0 3
57 6 6 0 . 6 6 9 9 7 9 7 4 E - 0 4 0 . 1 0 8 4 2 8 1 7 E - 0 3

6 TIME DI ST YY XX
65 2 0 , 1 0 8 6 3 9 5 5 6 - 0 3 0 , 1 7 3 9 g 6 3 4 E - 0 3
65 10 0 . 1 0 4 3 0 8 4 0 6 - 0 3 0 . 1 6 4 1 1 3 2 1 6 - 0 3
65 18 0 . * 9 5 9 5 1 8 1 6 - 0 4 0 . 1 9 3 6 4 6 1 9 6 - 0 3
65 26 0 . 9 4 2 4 7 3 8 5 6 - 0 4 0 , 1 4 2 9 1 3 6 8 6 - 0 3
65 34 0 . 3 8 6 3 3 9 3 2 E - 0 4 0 , 1 3 2 8 0 6 1 5 6 - 0 3

4 65 42 0 . 3 2 9 7 1 2 2 2 E - 0 4 0 , 1 2 4 3 0 9 5 9 6 - 0 3
65 50 0 . 7 7 5 6 2 7 7 0 E - 0 4 0 , 1 1 7 8 9 6 0 1 6 - 0 3
65 98 0 , 7 2 6 6 4 6 3 9 6 - 0 4 0 . 1 1 3 3 7 0 4 1 6 - 0 3

i 65 6 6 0 , 6 8 1 7 7 2 3 6 6 - 0 4 0 . 1 1 0 2 4 0 9 2 6 - 0 3
M 3 YTP2 0 . 1 1 4 4 9 E - 0 3

YBp I 0 . 7 Q 5 2 3 E - Q 4
TIME DI ST YY XX

1 2 0 . 0 3 4 3 4 3 3 7 E - 0 4 0 , 1 2 6 1 2 6 1 8 6 - 0 3
1 10 0 , 8 7 7 8 0 8 6 6 6 - 0 4 0 . 1 3 2 1 9 0 4 0 6 - 0 3
1 18 0 . 9 2 3 6 9 3 8 7 E - 0 4 0 . 1 3 9 i 4 8 4 5 6 - 0 3
1 26 0 . 97O308 5OE- O4 0 , 1 4 6 9 9 1 2 8 6 - 0 3
1 34 0 . 1 0 1 6 1 3 6 5 6 - 0 3 0 . 1 9 5 5 1 9 5 0 6 - 0 3
1 42 0 , 1 0 5 8 0 3 5 2 6 - 0 3 0 . 1 6 4 2 7 0 3 3 6 - 0 3

* 1 50 0 , 1 0 9 6 6 4 2 7 6 - 0 3 0 . 1 7 2 6 6 6 2 7 6 - 0 3
1 58 0 , 1 1 2 8 3 6 8 9 6 - 0 3 0 , 1 0 0 2 7 7 4 6 6 - 0 3
1 6 6 0 . 1 1 5 3 5 6 3 0 6 - 0 3 0 , 1 8 6 9 2 4 2 3 6 - 0 3

TIME DI ST YY XX
9 2 0 . 7 2 7 6 6 4 7 3 E - 0 4 0 . 1 0 6 6 2 1 2 9 E - 0 3
9 10 0 . 9 5 2 3 2 2 0 0 6 - 0 4 0 , 1 2 2 4 6 9 2 5 6 - 0 3

a 9 18 0 . 1 0 0 1 1 3 7 6 6 - 0 3 0 , 1 2 8 8 6 9 6 1 6 - 0 3
9 26 0 . 1 0 5 4 7 8 7 0 6 - 0 3 0 . 1 3 5 9 1 0 1 4 6 - 0 3
9 34 0 . 1 1 1 2 1 7 4 5 6 - 0 3 0 , 1 4 3 4 1 9 9 1 E - 0 3

0 9 42 0 . U 7 0 9 3 0 5 E - 0 3 0 . 1 5 1 0 2 1 7 1 6 - 0 3
9 50 0 . 1 2 2 7 7 5 2 8 E - 0 3 0 . 1 5 B 2 5 6 2 8 E - 0 3
9 98 0 , 1 2 7 9 5 8 2 4 6 - 0 3 0 . 1 6 4 7 6 4 9 7 6 - 0 3

3 9 66 0 . 1 3 2 4 6 1 0 8 6 - 0 3 0 , 1 7 0 3 8 0 9 2 6 - 0 3
TI ME DI ST YY XX

17 2 0 . 7 1 2 0 4 6 9 0 6 - 0 4 0 . 9 6 5 3 1 4 5 3 E - 0 4
8 17 10 0 . 8 5 7 9 1 9 9 4 E - 0 4 0 . 1 1 5 0 3 5 1 7 E - 0 3

17 18 0 . 9 9 3 7 6 5 7 1 6 - 0 4 0 . 1 2 5 3 7 8 3 4 6 - 0 3
'  26 0 . 1 0 4 6 1 5 7 6 6 - 0 3 0 . 1 3 2 1 2 9 7 0 6 - 0 3

% 17 34 0 . 1 1 0 3 2 0 9 8 6 - 0 3 0 . 1 3 9 3 8 4 7 6 E - 0 3
17 42 0 , 1 1 6 3 1 1 9 3 6 - 0 3 0 . 1 4 6 8 3 6 0 1 6 - 0 3
17 50 0 . 1 2 2 2 0 0 4 4 6 - 0 3 0 . 1 5 4 0 6 2 6 7 E - 0 3

«. 17 58 0 , 1 2 7 0 9 1 8 1 6 - 0 3 0 . 1 6 0 6 7 8 3 2 6 - 0 3
17 6 6 0 , 1 3 2 8 9 4 8 0 6 - 0 3 0 , 1 6 6 4 6 0 6 7 6 - 0 3

TI ME D'IST YY XX
$ 29 2 0 , 7 1 0 2 3 0 3 1 6 - 0 4 0 . 9 1 4 8 7 9 2 7 6 - 0 4

25 1 0 0 , 8 0 5 2 6 9 2 2 6 - 0 4 0 . 1 0 7 5 1 3 6 4 6 - 0 3
25 ' 1 8 0 . 9 3 5 9 3 7 4 2 6 - 0 4 0 , 1 2 1 1 1 7 0 2 6 - 0 3
25 26 0 . 1 0 2 6 9 6 7 2 E - 0 3 0 . 1 2 9 3 2 9 4 0 6 - 0 3
25 34 0 . 1 0 8 2 2 8 7 3 E - 0 3 0 . 1 3 6 3 7 9 8 7 E - 0 3
25 : 42 0 . U 4 1 2 4 1 4 E - 0 3 0 , 1 4 3 7 4 3 4 3 6 - 0 3

3 25 50 0 , 1 2 0 1 2 6 0 5 6 - 0 3 0 , 1 5 1 0 4 3 1 5 6 - 0 3
25 96 0 . 1 2 5 9 0 6 4 0 6 - 0 3 0 , 1 3 7 8 7 9 3 6 6 - 0 3
25 66 0 . 1 3 1 1 7 9 8 8 6 - 0 3 0 ,16 3 '9 '6 8 3 9 E -  03

f TIME DI ST YY XX
33 2 0.  7q 7 6 0 3 0 3 E - 0 4 0 . 8 8 9 7 9 9 4 1 E - 0 4

YPP2 0 . 7 0 4 4 6 E "
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33 10 0 . 7 6 8 9 6 5 1 1 6 - 0 4 0 . 1 0 1 2 2 8 9 3 E - 0 3
33 16 0 . d84 6 i 7 0 3 E - 0 4 0 . 1 1 5 6 5 7 3 0 E - 0 3
33 26 0 . 9 8 S 4 0 5 3 8 E - 0 4 0 . 1 2 6 0 5 7 3 8 E - 0 3
33 34 0 . 1 0 6 0 9 8 0 7 6 - 0 3 0 , 1 3 3 5 6 9 4 4 6 - 0 3
33 42 0 .  I l l 8 i 2 2 6 E - 0 3 0 , 1 4 0 8 0 9 1 8 E - 0 3
33 50 0 . 1 1 7 7 7 5 1 8 E - 0 3 0 . 1 4 8 1 3 3 0 0 E - 0 3
33 58 0 . 1 2 3 6 4 7 1 9 6 - 0 3 O', 1 9 5 1 3 0 1 5 6 - 0 3
33 6 6 0 . 1 2 9 1 2 5 1 0 6 - 0 3 0 . 1 6 1 5 3 1 9 3 6 - 0 3

TIME DI ST YY XX
41 2 0 . 7 0 6 3 5 0 6 9 E - 0 4 0 , 8 7 7 3 8 9 6 8 E - 0 4
41 10 0 , 7 4 4 9 4 2 6 6 6 - 0 4 0 . 9 6 4 5 0 7 1 9 6 - 0 4
41 16 0 . 8 3 S 3 U 8 3 E - 0 4 0 . 1 0 9 9 4 6 1 8 E - 0 3
41 26 0 . 9 4 7 7 7 4 3 8 E - 0 4 0 , 1 2 1 9 0 7 6 5 6 - 0 3
41 34 0 . 1 0 3 1 9 1 8 1 6 - 0 3 0 . 1 3 0 5 9 4 1 4 6 - 0 3
41 42 0 . 1 0 5 5 3 5 5 4 6 - 0 3 0 . 1 3 7 9 3 9 2 3 E - 0 3
41 50 0 . U 5 4 1 6 9 0 E - 0 3 0 . 1 4 5 2 3 0 3 5 E - 0 3
41 58 0 . 1 2 1 3 2 5 6 9 6 - 0 3 0 . 1 5 2 3 6 8 8 6 E - 0 3
41 66 0 . 1 2 6 9 6 0 2 2 E - 0 3 O . 1 5 9 0 0 1 7 6 E - 0 3

TIME DI ST YY XX
49 2 0,  7 Q 9 7 5 8 1 3 E - 0 4 0 , 8 7 1 2 7 2 7 8 6 - 0 4
49 10 0 . 7 2 9 5 2 6 0 7 E - 0 4 0 , 9 3 0 3 3 8 9 7 6 - 0 4
49 18 O. 0 O2 3 O5 2 9 E- O4 0 . 1 0 4 6 3 2 9 1 6 - 0 3
49 26 0 . 9 0 4 8 8 8 7 2 6 - 0 4 0 . 1 1 7 1 5 6 9 5 E - 0 3
49 34 0 . 9 9 8 4 3 7 7 5 6 - 0 4 0 . 1 2 7 1 4 1 2 6 6 ? 03
49 42 0 , 107 0 1 0 3 0 E - 0 3 0 . 1 3 5 0 3 2 1 9 5 - 0 3
49 50 0 . 1 1 3 0 8 7 7 5 6 - 0 3 0 . 1 4 2 3 4 2 5 1 E - 0 3
49 56 0 . U 8 9 0 6 3 1 6 - O 3 0 , 1 4 9 5 4 1 8 8 E - 0 3
49 66 0 . l 2 4 7 ? 9 6 5 6 - 0 3 0 . 1 5 6 3 7 4 9 5 6 - 0 3

TIME DI ST YY XX
57 2 0 . 7 Q 5 4 7 7 7 2 E - 0 4 0 . 8 6 8 2 6 8 1 0 E - 0 4
57 10 0 . 7 1 9 8 6 6 9 4 6 - 0 4 0 . 9 0 6 9 5 1 0 2 6 - 0 4
57 18 0 . 7 7 3 6 3 5 5 4 E - 0 4 0 . 1 0 0 0 6 8 8 2 E - 0 3
57 26 0 . 0 6 4 4 5 2 7 4 6 - 0 4 0 , 1 1 2 2 0 1 7 6 6 - 0 3
57 34 0 . 9 6 1 3 3 6 0 4 6 - 0 4 0 . 1 2 3 1 7 5 3 0 6 - 0 3
57 42 0 . 1 0 4 1 6 2 9 9 E - 0 3 0 , 1 3 1 9 0 2 1 7 E - 0 3
57 50 0 . 1 1 0 6 7 8 0 3 6 - 0 3 0 , 1 3 9 4 4 8 6 3 6 - 0 3
9 7 58 0 . 1 1 6 6 9 0 3 2 6 - 0 3 0 . 1 4 6 6 9 0 9 2 6 - 0 3
97 66 0 . 1 2 2 4 5 5 4 6 6 - 0 3 0 , 1 5 3 6 6 9 2 0 E - 0 3

TIME DI ST YY XX
65 2 0 . 7 0 5 3 4 7 0 4 E - 0 4 0 . 8 6 6 7 8 i 3 3 E - 0 4
65 10 0 . 7 1 3 9 3 1 9 4 E - 0 4 0 , 8 9 1 4 6 6 1 8 E - 0 4
65 18 0 . 7 5 2 3 4 4 2 0 6 - 0 4 0 . 9 6 3 7 4 0 7 4 E - 0 4
65 26 0 . 6 2 8 6 5 7 7 9 6 - 0 4 0 . 1 0 7 4 1 1 2 4 6 - 0 3
65 34 0 . 9 2 3 0 1 0 3 7 6 - 0 4 0 , 1 1 8 8 2 4 2 9 6 - 0 3
65 42 0 . 1 0 0 9 7 5 9 0 E - 0 3 0 . 1 2 8 4 3 0 1 7 6 - 0 3
65 50 0 . 1 0 8 0 9 3 6 8 6 - 0 3 0 , 1 3 6 4 5 8 5 2 E- 0 3
65 58 0 . 1 1 4 2 8 4 6 5 6 - 0 3 0 , 1 4 3 8 2 3 5 5 6 - 0 3
65 6 6 0 . 1 2 0 1 5 6 6 3 6 - 0 3 0 . 1 5 0 9 0 5 9 1 E - 0 3

YTPl 0 . 1 1 4 7 9 E - 0 3 YT2 0 . 1 0 9

t i m e DI ST YY XX
1 2 0 . 1 0 4 0 9 6 6 3 6 - 0 3 0 . 1 3 3 0 1 1 1 4 E - 0 3
1 10 0 . 9 6 6 0 5 6 2 5 6 - 0 4 0 , 1 2 4 0 2 5 2 3 E - 0 3
1 ie 0 . 0 8 5 7 7 5 8 0 6 - 0 4 0 . 1 1 4 1 4 3 0 8 E - 0 3
1 26 0 . 8 0 9 7 4 0 0 1 6 - 0 4 0 , 1 0 4 2 4 1 5 8 E - 0 3
1 34 0 . 7 5 0 7 8 2 6 3 6 - 0 4 0 . 9 5 9 1 4 7 0 0 E - 0 4
1 42 Q . 7 i 6O i 630E»O4 0 , 9 0 4 7 4 6 4 1 6 - 0 4
1 50 0 . 7 0 1 7 3 5 8 4 6 - 0 4 0 . 8 7 9 4 1 7 3 4 E - 0 4
1 98 0 . 6 9 8 2 5 2 ? 5 6 - 0 4 0 , 8 7 2 1 7 9 5 1 6 - 0 4
1 6 6 0 , 6 g 7 9 i l 7 4 E - 0 4 0 . 8 7 1 2 9 5 1 9 6 - 0 4

TIME DI ST YY XX
9 2 0 . 1 0 8 2 6 3 5 7 6 - 0 3 0 . 1 3 9 9 5 6 5 1 E - 0 3
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9 10 0 9 6 7 H 3 7 3 E - 0 4 0 . 1 2 9 7 5 4 4 2 6 - 0 3
9 18 0 0 9 7 2 2 3 2 1 6 - 0 4 0 . 1 1 9 4 5 0 6 2 E - 0 3
9 26 0 3 2 2 5 2 1 8 3 E - 0 4 0 . 1 0 9 1 0 9 1 8 E - 0 3
9 34 0 7 9 2 0 8 0 9 5 6 - 0 4 0 . 1 0 0 3 7 8 3 1 E - 0 3
9 42 0 6 9 7 7 7 2 6 2 6 - 0 4 0 . 9 4 6 3 2 2 5 4 E - 0 4
9 50 0 6 6 5 9 8 3 0 9 6 - 0 4 0 , 9 1 9 2 1 2 9 0 6 - 0 4
9 56 0 6 5 3 0 5 4 3 0 6 - 0 4 0 . 9 1 1 2 4 0 0 5 6 - 0 4
9 6 6 0 6 4 9 9 4 8 9 2 6 - 0 4 0 . 9 1 0 1 7 5 7 3 E - 0 4

TIME DI ST YY X*
17 2 0 1 0 8 3 6 7 0 2 6 - 0 3 0 , 1 4 6 2 6 9 7 1 6 - 0 3
17 10 0 1 0 C 7 0 4 2 2 E - 0 3 0 . 1 3 5 5 4 9 2 7 E - 0 3
17 18 0 9 0 4 2 1 8 1 7 E - 0 4 0 . 1 2 4 4 0 0 4 1 6 - 0 3
17 26 0 0 3 ’ 2 3 9 3 4 6 - O 4 0 i 1 1 3 7 6 3 7 3 6 - 0 3
17 34 0 7 6 7 3 3 4 8 5 6 - 0 4 0 . 1 0 4 5 7 6 4 4 S - Q 3
17 42 0 7 0 3 4 9 6 3 3 6 - 0 4 0 . 9 8 2 7 0 5 5 6 6 - 0 4
17 50 0 6 5 5 9 4 7 8 0 6 - 0 4 0 . 9 5 0 8 2 6 5 0 6 - 0 4
17 58 0 6 2 5 0 3 3 7 8 E - 0 4 0 . 9 3 9 9 1 0 8 2 6 - 0 4
17 6 6 0 6 l 8 4 ? 7 l 4 E - 0 4 0 . 9 3 7 7 3 8 0 7 6 - 0 4

TIME DI ST YV x x ............... '
25 2 0 1 0 B 4 6 0 0 2 E - 0 3 0 , 1 5 1 9 6 6 9 6 E - 0 3
29 10 0 1 0 1 4 6 1 3 4 E - 0 3 0 , 1 4 0 9 4 6 7 7 6 - 0 3
25 18 0 9 4 1 7 1 6 5 7 6 - 0 4 0 . 1 2 9 4 7 1 3 3 E - 0 3
25 26 0 8 4 6 1 4 4 5 5 6 - 0 4 0 . 1 1 8 1 9 3 2 5 E - 0 3
25 34 0 7 8 3 9 2 1 1 3 E - 0 4 0 , 1 0 8 6 6 5 6 7 6 - 0 3
25 42 0 7 l 9 9 ' o 3 6 l 6 - 0 4 0 , 1 0 1 7 8 7 4 0 6 - 0 3
25 50 0 6 6 4 1 7 9 8 2 6 - 0 4 0 , 9 7 9 2 7 3 9 0 6 - 0 4
25 58 0 6 2 4 3 4 3 3 7 E - 0 4 0 . 9 6 3 1 0 0 9 0 E - 0 4
25 66 0 6 0 2 4 S 8 8 9 E - 0 4 O . 9 5 8 0 9 5 7 7 E - 0 4

TIME DI ST YV XX
33 2 0 1 0 8 5 4 3 8 3 E - 0 3 0 . 1 5 7 1 0 0 9 2 6 - 0 3
33 10 0 1 0 2 1 5 1 5 8 E - 0 3 0 . 1 4 5 9 3 8 2 9 6 - 0 3
33 I B 0 9 5 3 5 4 0 1 5 6 - 0 4 0 . 1 3 4 2 9 2 2 0 6 - 0 3
33 26 0 8 8 3 0 9 5 1 8 6 - 0 4 0 . 1 2 2 7 6 4 5 6 E - 0 3
33 34 0 7 9 7 3 2 5 3 3 6 - 0 4 0 . 1 1 2 6 2 7 4 7 E - 0 3
33 42 0 7 3 7 2 7 3 3 6 6 - 0 4 0 . 1 0 5 2 7 1 6 1 E - 0 3
33 50 0 6 8 0 6 7 5 1 4 E - 0 4 0 , 1 0 0 7 3 4 7 9 6 - 0 3
33 58 0 6 3 3 6 5 7 0 3 E - 0 4 0 . 9 8 4 5 1 0 4 1 6 - 0 4
33 66 0 6 0 1 0 8 6 0 6 6 - 0 4 0 , 9 7 4 0 2 9 4 5 E - O 4

TIME DI ST YY XX
41 2 0 1 OS 61 9 3 4 E - 0 3 0 , 1 6 1 7 4 9 6 7 E - 0 3
41 10 0 1 0 2 7 R 1 5 3 E - 0 3 0 . 1 5 0 5 5 2 6 6 E - 0 3
41 18 0 9 6 4 4 7 1 5 4 6 - 0 4 0 . 1 3 8 B 4 2 7 6 E - 0 3
41 26 0 8 9 7 6 6 7 9 2 E - 0 4 0 , 1 2 7 1 8 2 6 6 6 - 0 3
41 34 0 8 2 5 6 7 2 0 6 6 - 0 4 0 . 1 1 6 7 4 3 1 0 E - 0 3
41 42 0 7 9 2 0 5 6 9 4 E - 0 4 0 . 1 0 8 7 0 9 2 7 6 - 0 3
41 5 ii 0 6 9 7 9 2 9 4 9 6 - 0 4 0 . 1 0 3 5 0 5 3 2 6 - 0 3
41 58 0 6 4 5 4 3 4 3 6 6 - 0 4 0 . 1 0 0 6 2 6 6 7 6 - 0 3
41 66 0 6 1 C 5 1 4 5 4 E - 0 4 0 . 9 9 0 7 4 0 6 6 E - 0 4

TIME DI ST YY XX
49 2 0 1 0 8 6 8 7 3 8 6 - 0 3 0 . 1 6 5 9 3 6 0 5 6 - 0 3
49 10 0 1 0 3 3 5 6 3 3 6 - 0 3 O . 1 5 4 8 1 6 0 8 E - O 3
49 I B 0 9 7 4 5 6 0 2 4 6 - 0 4 0 . 1 4 3 1 3 3 7 6 E - 0 3
49 26 0 9 1 1 3 1 4 5 6 6 - 0 4 0 . 1 3 1 4 2 2 6 1 6 - 0 3
49 34 0 8 4 6 0 1 5 0 2 6 - 0 4 O. 1 2 O7 7 0 5 OE - O3
49 42 0 7 8 1 6 3 9 3 3 E - 0 4 Q . U 2 3 1 5 5 7 E - 0 3
49 50 0 7 1 3 1 4 9 3 4 E - 0 4 0 , 1 0 6 4 5 5 7 7 6 - 0 3
49 58 0 6 6 5 0 0 2 6 8 E - O 4 0 . 1 0 2 8 9 2 3 6 E - 0 3
49 6 6 0 6 2 5 0 6 2 6 7 E - 0 4 0 . 1 0 0 7 4 0 4 2 6 - 0 3

TIME DI ST YY XX
57 2 0 1 Q 8 7 4 0 6 9 E - O 3 0 . 1 6 9 7 1 8 1 Q E - 0 3
57 1 0 0 1 0 3 8 0 0 8 4 6 - 0 3 0 . 1 3 8 7 5 6 2 3 6 - 0 3
57 i a 0 9 8 3 8 7 5 3 6 6 - 0 4 0 , 1 4 7 1 7 6 1 6 6 - 0 3
57 . 26 .  . . 0 9 2 4 ( 5 8 2 5 6 x 0 4 0 . 1 3 S 4 8 4 7 6 E - 0 3
57 34 0 8 6 1 4 3 9 9 1 6 - 0 4 0 . 1 2 4 7 0 7 1 8 6 - 0 3
57 42 0 7 9 5 0 5 3 6 6 E - 0 4 0 . 1 1 5 9 0 4 2 4 6 - 0 3
57 5 1 0 7 403 ij 2 6 3 6 - 0 4 0 . 1 0 9 5 1 0 4 1 E - U 3
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57 50 0 .6 8C794478-0  4
57 66 0 .6402 593 86 -04

TIME DIST YV
65 2 0 . 10S80393S-03
65 10 0 .1 043593 86 -0 3
65 18 C . 992474966-04
65 26 0 ,9 359532 06 -0 4
65 34 0 .8759 915 36 -04
65 42 0 .8 154644 46 -0 4
65 5 C 0 ,7 576421 16 -0 4
65 50 0 .70525769E-04
65 66 0.65435320E-04

M 4 Y

YBpi 0 .67757E-04
TIME DIST Y Y

1 2 0 , ai50n94QE-04
1 10 0 ,8 6 1 5 i 499E-04
1 18 0 .910403176-04
1 26 0 , 9602o896E-04
1 34 0 .100898326-03
1 42 0 ,1054 407 96 -03
1 5 o 0 . 109473076-03
1 58 0 . U 2 8 3 9 1 0 E - 0 3
1 66 0 .115494236-03

TIME DIST YY
9 2 0 .699440276-04
9 10 0 . 925704696-04
9 IP 0 .977947206-04
9 26 0 .103522405-03
9 34 0.10564576E-03
9 4? 0 , l l 5 9 i 8 4 0 E - 0 3
9 5 L 0 . 121993466-03

I 9 56 0 . 12754052E-03
9 66 0 .132354066-03

TIME DIST YY
17 2 0 .00792O54E-O4
17 lu 0 . 820943156-04
17 1 8 0 .960 087696-04

> 17 26 0 . 1024u4556-03
17 34 0 . 10049460E-03
17 42 0 , l l 4 8 a 8 0 3 E - 0 3

4 17 5 0 0 .1 212 677 26 -0 3
17 50 0 .1 272731 96 -0 3
17 06 0 ,132620106-03

9 TIME DIST i Y
25 2 0 .682465326-04
29 10 0 .7765 950 46 -04

'4 25 10 0 .906574296-04
25 26 0 ,1 003 301 36 -0 3
25 34 0 .106235086-03
25 42 0 .112520756-03
29 5 0 0 .1 189 396 36 -0 3
25 58 0 .125123036 -0 3

% 25 66 0 ,1 30 767666-03
TIME DIST YY

33 2 0 .679085126-04
i 33 10 0 . 7405H494E-04

33 18 0 . 05<574648E-O4
33 26 0.96 41 719 26 -04

€ 33 34 0 .103915236-03
33 42 0 ,1 100 574 96 -0 3
33 5 U 0.1164-25416-03

f 33 50 0 . 1227n2906-03
33 6 6 0 . 12856409F-O3

. 105226146-03  

. 102524016-03  
x x

.17312961E-03  

. 16239425E-03  
,150980976-03  
.13937046E-03  
.12652307E-03  
>11944655E-03  
. U 2 6 0 0 6 1 E -0 3  
.10775351E-03  
,104404556-03

0 i1147BE-03 YRP2 0.67707

x x
. 1210O75OE-O3 
,1 28293576-03  
.13572858E-03  
. 14410015E-03  
.15320395E-03  
.162562736-03  
, 17156653E-03  
.17974089E-03  
,1 86067006-03  

XX
. 10278756E-03  
. U 91 35 73 E -0 3  
. 12596929E-03  
■13348830E-03  
. 14150140E-Q3  
.149 624156-03  
. 1 5736038E-O3  
. 16434159E-03  
, 17034616E-03  
XX

.92915419E-04  

.111S7983E-03  

.122 403456-03  

.129611606-03  

. 13735272E-03  

.145311666-03  

.15304015B-03  

.160 124526-03  

.166309706-03  
X X

.07902232E-O4  

. 104014186-03  
,117950076-03  
.12664177E-03  
.13416642E-03  
.142028776-03  
.149831156-03  
,157140046-03  
,163663996-03  
XX

.055304676-04  

.977304736-04  

. 11236678E-03  
,12318272E;03  
.131169606-03  
.130890446-03  
.146723226-03  
. 15422986E-U3  
. 161 05951F-03

0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
00
0
0
0
0
(J
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
u
0
0
u
0
0
0
0
0
u
0
0
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T I ME D I S T i V XX
41 ?. 0 . 6 7 8 6 6 4 3 6 0 - 0 4 0 . 8 4 3 1 7 4 9 3 6 - 0 4
41 l i . 0 . 7 i « 7 ^ 6 7 0 6 - 0 4 0 , 9 2 9 7 0 4 2 5 E - 0 4
41 18 U . d l l 2 3 6 6 7 E - 0 4 0 . 1 0 6 5 7 4 7 9 E - 0 3

.* 41 26 0 , 9 2 1 5 0 4 8 3 E - 0 4 0 . 1 1 0 8 6 0 4 1 6 - 0 3

41 34 0 , 1 0 0 8 9 4 8 5 6 - 0 3 0 . 1 2 8 0 0 5 7 9 6 - 0 3
41 42 0 . 1 0 7 6 2 6 7 5 6 - 0 3 0 . 1 3 5 0 3 4 9 0 6 * 0 3

$ 41 5r 0 , 1 1 3 9 0 6 4 6 6 * 0 3 0 . 1 4 3 6 2 2 3 2 6 * 0 3
41 58 0 . 1 2 0 2 2 Q 6 9 E - 0 3 0 , 1 5 1 2 5 4 9 0 6 * 0 3
41 66 0 . 1 2 6 2 4 7 8 2 6 - 0 3 0 . 1 5 8 3 5 2 2 2 E - 0 3

a TIME DI ST V Y XX
49 2 0 , 6 7 8 0 8 6 7 9 6 - 0 4 0 . 8 3 7 1 9 7 1 4 E - 0 4
49 10 0 , 7 0 1 5 9 0 3 0 6 - 0 4 0 , 0 9 5 7 5 0 7 0 6 * 0 4
49 18 0 . 7 7 4 1 9 1 5 7 E - 0 4 0 , 1 0 1 2 1 6 4 5 6 * 0 3
49 26 0 . 8 7 7 9 q9 1 8 E * 0 4 0 , 1 1 3 9 8 6 9 9 6 - 0 3
49 34 0 . 9 7 4 1 6 3 4 1 E - 0 4 0 . 1 2 4 3 7 4 1 9 E - 0 3

6 49 42 0 . 1 0 4 9 4 6 6 1 6 - 0 3 0 . 1 3 Z 7 3 5 9 4 E - 0 3
49 50 0 . 1 1 1 4 1 9 4 6 6 - 0 3 0 . 1 4 0 5 3 7 9 2 E - 0 3
49 38 0 . U 7 7 2 Q 7 0 E - 0 3 0 , 1 4 0 2 3 2 3 6 6 - 0 3

e 49 66 0 , 1 2 3 8 6 1 8 0 6 - 0 3 0 , 1 5 5 5 4 1 6 1 6 - 0 3
TIME DI ST YY XX

57 2 0 , 67701 3 5 1 E - 0 4 0 . 8 3 4 2 6 1 5 9 E - 0 4

a 57 10 0 . 6 9 2 0 ( 1 7 5 9 6 - 0 4 0 . 8 7 2 5 5 3 3 5 E - 0 4
57 18 0 . 7 4 5 5 6 6 3 5 6 - 0 4 0 . 9 6 6 3 6 2 4 2 E - 0 4
57 26 8 , 8 3 7 0 2 2 9 6 6 - 0 4 0 , 1 0 8 9 3 5 3 0 6 - 0 3

@ 57 34 0 , 9 3 5 9 9 2 7 2 6 - 0 4 0 , 1 2 0 2 4 8 6 5 6 - 0 3
57 42 0 . 1 Q 1 9 5 5 1 9 E - 0 3 0 . 1 2 9 4 1 9 2 6 6 - 0 3
57 50 0 , 1 0 6 8 > , 27 4E- 0 3 0 . 1 3 7 4 4 9 2 4 2 - 0 3

i 57 58 0 . 1 1 5 2 2 5 2 5 E - 0 3 O . 1 4 5 1 0 5 3 6 E - O 3
57 66 0 . 1214, "50146-03 0 , 1 5 2 6 4 7 3 6 E - 0 3

TIME DI ST YY XX
a 63 2 0 . 6 7 7 6 8 6 0 3 E - 0 4 0 . 8 3 2 8 0 9 0 1 E - 0 4

63 10 U , 6 0 6 1 4 9 1 4 E - 0 4 0 . 8 5 7 2 1 6 3 6 E - 0 4
65 18 0 . 7 2 4 3 5 0 9 7 6 - 0 4 0 . 9 2 9 3 7 0 0 0 6 - 0 4

a 65 26 0 . 8 0 C 9 7 C 4 4 6 - 0 4 0 . 1O4O7083E- O3
63 34 0 , 8 9 6  0 4 2 1 0 6 - 0 4 0 . 1 1 5 7 6 3 2 4 6 - 0 3
65 42 0 . 9 8 6 3 8 8 4 7 E - 0 4 0 , 1 2 5 7 7 9 4 6 6 - 0 3

t 65 50 0 . l 0 6 1 l  6 7 9 E - 0 3 0 , 1 3 4 2 6 7 5 1 6 - 0 3
65 56 0 , 1 1 2 7 ( J112E-03 0 , 1 4 2 1 2 2 4 2 E - 0 3

§
65 66 0 . H 8 9 7 3 0 2 E - 0 3 0 . 1 4 9 6 9 2 5 7 6 - 0 3

0
YTP1 0 . 1 1 4 0 9 0 - 0 3 YT2 0 . 1 0 8

@ TIME DI ST YY XX
1 2 0 . 1 0 2 0 5 7 6 6 E - 0 3 0 . 1 3 0 6 1 6 7 1 6 - 0 3
1 10 0 , 9 4 2 5 9 9 4 3 6 - 0 4 0 . 1 2 1 2 1 9 3 5 E - 0 3

B 1 18 0 . 0 6 0 0 7 4 9 4 6 - 0 4 0 , 1 1 1 0 1 6 2 6 6 * 0 3
1 26 0 , 7 0 2 7 5 5 6 6 6 - 0 4 0 . 1 0 0 9 1 2 1 2 E - 0 3
1 34 0 . 7 2 3 3 2 5 2 1 6 - 0 4 0 . 9 2 4 9 6 6 7 3 6 - 0 4

a 1 42 0 . 6 0 6 5 2 7 2 1 6 - 0 4 0 , 8 7 0 4 0 2 1 4 6 - 0 4
1 5u 0 , 6 7 4 3 2 2 3 6 6 - 0 4 0 . 8 4 5 1 6 3 7 4 E - 0 4
1 38 0 . 6 7 0 8 7 5 7 4 6 - 0 4 0 , 8 3 7 9 9 4 5 9 E - 0 4

9 1 66 0 . 6 7 0 5 4 0 7 5 E - 0 4 0 . 8 3 7 1 2 4 2 4 6 * 0 4
TI ME . P. IST YY XX

9 2 C . 1 0 7 0 1 0 3 7 6 - 0 3 0 . J 3 7 6 9 9 3 2 E - 0 3
B 9 10 0 . 9 4 8 0 5 1 3 1 6 - 0 4 O . 1 2 6 0 3 2 2 5 E - O 3

9 18 0 . 0 7 5 3 2 5 O 5 E - O 4 0 . 1 1 6 1 9 1 5 9 E - 0 3
9 26 0 . 7 9 6 5 5 6 1 3 6 - 0 4 0 , 1 0 5 6 3 5 8 2 6 * 0 3

& 9 34 0 . 7 2 6 9 4 3 3 9 E - 0 4 0 , 9 6 8 0 9 5 4 0 6 * 0 4
9 42 0 . 6 7 2 2 1 0 4 4 B - 0 4 0 . 9 1 0 4 4 9 1 6 6 * 0 4
9

. . .  .. .
0 , 6 4 0 3 9 6 7 5 6 - 0 4 0 , 0 S3 4 2 9 1 6 E - O 4

9 9 58 0 . 6 2 7 5 3 7 6 6 6 - 0 4 0 . 8 7 5 5 2 0 6 3 6 - 0 4
9 66 o . 6 2 4 4 6 5 6 1 6 - 0 4 0 . 8 7 4 4 8 0 1 7 E - 0 4
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TIME LM S T i Y

$ 17 i* 0,107916076-03
1 7 l 0 . 1 0 0 0 5 4 9 4 6 - 0 3
17 ' h 0 . 8 8 5 6 6 0 2 6 6 - 0 4

f 17 26 0 . 8 1 6 1 3 1 5 0 6 - 0 4
17 3 4 0 . 7 4 4 4 ? 3 5 9 E - 0 4
17 42 0 , 6 7 9 6 6 3 3 9 E - 0 4

t 17 5 U 0 , 6 3 1 7 1 8 4 3 6 - 0 4
17 58 0 . 6 0 4 7 9 7 9 6 6 - 0 4
17 66 0 , 5 9 4  2 4 9 1 4 E - 0 4

f TIMF m s T YY
25 2 o . i o e o m o E - o 3
25 10 0 . 1 0 0 8 3 1 4 1 E - 0 3

f 25 18 0 . 9 3 3 1 7 1 2 4 6 - 0 4
25 26 0 , 8 2 9 6 1 2 1 0 6 - 0 4
25 3 4 0 . 7 6 3 1 7 9 4 1 E - 0 4

9 25 42 0 . 6 9 7 6 6 1 4 5 E - 0 4
25 50 0 . 6 4 1 1 5 3 4 5 6 - 0 4
25 58 0 , 6 0 1 0 6 0 3 1 6 - 0 4

9 25 6 6 0 . 5 7 S 1 7 4 8 1 E - 0 4
TIME DI ST VY

33 2 0 , l o e 0 9 6 7 3 E - 0 3

€ 33 l u 0 . 1 0 1 5  3 9 3 5 6 - 0 3
33 18 0 . 9 4 5 3 3 9 7 0 6 - 0 4
33 26 0 . 0 7 2 5 3 0 9 0 E - 0 4

<3 33 34 0 . 7 7 8 5 9 1 2 0 E - 0 4
33 42 0 . 7 1 6  6 8 9 8 2 6 - 0 4
33 5 (j j . 6 5 e 8 7 e 5 6 E - 0 4

€ 33 58 0 . 6 H 2 4 2 4 3 6 - 0 4
33 66 J . 5 7 8 4 7 3 2 6 6 - 0 4

TIME DI ST r Y
t 41 2 0 , 1 0 8 1 7 3 8 9 6 - 0 3

41 r ; 0 . 1 0 2 1 8 5 4 1 E - 0 3
43 16 0 . 956 5 7 4 5 1 6 - 0 4

# 41 26 C . 8 8 7 5 8 7 2 2 E - 0 4
41 34 U . 8 1 7 3 5 9 9 7 F - 0 4
41 42 0 . 7 3 3 0 4 9 5 2 E - 0 4

f 41 5 C 0 , 6 7 7 4 0 6 7 8 6 - 0 4
41 58 0 . 6 2 7 9 3 8 8 6 E - 0 4
41 06 0 , 5 8 8 5 2 9 9 4 6 - 0 4

t TIME DI ST YY
49 c 0 . 1 0 8 2 4 3 4 0 6 - 0 3
49 1', 0 . 1 0 2 7 7 4 9 1 6 - 0 3

f 49 18 0 . 9 6 8 9 4 9 7 3 E - 0 4
49 26 0 . 9 0 1 6 4 7 8 7 6 - 0 4
49 34 0 . 83421 4 1 5 6 - 0 4

f 49 42 0 . 7 6 7 9 9 0 8 5 6 - 0 4
49 50 0 , 6 9 3 8 6 9 3 6 6 - 0 4
49 58 0 . 6 4 5 3 6 8 8 5 6 - 0 4

@ 49 66 0 . 6 0 3 7 6 7 2 5 6 - 0 4
TIME DI ST YY

57 2 0 , l o e 3 n 6 0 5 t - 0 3
% 57 10 0 . l 0 3 3 i 2 8 1 6 - 0 3

57 3 8 0 , 9 7 6 5 2 9 1  3.6-04
57 26 0 . 9 1 4 7 7 6 7 5 E - 0 4

\ 57 • 34 0 , 8 5 0 1 2 0 4 1 6 - 0 4
57 42 0 . 7 8 5 7 4 6 9 6 6 - 0 4
57 5 i 0 . 7 2 5 1 7 0 5 3 6 - 0 4
57 3d 0 , 6 6 1 2 6 3 9 1 6 - 0 4
57 66 0 . 6 1 S 7 2 3 2 8 E - 0 4

t i m e Disr YY
65 2 0 , 1 0 8 3 6  2 5 1 6 - 0 3
65 10 0 , 1 0 3 8 0 3 5 6 6 - 0 3
65 18 0 7 9 8 5 3 7 1 8 8 6 - 0 4

i 65 26 0 . 9 2 7 0 3 0 7 7 6 - 0 4
65 34 0 . 8 6 5 1 2 4 8 9 6 - 0 4
65 4 2 0 . U 0 2 6 7 3 4 5 E - 0 4

% 65 5 J o . 7 4 3 0 5 3 2 4 6 - 0 4
65 58 0. 6 8 9 0 6 4 1 8 6 - 0 4
65 6 6 0 , 6 3 4 5 9 7 8 1 6 - 0 4

i ,  M V T P ?

XX
. 1 4 4 1 5 4 0 4 E - 0 3  
. 1 3 2 7 8 2 6 6 E - 0 3  
. 1 2 1 0 8 9 7 0 E - 0 3  
. U 0 2 1 6 2 4 E - 0 3  
. 1 0 0 9 1 4 7 7 6 - 0 3  
, 9 4 5 8 6 9 2 5 6 - 0 4  
, 9 1 3 9 5 9 2 2 6 - 0 4  
. 9 Q 3 1 2 4 6 0 E - 0 4  
. 9 0 0 9 6 7 7 1 E - 0 4  

x X
, 1 4 9 9 7 9 1 8 E - 0 3  
. 1 3 8 3 3 7 7 7 E - 0 3  
. 1 2 6 3 1 8 2 3 E - 0 3  
. 1 1 4 6 3 0 2 7 6 - 0 3  
. 1 0 4 9 6 1 8 3 E - 0 3  
. 9 8 0 3 2 9 4 9 E - 0 4  
. 9 4 1 6 6 8 2 5 E - 0 4  
. 9 2 5 S 3 8 3 3 E - 0 4  
. 9 2 0 5 6 1 8 6 E - 0 4  xx
. 1 5 5 2 3 6 5 3 E - 0 3  
. 1 4 3 4 7 4 5 6 E - 0 3  
. 1 3 1 2 9 8 3 2 E - 0 3  
. H 9 3 4 8 6 7 E - 0 3  
. 1 0 6 9 2 3 0 6 E - 0 3  
. 1 0 1 4 9 1 8 8 E - 0 3  
. 9 6 9 3 0 5 5 4 E - 0 4  
. 9 4 6 4 3 3 7 1 E - 0 4  
• 9 3 6 7 5 2 9 1 E - 0 4  
XX

. 1 5 9 9 8 1 4 4 E - 0 3  

. 1 4 8 2 2 2 7 7 6 - 0 3  

. 1 3 5 9 9 8 1 7 E - 0 3  

. 1 2 3 9 1 6 1 6 E - 0 3  

. U 3 1 6 9 4 2 E - 0 3  
• 1 0 4 9 3 7 3 2 E - 0 3  
. 9 9 7 6 S 3 9 8 E - 0 4  
■ 9 6 7 8 7 8 4 4 E - 0 4  
. 9 5 2 2 9 5 3 7 E - 0 4  
XX

. 1 6 4 2 6 3 7 9 E - 0 3  

. 1 5 2 6 1 0 3 0 E - 0 3  
, 1 4 0 4 2 9 1 1 E - 0 3  
• 1 2 a 2 9 8 5 6 £ - 0 3  
. 1 1 7 3 3 7 0 7 E - 0 3  
. 1 0 8 6 5 1 6 1 E - 0 3  
. 1 0 2 6 4 5 5 6 6 - 0 3  
, 9 9 0 4 4 1 9 1 6 - 0 4  
. 9 6 8 7 5 0 1 0 6 - 0 4xx
. 1 6 B 1 2 8 6 4 E - U 3  
. 1 5 6 6 6 3 2 0 E - 0 3  
. 1 4 4 6 0 2 5 7 6 - 0 3  
■ 1 3 2 4 9 6 3 5 E - 0 3  
. 1 2 1 3 9 4 0 7 E - 0 3  
. 1 1 2 3 9 2 9 9 E - 0 3  
. 1 0 5 7 8 9 0 0 E - 0 3  
. 1 0 1 3 8 8 1 0 E - 0 3  
. 9 8 6 5 3 5 1 6 E - 0 4  

XX
. 1 7 1 6 1 6 6 9 E - 0 3  
. 1 6 0 4 0 5 7 8 6 - 0 3  
. 1 4 8 5 3 0 0 2 E - 0 3  
. 1 3 6 5 1 1 0 9 6 - 0 3  
. 1 2 5 3 3 4 1 5 E - 0 3  
. 1 1 6 0 0 8 6 5 6 - 0 3  
. 1 0 « 9 7 3 5 9 E - 0 3  
. 1 0 3 9 8 8 2 6 6 - 0 3  
. 1 0 0 5 4 4 0 4 6 - 0 3

0 . 1 1 4 1 0 E - 0 3  YRP2 0 . 6 5 7 8 2 E - 0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0n
o
0
0
0
0
0

0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
u
00
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YTP2
.iooooe-o3 
.11095E-03 
.11449E-Q3 
,11478E-03 
.114106-03 
. 11325E-03 
.1184BE-03 
,111856-03 
.11135E-03 
.110966-03 
.11O65E-03 
,110426-03 
.110246-03 
.110116-03 
. 11OQOE-03 
.10992E-03 
.109066-03 
.109016-03 
.109776-03 
.10975E-03 
.109726-03 
.109716-03 
.10969E-03 
,1096SE-03 
,109686-03

Y0P2

0 . 3 2 0 0 6 E - 0 4  
0 , 7 4 6 6 4 6 - 0 4  
0 , 7 Q 4 4 6 E - 0 4  
0 . 6 7 7 0  7 E - 0  4 
0 . 6 5 7 0 2 E - O 4  
0 . 6 4 3 6 8 E - 0 4  
0 . 6 3 3 0 4 6 - 0 4  
0 , 6 2 4 9 6 6 - 0 4  
0 * 6 1 0 7 7 E - O 4  
0 . 6 1 4 Q 4 E - 0 4  
0 , 6 1 0 4 0 6 - 0 4  
0 , 6 0 7 $ 1 E - P 4  
0 , 6 0 5 4 6 6 - 0 4  
0 . 6 0 3 8 2 6 - 0 4  
0 * 6 0 2 5 9 6 - 0 4  
0 , 6 0 1 5 8 6 - 0 4  
0 .6OO03E-O4  
0 , 6 0 0 2 6 6 - 0 4  
0 . 5 9 9 8 2 E - 0 4  
0 . 5 9 9 4 8 E - 0 4  
0 . 9 9 9 2 2 E - 0 4  
0 . 5 9 9 Q 2 E - 0 4  
0 , 5 9 8 Q 7 E - 0 4  
0 199S.75E-04 
0 . 5 9 8 6 6 E - 0 4
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APPENDIX II

THE EQUILIBRIUM THEORY MODEL

In liquid-solid systems characterized by relatively rapid mass 

transfer rates the approximation is made that the fluid and solid 

phases respond to temperature changes in the system such that local 

fluid solid equilibrium is instantaneously attained everywhere in 

the adsorbing column. Under these conditions solute moves axially 

within the column in sharply defined wave fronts. An equation pre­

dicting the solute concentration along these fronts is obtained in

a relatively simple analytical fashion for systems with linear
2 5isotherms. The method is presented in detail elsewhere. ’ In 

summary fashion, however, the method is as follows.

The equation of continuity for the liquid-solid adsorbant system 

is given by (15) with same conditions holding as in the previous 

treatment i.e.,

the assumption of local fluid-solid equilibrium means that (17) is 

always true, or

ev 9^ + e + (1-e) p 9x = 0. 
9z 9t S 9t

(15)

y = x , 
M (A-l)
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where M is a function of temperature, which is, in turn, a function 

of time. Equation (A-l) is solved for x, differentiated with respect 

to time and substituted into (15) to yield

(1+m) 9̂ _ + v 3^ + jlm 9T y = 0 (A-2)
3t 3z 3T 3t

where

m = (1-e) p M. (A-3)s

The time dependent parameters in (A-2) are given as square wave 

functions (sq) , i.e.,

T = T + Tsq (tot) (A-5)o

M = - asq (tot) (A-6)

v = v - v A-Sq (tot) (A-7)o o B

where for (n-1) Tr/(o<t̂ _ mr/to, sq(tot)=l, and for niT/to<ts (n+1) Tr/to, 

sq((Ot)= -1 for all integers n>0. Characteristic lines in the z-t 

plane are chosen such that, for upflow,

to , V 1- ^ -  (A-8)dt (1+m ) (1-b)o

and, for downflow,

where

dz = Vo(1+V  (A-9)
dt (1+m ) (1+b) o

b = _a_ . (A-10
1+mo
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Along these characteristics, then, (A-2) becomes

dy = d [1-bsq (cot)]
y 1-b sq (oat) A-ll)

or, upon integration

y [1-b sq (tot)] = C (A-12)

C being the constant of integration. For the hot half-cycle to cold 

half-cycle transition, then, along any concentration front whose 

position is defined by (A-9),

y2,n = (A-13)
y. 1+bl.n

and, for the cold half-cycle to hot half-cycle transition, along 

fronts whose position is defined by (A-8),

I = I±jl (A-14)
y2,n 1_b

For a half-cycle of duration T, the position of the concentration 

wave fronts are given by integrating (A-8) and (A-9) to obtain

T _ v (1-<J)r )t
1 ~ (H o i a  > ( A - 1 5 )o

T = V n (1+ V T
2 (°w - ( L o) • ( A - 1 6 )

for upflow and downflow, respectively.

2Chen and Hill have shown that there are three possible regions

for operation of the continuous parametric pump based on the relative
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lengths of axial concentration front traversal and column length. 

These regions are pictured on Figure A-l and are defined by

a. Region I, £ L , _< h (A-17)

b. Region II, Lp < L^, _< h (A-18)

c. Region III, L > h L2> h. (A-19)

It has also been shown that a different set of equations predict

parametric pump performance in each of the three regions. These

equations, which combine (A-13) and (A-14) with the external mass
2 5balance equations, (8) - (12), are given elsewhere, ’ and yield the 

typical performance curves shown in Figure A-2.

Figure contains a semi-logarithmic plot of cold half-cycle 

bottom product concentration versus number of cycles and a linear 

plot of cold half-cycle top oroduct concentrations with cycle number. 

Of primary interest are the bottom product concentration curves since 

their characteristic shape changes most drastically from region to 

region. In Region I the bottom product concentration is a monoton- 

ically decreasing function of cycle number. In fact, for linear 

isotherms and equilibrium operation in Region I,

iim yRp2 = o 
n->- oo ---------  (A-20)

yo

i.e., "perfect separation," or complete removal of solute from the 

lean product stream is possible. Region III separations are severely 

limited when compared to Region I and the characteristic shape of
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FIGURE A-l - REGIONS OF OPERATION FOR THE 
CONTINUOUS PARAMETRIC PUMP
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Region II

1.20
Region I

Region III
1.00

Region II

0.50

Region III

0.20

Region I

0.05

0.02 5 10 15 20 250
Cycle Number, n

FIGURE A-2 - TYPICAL EQUILIBRIUM PARAMETRIC PUMP 
PERFORMANCE CURVES
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the curve is a function that decreases quickly to a nearly constant 

separation after a few cycles of operation. For Region II, however, 

a distinct minimum in bottom product concentration appears at a 

theoretically predictable point. The appearance of this minimum is 

directly related to concentration front penetration length in the 

following manner.

Regardless of region of operation, the liquid phase concentra­

tion adjustments taking place within the adsorbant bed during any 

complete cycle of operation are given by (A-13) and (A-14). The 

solution of the internal equations makes no assumption about mode 

of operation of the parametric pump. It merely quantifies the in­

dividual adsorptive capacity of the solid particles, and for any 

temperature change within the solid bed, the change in adsorptive 

capacity is rendered by the parameter, b, which is a measure of the 

difference between the two temperature dependent equilibrium states.

The adsorptive capacity of the entire solid bed is given by the 

penetration length. When compared with column height, h, the pene­

tration length is a direct measure of the extent to which the solid 

bed is saturated with solute at the given temperature. If the ex­

tent of saturation on the adsorptive cold half-cycle (I^) is exceeded 

by the extent of saturation on the desorptive hot half-cycle (L^), 

there is a net minus accumulation of solute in the bed and a net 

movement of solute towards the concentrated end of the column 

(Region I). If, however, the reverse is true; the extent of saturation
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on the cold cycle (I^) exceeds the extent of saturation on the hot 

half-cycle (L^), a net positive accumulation of solute in the bed 

results and there is a net movement of solute towards the lean end 

of the column (Region II).

More simply stated, in Region I solute loading of the adsorp­

tive bed during the cold half-cycle is exceeded by column regenera­

tion capacity during the hot half-cycle. In Region II, solute 

loading during the cold half-cycle exceeds column regenerative 

capacity in the hot half-cycle.

For a given temperature difference between the cold and hot 

half-cycles, then, the column loading during the cold half-cycle is 

increased by increasing the rate of bottom product withdrawal. Here 

L, decreases and L„ increases via (A-15) and (A-16). When (f>_>b,1 / D

I^L^ and the transition from Region I to Region II is reached.

Increasing $ to the point where >b has increased column loading 
13 D

beyond the column's regenerative capacity.

When column length is reduced to the point where the entire 

column is saturated with solute on the cold half-cycle, break through 

of solute from one end of the column to the other has been achieved. 

At this point, regardless of regenerative capacity in the hot half­

cycle, separation of solute to the opposite ends of the column has 

been disrupted and limited separation result. This describes opera­

tion in Region III.
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APPENDIX III 

DETERMINATION OF MASS TRANSFER COEFFICIENTS

A. Theory

The equation of continuity for a column of solid adsorbant in 

contact with a solution containing one adsorbable solute in an inert 

solvent is given by (15),

v + 1—£ p dx_ = 0 (15)
9z 3t £ S 9t

Some appropriate initial and boundary conditions that apply to the

experiments described in this Appendix are:

a. At 5°C, at t=0, z>0, y=yQ = 0

at t=0, z>0, x=x = 0o
at t>0, z=0, y=yp

b. At 70°C, at t=0, z>0, y=y = y_o F

at t=0, z>0, x=x = y„/M„ 
o t z

at t>o, z=o, y=yp .

If, at some time, t, breakthrough of the solute is achieved at the 

discharge end of the adsorbant column (axial distance h), a continu­

ous axial concentration gradient is established, which changes with 

time. For sufficiently short columns at times not near the initial
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breakthrough or final saturation of the column, this gradient is 

approximately linear and is given by

9 X ~ A y  - yh~yF (
dz A h {A ’

The breakthrough curve during either an adsorption process or desorp­

tion process having the initial conditions described above has the 

general appearance shown in Figure A-3. A time t, shown on Figure 

A-3, the shape of the breakthrough curve can be approximated by an 

appropriate numerical method, in our case a five-point formula

P  “  P  W - 2 2 )3t At

So, combining (A-22) and (A-21 with (15) gives an expression for the 

rate of interphase mass transfer at time t and axial distance h 

where the expressions on the right-hand side of the equation may be 

obtained from experimental data of vs. t, to wit,

-v Ay - Ay 
3x = Az At
3t /i-e\ p

s
(A-23)

Now, the equation relading the rate of interphase mass transfer 

to resistance, X, and a driving force, is given by (19) for linear 

adsorption isotherms

3x = X fy -
3t V M J (19)
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Desorption
Adsorption

t

FIGURE A-3 - TYPICAL BREAKTHROUGH CURVES FOR 
ADSORPTION EXPERIMENTS.
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Knowing, chc at axial distance h vs. time allows as to calculate 
3t

x at any time by numerical integration, i.e.

=5 x +T (
° U t J (A-24)

where the symbol I indicates a Simpson’s rule integration. 

Combining (A-24) and (A-23) with (19) gives

-v Ay - Ay
(A-25)

where all the terms on the right-hand side of the equality are avail­

able from experimental data.

B. Experimental Method and Results

A 1.0 cm diameter by 10.0 cm long column of BioRad AG11A8 ion 

retardation resin at the initial conditions given above was fed with 

0.1M aqueous MaCl solution at a given constant flow rate. Column 

temperature was maintained by the jacket fluid. Effluent solution 

was collected in 1.0 cm3 fractions and analyzed by electrical con­

ductivity for NaCl content to yield breakthrough curves similar to 

Figure A-3.

The experimental data are given on Tables A-l and A-2. Two

experiments were conducted, one at 5°C and the other at 70°C.
12Gregory reports an exponent of 0.3 for the velocity dependence.



152

Numerically extrapolating the calculated A to the logarithmic 

intercept, using a slope of 0.30 gives values for B, as illustrated 

on Figure A-4, so that

at 5°C, A2 = 0.0736 v ^ -30 , (A-26)

and, at 70°C, Ax = 0.3280 v^0,30 (A-27)
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TABLE A-2 

BREAKTHROUGH DATA AT 5°C

V = 0 y„ = 0.10 mole/1 x = 0 t in min., y in mole/1, o F o

v = 2.00 ft/sec. h = 11.70 cm

Volume
Displaced Time, Concentration,

(cm3) t (min.) y (mole/1)

1.00 1.67 .0680
2.00 3.25 .0157
3.00 4.83 .0081
4.00 6.68 .0048
5.00 8.26 .0022
6.00 10.01 .0070
7.00 11.68 .0190
8.00 13.35 .0294
9.00 15.10 .0376

10.00 16.68 .0478
11.00 18.26 .0624
12.00 20.01 .0616
13.00 21.84 .0676
14.00 23.42 .0584
15.00 25.17 .0680
16.00 26.92 .0688
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TABLE A-3 

BREAKTHROUGH DATA AT 70°C

y = y = 0.100 mole/1 x = 0.054 mole/gm t in min., y in mole/1
I 1 o o

v = 2.15 ft/sec. h = 10.0 cm

Volume
Displaced Time, Concentration,

(cm3) t (min.) y (mole/1)

1.00 1.50 .070
2.00 2.98 .086
3.00 4.49 .098
4.00 5.95 .101
5.00 7.43 .104
6.00 8.97 .121
7.00 10.49 .137
8.00 12.00 .153
9.00 13.50 .159

10.00 15.06 .159
11.00 16.57 .155
12.00 18.10 .153
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Fluid Velocity, u (cm/sec)

FIGURE A-4 - DEPENDENCE OF A ON TEMPERATURE 
AND FLUID VELOCITY.
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APPENDIX IV 

ASPECTS OF PRELIMINARY DESIGN AND ECONOMICS

A. Preliminary Design of A Desalination Unit

The principal application of continuous parametric pumping for 

the experimental system studied here is desalination of brackish 

water for human consumption. From the data reported earlier, it is 

clear that near-equilibrium conditions are required to obtain separa­

tions sufficient to reduce the NaCl content of brackish water 

(p.l-0.3M NaCl) to potable water (0.0001M NaCl), a separation factor 

of 1000-3000. Non-equilibrium operation of the type studied here 

yields separation factors of 2-4, well below the required separation. 

Accordingly, the following aspects of preliminary process design and 

economic analysis will be based on equilibrium operation.

The basis for the design must, of course, be the capacity of the 

desalination unit, in gal./day. Of particular interest are the
o r

uncontrolled variables, brackish water concentration (Y , molarity)o
and temperature, (To,°C). Controlled variables that depend on the 

specific physical characteristics of the liquid solid system are 

operating temperatures and half-cycle time.

Experimental determination of the parameters b and m^ for the 

liquid-solid system, which depend on the slopes of the adsorption 

isotherms of the operating temperatures, is required. These
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temperatures are limited by the stability of the adsorbant. The 

contact time required for approach to equilibrium must also be de­

termined and this is a strong function of the cold half-cycle 

temperature, where the rate of interphase mass transfer is slowest. 

These parameters provide the basis for preliminary process design 

and are manipulated as shown below.

The principles of the design and economic analysis will be 

treated in general but will be applied to a specific case during the 

treatment for purposes of illustration. Single desalination units 

yielding 100,000 gal./day or more of fresh water are typical. As­

sume a brackish water feed 0.30M in NaCl is available for treatment. 

The temperatures cited in this study, namely, 5°C and 70°C, for

which b = 0.137 and m = 1.9375, will be used. The data on Figure 11o
indicate that a four-hour half-cycle will insure a fairly close 

approach to equilibrium conditions.

For operation in equilibrium Region I, where complete removal 

of NaCl from the brackish water is possible, we require that 4> <bD

from equations (77) - (79). A "safe" value of (j) is chosen, e.g.,D
(J) = 0.125 vs. b = 0.137, and design may proceed.

Sizing major items of process equipment is accomplished in the 

following manner. Using flows in gal./hr., neglecting density 

effects, the reservoir rate is determined by

Q = ^BP (A-28)
*B
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For our example

Q = 4167 gal./hr. = 33,376 gal./hr.
0.125

The reservoirs must be capable of holding the flow for an entire

half-cycle plus the dead volume. Thus, if V is the reservoirK
volume,

VR * (1+CB % P  T (A-29)
4>TB

For our example, we assume a 5% dead volume, and

VR - ^  (4) , 145>833 gal_

To further insure that Region I operation obtains, from equation 

(A-17), L^-h, or

v o ( 1 - » b ) t  ( a . 3 0 )

(1-b) (l+mo)

Multiplying through by the cross-sectional area for reservoir flow,

A, the colume volume, V , is given byGUL

A (1-tjOT 
V = Ah = V° BCOL (1-b) (1+m ) (A-31)

or,

Q(l-<j) )T
VC0L = e(l-b) (l+mo) (A-32)
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For our example,

_ (33376) (1-0.125) (4)VCOL (0.38) (1-0.137) (1+1.9375

= 120,704 gal. = 16,113 ft3

Now, the particular configuration of the adsorbant bed becomes 

important. Fluid flow in the bed is laminar, limiting heat transfer 

rates for inter-half-cycle heating and cooling. Clearly, a jacketed 

bed of the type treated in the experimental section of this work is 

inappropriate, assuming relatively large bed diameters will be re­

quired. The bed must then be confined to relatively small tubes 

encased in a shell to contain the heating and cooling media, much 

like a shell and tube fixed bed reactor. The tubes must be of a 

diameter and length such that

a. The bed volume is

b. The heat transfer area is sufficient to provide inter-half­

cycle heating and cooling in a small fraction of the half-cycle time, 

T.

c. The heat transfer area is sufficient to provide the appro­

priate amount of heating or cooling during the remainder of the 

half-cycle.

d. The configuration of the unit is optimum, or, for prelimi­

nary design, is at least reasonable.
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Satisfying criteria b and c, above, requires energy balances and, 

hence, some consideration of energy efficiency. The inter-half- 

cycle energy requirement is that the entire contents of the adsorb­

ent bed (liquid plus solid) undergo temperature change ± (T^-v^). 

Clearly, we have at our disposal a large heat source/sink in the 

body of brackish water at To from which we draw our feed to the unit. 

We can, therefore, approach To in the column from either T^ or T^ 

during the beginning of each half-cycle by using the brackish water 

as the auxiliary fluid. Then, continued heating or cooling is pro­

vided by combustion or refrigeration, respectively, in hot and cold 

auxiliary fluid reservoirs. Figures A-5 and A-6 show the process 

flows during the various phases of operating for both hot and cold 

half-cycles, respectively.

The tube size is determined by heat transfer requirements 

during the initial heating or cooling phases of a given half-cycle. 

For laminar flow inside the tubes,

M  = i.62 (^£) 1/3 k m  '

or, rearranging

h  ,  i . 6 2 < & £ * )  1 / 3  S  • W - 3 3 )IlkL 7 D

The energy requirement during any phase of operation is given by

, - muddat^ (a_ 34)
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where the tube-side resistance to heat transfer is assumed to be 

controlling. Combining (A-33) and (A-34) and eliminating D, we 

obtain

-1/3l2/3 =  g  (4wC£ ( }
L 1.62IIkAT0 C Rk ; ' 'x,m

Considering the flowing fluid, the energy requirement is given by

q pVCOLCp ^  (A-36)

where t is an appropriately small fraction of the total half-cycle 

time and AT is the temperature difference experienced by the column 

contents. Using (A-35) and (A-36), L and D are calculated for each 

of the phases of operation, giving the required heat transfer area 

for each phase of operation. The L and D combination yielding the 

largest area is chosen for preliminary column design.

Table A-4 illustrates this calculation where, for our example,

we choose t=15 minutes and assume hot fluid available at 90°C and

cold fluid available at -10°C. We have also assumed a 5°C approach

to To of the column contents before changing auxiliary fluid to

heated or refrigerated brackish water and that the flow of auxiliary

fluid is large enough that its temperature change is small. The re-
2quired heat transfer area is 527, 497 ft at D=1.466 inches. Letting 

D=1.5 inches, L=l,343,260 ft.
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Selection of shell diameter and column height is a problem in 

cost optimization. A large number of small-diameter tubes must be 

arranged and supported in a relatively large diameter shell, so that 

material and fabrication costs are both important. For the purposes 

of preliminary design, a trial and error procedure is employed to 

arrive at a "most reasonable" adsorbant bed configuration

a. For various column lengths, the number of tubes, N^, is 

determined by dividing the tube length requirement, L, by the column

b. The flow cross-section for the adsorbant bed is calculated

c. Assuming the tubes take 90% of the column cross-section, 

leaving about 10% for the thin tube walls and flow of heat transfer 

fluid in the shell, the total column diameter is given by

iength, hCQL

(A-37)

by

Acs = (A-38)

(A-39)

For our example, Table A-5 is prepared, giving column diameters 

for various column lengths, indicating a considerable latitude in 

choice of column configuration.



166

It is apparent, however, that shorter column lengths require a 

very large number of tubes. Longer columns require less tubes but 

supporting tubes of the lengths suggested in Table A-5 in a column- 

type arrangement is difficult. Although the laboratory column was 

oriented vertically, there is no reason to assume that this must be 

the case in a commercial-size device. Therefore, longer columns 

oriented horizontally are to be favored, and the 200-foot long 

column on Table A-5 seems to be an appropriate compromise choice for 

preliminary process design.

As an additional energy conservation measure, assuming the cost 

of refrigeration cooling is greater than steam or combustion heat­

ing, the thermal energy accumulated in the hot top reservoir will 

be dissipated by exchange with the cold bottom stream in the manner 

illustrated on Figure A-6, which is a flow diagram for the process 

on the cold half-cycle. An energy balance at the feed point during 

the hot half-cycle yields

At the heat exchanger, using an approach temperature difference of

(A-40)

and for downflow gives

(A-41)

AT,

T" = T* + AT (A-42)
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TABLE A-5

ESTIMATION OF REQUIRED COLUMN DIAMETER 

FOR GIVEN COLUMN LENGTHS

Tube Flour
Column Number of Cross- Column

Length (Ft) Tubes Section (Ft2) Diameter (Ft)

30 44,775 549.5 27.9

50 26,865 329.7 21.6

80 16,791 206.1 12.1

100 13,433 164.9 15.3

120 11,194 137.4 13.9

150 8,955 109.9 12.5

200 6,717 82.4 10.8

250 5,373 65.9 9.7

300 4,478 55.0 8.8
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For our example T = 70°C, To = 30°C, and T will be assumed to 

be 5°C.

We calculate (|> by a steady state overall material balance

on the system, assuming ŷ .̂  = 0 and y„ is fixed.
i5 r 1

(y^-yo) (A-43)

Assuming ŷ ,/yo = 1.5, we have

so that

<|>T = (0.125) [y-^-] = 0.25

T = 56.7 

T' = 50.0 

T" =55.0

During downflow, the energy requirement during the cold 

half-cycle is

q2 = pQ(l-Hj)B)CpAT2, (A-44)

where, because the tube-side and shell-side flows are equal,

AT2 is identical to the temperature difference across the heat 

exhcanger. For our example,

q2 = (8.33) (34,772) (1+0.125) (1.0) (5) (1.8) = 2,932,714 btu/hr.

where the 1.8 factor converts °C to °F.
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During upflow, the energy requirements for the hot half-cycle 

is given by

q. = pQ(l-<K.)C AT (A-45)i d p

where

AT1 = Ti_T" (A-46)

For our example,

q± = (8.33) (34,772) (1-0.125) (1.0) (70-55) (1.8) =

6,842,999 btu/hr.

Clearly, from Table A-5, the available heat transfer area is more 

than enough to maintain adsorbant bed temperature during each half­

cycle of operation.

The sum of the energy requirements for both the hot and cold 

half-cycles that are not provided by the brackish water heat source/ 

sink are used to size the auxiliary fluid reservoirs. In sizing the 

units, it must be kept in mind that an entire full cycle of opera­

tion is available to generate the energy requirements in the auxili­

ary fluid reservoirs which, in turn, are discharged only over one

half-cycle of operation. So that, for our example, the energy re­

quirements H, are calculated from Table A-4 to be,

H2 = 2,266,917 btu/hr.

= 6,905,433 btu/hr.
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Therefore, the refrigeration unit for the cold auxiliary fluid 

reservoir is sized at 200 tons and the combustion heater for the 

hot auxiliary fluid reservoir is sized at 7 million btu/hr.

Finally, the heat exchanger at the column top is sized using 

the energy transfer taking place, a reasonable overall heat-transfer 

coefficient for that service and a 5°C temperature difference for 

the driving force, i.e.,

A Q(l+cf)B)CpAT2./ (A-47)
lm

For our example, we assume U = 200 btu/hr-ft2-°F, and

A = (8.33) (34,772) (1.125) (1.0) (70-10) (1.8) 
(200) (5) (1.8)

= 19,551 ft2

Table A-6 summarizes the preliminary design figures derived for 

the desalination unit, giving sizes for the major items of equipment.

The above design represents a convenient "unit cell" for para­

metric pumping desalination design. Larger liquid storage tanks and 

adsorbant columns are not desirable, so that multiples of the 100,000 

gal/day unit described here would be applied to desalination plants 

into the 1,000,000 gallons/day class.
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B. Economic Comparison with Evaporative Desalination

The current method of choice for desalination of brackish water 

is evaporative desalination, usually in multiple effects. Desalina­

tion plants in the 100,000 - 2,000,000 gallons/day range are common. 

The principal item of cost in evaporative desalination is, of course, 

energy costs associated with steam consumption for the evaporation.

Of primary interest, then, in cost consideration for these plants 

is the "steam economy" expressed as lb. water evaporated per lb. of 

purchased steam feed to the highest-temperature evaporator in the 

multiple-effect system. Energy costs for the evaporation on a 

dollar per gallon basis are given by

8.33c„A 
CE = S----

On the other hand, for the parametric pumping unit, using the same 

cost basis, energy costs are given by

c2H2 + C1H1
Cpp = -------BP

For this analysis we assign a unit cost to combustion energy, i.e., 

assume combustion using fuel oil costs one unit per btu. Then other 

costs are given by

c^ = combustion costs =1.0 unit/btu

c2 = refrigeration costs = 3.0 units/btu

c^ = steam costs = 1.25 units/btu.
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TABLE A-6

ESTIMATE OF EQUIPMENT SIZES FOR 100,000 GAL/DAY 

PARAMETRIC PUMPING DESALINATION UNIT

Item Quantity

1

2

3

4

5

6 

7

2

3

1

1

1

Description 

Storage Tanks, Fresh Water or Brine 

Adsorbant Bed, Shell and Tube

Reservoir Pumps, Centrifugal

Auxiliary Fluid Pumps, Centrifugal

Feed Pump, Centrifugal

Shell and Tube Heat Exhcanger

Combustion Unit for Heating 
Water at 90°C

Refrigeration Unit for Cooling 
Brine at -10°C

Size

150,000 gal.

10.8 ft. ID by 
200 ft. long 
with 6750 
1.5" tubes

80 gpm

500 gpm 

30 gpm 

19,500 ft.2

7 MM Btu/Hr.

200 ton
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At the break-even point, where energy costs per unit product 

are the same for both evaporative and parametric pumping desalina­

tion, the steam economy is given by

S - 8-33<:3A
C2H2+C1H1
2WBP

For our example,

S = __________ (8.33) (1.25) (860)________
(3.0) (2,266,917) + (1.0) (6,905,433) =5.44 

(2) (4,167)

Therefore, where steam economy in a multiple-effeet evaporator 

plant is less than 5.44 (probably at less than seven effects) de­

salination by parametric pumping is more economical, on an energy 

cost basis, than by evaporation. An evaporation plant containing 

less than seven effects is, most probably, a plant in the lower 

capacity range, say 100,000 - 500,000 gallons/day, where one to five 

parametric pumping "unit cells" have an equivalent capacity.

This suggests that desalination by parametric pumping is com­

petitive with evaporation for smaller size plants. For 1,000,000- 

2,000,000 gallons/day capacity, where ten to twenty parametric pump­

ing "unit cells" are required, an evaporation plant of seven or more

effects is certainly more attractive from an equipment size point of
2view. For example, at 1,500,000 gallons/day, eight 12,000-ft 

evaporators in series are surely preferable to fifteen 200-feet long
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adsorption columns and thirty 150,000 gallon reservoir tanks. How­

ever, at 300,000 gallons/day, three 200-feet long adsorption columns

and six 150,000 gallons reservoir tanks compare favorably with eight 
23,000-ft evaporators with their associated auxiliary equipment.
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