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I. ABSTRACT

An experimental system has been developed for a

study of the dialysis mass transfer operation. A

cellulose dialysls membrane in tubular form was suspended -

in a colupn andAthe effect of flow conditions on the mass
transfer &oefficient was determined by paésing water
through the tubular membrane counter-current to a
circulating brine solution in the annulus.

The sultabillity of this apparatus for obtaining
data which can be utiliE?d in the study of the laminar and
turbulent mass transpoft mechanism 1s demonstrated.
Theories offmass transfer in flulds, which have evolved
primarily by analogy to the heét transfer operation and
from data acquired in wetted wall columns and from pipe
dissolution studles, can now be compared with data
collected from an apparatus which has certain advantages
over these two mass transfer systems,

The equation n'= K A (\C) , analogous to the
general expression for heat transfer qﬁ: A ([&T) s was
used to calculate the over-all mass transfer'coefficient,
K, from flow data, the termlnal concentrations, and the
transfer area.

)

The over-all resistance to transfer, (l/K), bears.

the same relation to the reciprocals of the film

5\ g
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coefficlents and membrahe coefficient as does the over-all

heat transfer reslstance to the individual coefficients in .

the heat transfer operation, 1i.e.,

1 1 1 1
— = + + (1-1)
K K o Mmoo Kpp

where (1/km) 1s the membrane resistance and )
(1/kr , L/kyp) are the resistances to diffusion which
occur in the'boundary layers of fluild adjacent to the
membrane surface. |

The experiment was conducted under such conditions
that the Wilson technique for graphically interpreting
heat transfer coefficients could be adapted to our present
situation of cortinuous dialysie for the determination of
the tubular f1lm coefficlents from measurements of the
over-all reslstance to material transfer.

A comparison with the transfer coefficients
predicted from various theorles of mass and héat transfer
indicates that the system herein employed can be quite
useful in the'study of the convectire mass transport
mechanism, |

| The results in the turbulent regime fall
approximately 15% and 25% below the Lin and Delssler

predictions respectively, and are correlated by
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the equation
‘ \
— 090 5
Ng, = .069 Noo (1I-2)
‘ \\ ( The laminar regime results lie between the Leveque and

Linton solutions for the parabolic and constant velocity

\ - o distributions respectively.




II, INTRODUCTION

A. Background in Dialysls

. {
A fluild 1s characterized by a constant state of

random molecular motion. If molecules of a gartioular
kind are more/concentrated at one point in a/fluid than at
another, their spontaneous mixing tendency will bring®
about a net rate of entry of these molecules into the
region of low concentration. This flux of molecules,
known as molecular diffusion, occurs between regions of ¢
uneqﬁal concentration and induces in any fluid an |
1nc11nation toward uniform concentration throughout'the
space which it occuples,

If a solution containing equal numbers of two
kinds of molecules 1s entered into a 5ody of fluid, and if
a sample of the fluld 1s taken at some polnt remote from
the point of entry before diffusion 1s complete, thié
sample will be found to contaln more of one kind of
molecular specles than the other., The difference in

mobility of the species in solution is responsible for
this action, and it 1s this differential diffusion which

.can be utilized to accomplish a partial gseparation of the

constituents,
Dlalysis involves the use of a porous membrane to

accomplish the above-mentioned separation. A simple case

P




is 1llustrated in Figure 1. The diagram shows a

dialysis membrane interposed between a pure solvént gtream
and a liquor stream‘containing_two solute species; A
spontaneous tﬁansfer of the solute particles through the
membrane occurs, and it is this phenomenon of uneqﬁal
diffusion of dissolved specles through porous septums which
18 termed "dialysis". The capillary pores of the membrane
'are lafge enough to permit molecular motion, but small
enough to prevent bulk intermingliﬁg of the two flulds.
Thiyexit solvent stream contains, relative to the exit
liquor stream, a proportionately greater concentration of
the more ﬁobile*species than of the less mobile speciles.
Mass transfer by molecular motion through the membrane is-
induced By the difference in concentration between the

two solutions in the drive to attain chemical equilibrium

. . kK
between the phases.

This process 1s not to be cbnfuséd~with osmosis,
a phenomenon in which‘only one component of solution,
solvent/ or SOIute, can pass through a semi—pefmeabie
membrghé. The porous dialysis membrane permlits an
interchange of molecules between the two phases in such a
manner that the mass flux in both directions is'equal;

Practical advantage can be taken of the unequal

diffusion rates of the solutes to provide a partial

separation of high molecular welght substances .from low
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Figure 1 Diagramatic Representation of Diaiysis
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mblecular welght substances. In 1ts most general
éonception,‘dialysis can be regarded as a process of
fractional diffusion where the small, light molecules
"dlalyze" at a greater rate than the large, heavy
molecules. ‘

As a laboratory tool, dialysis™ has enjoyed
extensive application in the removal of electrolytes and
small water soluble-particles (57). To date, relatively
few industries have-empioyed thls technlque on a large
scale basis. Limltatlons inherent in dialysls are
slowness of the diffusion process, and inefficlency atllpw
concentrations, Other limitatlons are encountéred.in the
unavailabllity of durable and uniformly}sg}gctive membraﬁes
and the lack of technical skill in the field.

| The principal application of plant sc%i?mdialysis
has been in the recovery of 1Haustria1 waste products where
it has proven to be a very efficlent and economic
method, the best known example being in the viscose rayon
iﬁdustry where a relatlvely easy separation of a
crystalloid (caustic soda), from a colloid (hemi-cellulose)
is involved (1, 16, 39, 44, 61). Other large scale uses
of this operation have been limited to areas where

restrictions, such as temperature sensitivity of materials

(8), do not permit utilization of more conventional

separation techniques. However, the inherent simplicity
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of this operation and the low power consumption involved
should warrant a closer look at this method,for wider
areas of industrial application.

| In the recent literature (4, 60) fhere is
evidence that the dlalysis technique is at long last
emerging from 1t? confining shell of process limitations.
New developménts of more chemically resistant membranes
Wwith better selective properties (49, 50), combined with
the utilization of more efficient dilalyzing units (22),
indicate a wider applicability of thls operation to the
separation of crystallold mixtures. For example, 1n the
copper refining industry use of thils technique effected

economlc recovery of sulfuric acid from a liquor

containing dissolved metal sulfates (14, 33, 59, 62). It
3\ A

1s not unreasonable to expect that the futuré“evolution

of dilalysis, as a chemical engineering unit operation,
will be more extensive with the continued improvement in
dialyzing equipment and with a more complete understanding
of the principles involved to ascertain the conditions
for 6ptimum utilization and to define éreas’of successful
application. | |
The‘terminology of dialysis vaéies widely; in
this thesls, the more modern terminology is employed.

The 11guor>denotes the liquid to be dlalyzed, and after

some or all of the permeable solutes have been removed,
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this liquid 1s termed the dialyzate. The liquid which
recelves the diffusible solutes is called the solvent.
After some or all of the diffusible solute has passed
into the recelving solvent, 1t is referred to as the
diffusate.

The majorlity of the modern plant scale dialyzers
are of the plate and frame type, similar to a filter
press arrangement. A simple schematic diagram i1s shown
in Figure 2, Membranes are held between alternate
1iquor and solvent frames and the two streams are passed
countercurrent to each other to achleve a maximum
concentration gradient and hence a maximum rate of

transfer,
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B, Dialysis Mass'Transport Equations /

As previously explained, diffusion/results from
moleculgr motion in a fluid.' If on two sides of a glven
planar boundary molecules of a certaln species exlst in
unequal concehtrations, there will occur a flux of such
molecules from the side contalning them in éreater
density to the side contalning them in lesser density.

It has been shown (2) that the genefal

relationshlp for a binary liquid mixture,
e

Xy (n 4 n. ) - 'f)AB VcA (II-1)

{1

Dy

describes the mass flux of molecules of specles A wilth

respect to the stationary coordinate system,where

C = mass coricentration, g./cu.cm,

D = mass diffusivity, sq.cm./min.

n = mass flux, g/ (min.) (sq.cm.)
= mass fractlon

X

For the special case of equi-mass counter-diffusion

of A& and B, this equation reduces to Fick's law of
diffusion,

fl

e | n, - ﬁAB ch_ | (11-2)




which describes the diffusion of species A 1n an

immobile medium.

When the fluid is in motion Fick's relationship
can be substituted into the equation of contihuity,'which
4 : expresses the law of conservatlion of matter, to yleld the

expression

4

(VVre = D vee (11-3)

for the diffusion of species A through an incompressible
fluid in steady motion.

’ Depend%ng on the hydrodynamic conditions in the
tube, this motion can be either laminar or turbulent. In
the laminar flow regime the instantaneous velocity at each
point 1s constant in time, and the streamlines at
nelghboring points are parallel to each other. Once the
veloclity profile,‘obtained from the Navier-Stokes relation,
and boundary conditions are defined for a particulér
geometry, equation (II-3) can be subject to a solution.
The mechanism of the transfer of matter is essentially
the same as in an immobile medium, the transfer taking
pPlace by molecular diffusion and only the external
conditions varying as a result of the fluid motion. The

turbulent flow regime 1s characterized by a disordered

type of motion wherein the velocity at any point changes
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continually with time in a random fashion. Transfer of
mass takes place by turbulent pulsations, in other words,
by disordered movement of small volumes or eddies of
fluild superimposed upon the slower molecular diffusion
process.

For the turbulent mass transfer operation,
equation. (II-3) is not easily susceptible to an
analytical solution. Many investigators have utilized

the expression
n, = - (D + €,) Ve, (x-4)

as the starting point for the most recent theories of
mass transport in a turbulent fluid.

‘The above equation defines the eddy mass
diffusivity',€hq, and assumes the molecular and eddy
transport to take place by parallel procesées so that the
two coefficlents are_additiye. Practlically speaking,
however, even this simpler relation is not of direct usge
to the engineer in dealing with systems of other than the
simplest type. Such problems are usually approached
with the ald of the empirical mass transfer coefficient

k , defined by

o= khe, (11-5)
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This expresslon is similar to the commonly used heat

transfer equation
qa = hAT (11-6)

which defines h , the individual heat transfer
coefficient.

The form of equation (II-5) was originally
obﬁained,from the use of Fick's equation in the film
theory, in which it is postulated that the transfer of
mass 18 controlled by a éfagnant film of fluild adjacent
to the transfer boundary; the transport mechanism
being that of molecular diffusion 1n_this region.
Despite its inadequacles, the utility of the £ilm
theory depends not on the existence of a stagnant film,
but on the basib assumption that the mass transfer rate
1s proportional to the concentration difference between
the bulk of the fluld and the boundary.

In the "penetra@ion" model, proposed by
Danckwerts (7), there is no controlling film at the
wall. The transfer mechanism involves small eddies of
fluid which come in COntaét with the’ boundary for short
periods of time. By using the eQuations for unsteady

state diffusion, the rate 1s found to ye also proportional

to the concentration difference.

e
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Thus, the film concept and the,transieﬁt eddy
theory provide entirely different models of the physical
process, yet the above equation (II-5) is applicable to
both., The present qualitative plcture which has evolved
1s one of continuous increase in turbulence from the
interface to the main body, with molecular diffusion
playing the major role near-the surface and eddy diffusion
being of predominant importance in the core of a turbulent
stream, |

It 1s seldom possible to find the valie of the
mass transfer coefficient by analytical calculation.

In the majority of cases, it 1s necessary to make use of
experimental data with the similitude theory providing

a means for the generalization of the experimental data.
This approach rests on the postulate that the real laws

of nature cannot depend on the choice of the system

units of measurement. Representation of any real law in
the form of an expression between dimensionless parameters
can therefore be carried out,

Application of this theory to the fluid mass
transfer operation results in the followlng relation

showing the effect of the pertinentvvariables expressed

in the form of the dimenslonless magnitudes involved;
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) kD | D Ue jye
(5 = ¢ 2 (e
Ngy = q> I Ng, (1I-7)

where

D = diameter, cm,
D = mass diffusivity, sq.cm./min.

k = 1ndividual mass transfer coefficlent,
g./(sq.cm.)(min, )(g./6u.cm, )

M = viscosity, g./(min.){cm.)

© = density, g./cu.cm.

U = average veloclty, cm,/min,
Npe= Reynolds number, dimensionless
Ng,= Schmidt number, dimensionless

NSh:: Sherwood number, dimensionless

The functlonal relationship between the dimensionléss
parameters can be ascertalned with experimental aata

taken under given geometric and physicél conditions°

This relationship can further serve for the calculation of
other processes taking place under the same geometric and
physlcal restrictions, but with different dimensions,

velocities, and physical properties of the substances.

[ 4
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Many investigators, working with various models
or hypotheses to establish the functional relation
between the above parameters, focus on systems of the
simplest kind, such as flow over 5 flat plate and through
a tube, where the hydrodynamic conditions are reasonably

well defined.

Concerning the present situation of mass transfer
from one moving fluld through a permeable membrane to }

another moving fluid, the equation
n= K AcC (11-8)

(similar to the over-all heat transfer equation q = U.ZXT)
defines K , the over-all coefficient of mass transfer.
This coefficlent 1s related to the individual coefficients

by the expression

1 1 1 1 )
—_— = =t -t — (11-9
< K ky K k11 |

which follows directly 1f the linear relationshlp between
the rate and the potential driving force, AC , is
accepted (see Appendix A).

The terms 1/k; and 1/k;; can be considered to

represent the resistance to mass transfer residing in the
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boundary layers of fluid adjacent to fhe surface, and
1/ky represents the resistance of the membrane to diffusion.

The liquid film coefficients, obtained from the
above equation, can be expressed in terms of the Reynolds
and Schmidt dimensionless moduli for the paréiculér system
geometry and'fluid employed.

Reference will be made later to various relation-
ships and techniques developed to describe the transfer of
heat through moving flulds. Under certain well—defined
conditlions the mechanisms of heat and mass transfer are
analogous and the equations describing the transport
operations are simllar. The followlng tabulation
summarizes the corresponding equations for thesge two
processes. The mass/heat transfer analogy is directly
applicable for the sltuation of mass transfer in a system
where there is counter-diffusion of the constituents
A and B such that the mass flux in both directlons 1s

equal.




S 19,

ANALOGOUS EQUATIONS OF HEAT AND MASS TRANSFER

Heat Transfer

Mass Transfer

n, = _ﬁAB VCA
Ve, = L5V,

n, = KACy
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Many investigators, dealing with mass transfer
devices such as the wetted wall column and the pipe
‘dissolution apparatus, apply the foregoing equations with
a correction factor to compensate for the fact that the
net transfer i1s unidirectional; in other words, the
boundaries of these systems are permeable to only one
constituent. This correction is subject to conjecture,
since 1t does not adequately describe the effect of the
attendant bulk motion on the transfer mechanism. Tpe
bulk motion, necessary for material balance considerations,
can be neglected only if the transfer rate ls very slight.

It is apparent, however, that for dialysis mass
transfer, the above analogy with the heat transfer
. mechanism is valld. The restriction of zero net mass
flux is satisfied by virtue of the memnrane permeablility
to all mixture constituents, thereby permlitting the direct

use of the analogous forms of the he=st transfer relations.
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C, Review of Literature

It has been shown above that the equation
n = K Ac - (1I-10)

relates the'amount of materlal transferred per unit time
. to the over-all dialysis coefficlent, the dlalyzer area,
and the concentration driving force. The over-all
resigstance to mass transfer (1/K) , bears the same
relation to the individual resistances of films and
materials as does the over-all heat transfer coefficient
to the individual coefficients in heat transfer calcula-
tions. Therefore, the over-all dlalysis resistante Is
related to the membrane resistance {(1/k,) and the
11quid side resistances (1/k; , l/kyy) Dby the equation

1 1 1 1

—_— T et —— (II-11)

With respect to various designs of laboratory and
plagp scale dialyzers, the literature indlcates only
isolated values of over-all dialysls coefficlents

calculated from the terminal conditions of these units.

Very little has been accomplished concerning the
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particularization of the over-all resistance into the
individual membrane and liquid film resistances.
Marshéll'(RB), in an experimental study on the

dialysis of caustic soda solutions, was the first to
evaluate the individual resistances to dialysls mass
transfer. He determined the membrane coefficilent (k)
with a batch'dialyzer by stirring the solution on both -
faces of the membrane to eliminate the liquld film
resistances. Using a continuous dlalyzer of the filter
press type; with two frames, he obtained the liquid film
resistances from measurements of concentration profiles.
This work, though of excellent quality, was of limited
value since the prime emphasis was focused on the
‘recovery of sodium hydroxide from steeping press liquors
in viscose rayon production. More importantly, however, |
the apparatusﬂused for determining the liguid film ?
coefficients was not of a suffici=zntly universal nature to

o permit the coefficients to be translated in terms of the
generalized parameters describing the hydrodynamlic conditlons
and properties of the fluld.

Lane and Riggle (36), with an apparatus similar

to Marshall's batch dialyzer, determined and correlated
membrane dialysis coefficlents (k) for different

membranes in various solutions. No éxperimental work was

carried out for the evaluation of the liquid film




coefficients, but they did set up an emplrical means, of
questionable validity, for determining the sum of the
liquid side resistances .(1/kI + 1/kII) as a function of
the diffusion coefficient.

Both of the above investlgations were unsatis-
factory in thelr treatment of the 1liquid film resistances
primarily because the geometry of the filter press type
system precluded an analysis and correlation of the
coefficients in terms of the usual dimensionless moduli:
the Reynolds number and Schmidt number parameters for
fluid flow and mass transfer. That the resistance to
diffusion which occs}s in the boundary layers of fluld
adJacent to the membrane surface 1s significant 1is
indicated by Marshall, who working with flow condltions

comparable to plant operation, showed that the liquid

230

f1lms contributed up to 50% of the total resistance to mass

transfer. s

In this thesls, an apparatus was designed and
succeasfully tested for the purpose of studylng the
dialysis mass transport phenomena. In particular, the
aim was to determine the effect of flow condlitlons on
the liquid film coefficlent in a system where the
characteristic Reynolds criteria could be defined. For

this reason a dialysis section of cylindrical geometry

was chosen. A tubular dialysis membrane was supported 1n
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a column and a water stream was passed through the tube
counter-current to a gaturated salt solution circulating
in the annulus. By utilizing the measured over-all
coefficients, with an adaption of Wilson's graphical
analysis for over-all heat transfer resistances, the
tube side individual mass transfer coefficlient was
determined as a function of the hydrodynamlc conditlons
in the tube.

In addition to the practical advantage of
obtaining information for the study of the dlalysls mass
transport operation, this apparatus, in view of the
simplicity of design, the determinablility of the mass
transfer surface, and the falrly well defined hydro-
dynamic conditions of the tubular 1iquid stream, presents
interest for a theoretical study of.the fluld mass
transfer mechanism in general. The data acquired with
the system employed herein can serve as another means for
the testing of the existing theories of mass transfer
which are based on data collected 1n devices such as
wetted wall columns and the dissolutlion of pipes in

moving fluids.




III. DESCRIPTION OF EQUIPMENT

The dialysls experimental apparatus consists of the
contact section (a column containing the tubular membrane),
and the auxiliary equipment (pumps, rotameters, pipework
and feed drums), necessary for the circulation and
measurement of the streams flowing through the system, A
schematic diagram of the system showlng the pertlnent
features is presented in Figure 3.

The liquids are drlven through the system by
means of an Ingersoll-Rand centrifugal pump (Model
No. 1%K2) and a Robbins & Myers "Moyno" screw pump
(Model No. 2I3). Feeds o the pumps are from 55 gallon
drums.

The centrifugal machine is used to pump Bethlehem
city water, employed as the solvent, through the tubular
membrane and then discharges the stream to the sewer.

The water flow is regulated with globe valves 1n the
by-pass and pump outlet lines, and its measurement 1s

obtained with the use of three rotameters in parallel to /\ RN
cover the range of tubular flow conditions 1pvestigated \7
in this study. |
The saturated salt solution is cilrculated
through the annular section of the column in a closed

circuit by means of the "Moyno" constant displacement

pump. Under the conditions set up in this experiment
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the pump by-pass valve is closed to maintain egsentially
constant flow conditlons in the annular section of the
column. A rotameter was employed to observe the salt
stream flow rate. The very small amount of salt solute
diffusing through the membrane is replenished from the
excess salt added to the salt feed drum at the beginning
of each run to maintaln saturation of the liquor stream
at all times.

All metal pipework of the equipment is of
galvanized iron; 1 inch size piping being used for the
salt system and 1% inch piping for the water system.

The column (53 inches in length) was constructed
with two parallel sides of Piexi-glass to permit the
photographic determination of the membrane diameter,

The other two sides conslst of the halves of a five-inch
diameter aluminum pipe which was split along 1ts length.
Aluminum end plates provide inlet and outlet connections
for the salt and water streams. The tubular solvent
stream and the annular liquor stream are introduced at
the bottom and top of the column respectively, thereby
providing a counter-current motion of the flulds.

The dlalyzer tubing 1s a seamless product made
of regenerated cellulose, and is manufactured by the

Arthur H. Thomas Company of Philadelphia for the use of

the chemist and biologist in their colloid-crystalloid

27
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geparations. The inflated diameter of the tubing is

1 1/8 inches and the pore diameter averages 48 Angstrom
units (11). The length of the tubing i1s four feet long
and was chosen in order to provide adequate transfer area
for a measurable amount of solute to diffuse into the
gsolvent stream over the range of flows consldered 1n this
study. The rate of diffusion 1n 1iquid systems 1s quite
slow so that the change 1n concentration of the solvent
stream is in the order of 100 to 15000 parts per million,
thereby permitting the effective utilization of a
conductivity cell for measurement.

The Plexi-glass sides of the column not only permit
the visual determination of the membrane dlameter, but
also allow the performance of the tubular membrane to be
clearly visible during the operation. Rupture of the
membrane can be readlly detected. Also, a pressure
differential between the two counter-current streams can
be observed by the choking actlon of the membrane

(Pliquor >’Psolvent) or by the excessive inflation of

the membrane tube (Pgolvent —> Pliquor)e The primary 3
pressure control of the contact section, to malntain a
constant tubular geometry, is attalned by the use of
four globe and needle valves arranged in parallel and

located in the salt system pipework downstream from the

column,
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The extremities of the membrane are slipped over
1.25" 0.D, steel tubes (I.D. = 1.084") which were
machined to 1.125" 0.D. ét the connecting ends. The
Junctures are wrapped with masking tape and clasped
tightly with hose clamps in order to prevent leakage.
These steel tubes serve as the calming lengths to
establish and maingain normal veloclty gradients in the
water stream leading to and from the column. The entrance
célming length is fifty times the diameter of the tubular
membrane while the exit calming length 18 twenty-five
times the membrane dlameter. Each calming length tube 18
concentrically aligned and secured by means of a Dresser
coupling assembly which is fastened to the aluminum
end plate, and which 1s in turn Joined to the flange
plates of the column.

The free end of each calming length tube 18
passed through the Dresser coupling assembly and
connected to the external pipework by means of a four-
inch long Dresser coupling. These Dresser compression
fittings are ideal for this application since they provide
the necessary play to permlt the steel tubes to be
moved up or down in order to maintain the tubular
membrane in a taut position. No twisting or turning 1s

involved as would be the case 1f screw fittings were

used,




IV. PROCEDURE

Inithe system set up for this investigation, a
tubular dialysis membrane was supported within a column
and a water stream passed through the tube cépnfer;éu;;ent
to a saturated salt solution in the annulus.

Before 1ts installation in the column, the
membrane was steeped in a salt solution for at 1east’48
hours so as to allow it to achleve 1ts maximum degree of
swelling. Once the start-up was successfully carriled
out without rupture of the membrane, the system was
operated for approximately two hours to attaln steady
state condifions., Each run lasted about three quarters of
an hour, during which time rofameter readings and photo-
graphs of the tube were taken; also samples of the solvent
and diffusate streams were collected in 1000 cubic
centimeter Erlenmeyer flasks.

The salt solution was circulated in a closed
loop and therefore had a tendency to 1ncrease in
temperature, This stream was cooled by the direct
addition of chipped ice to the salt feed drum g0 as to
match the temperature of the solvent water stream.

Excess salt was also added at the same time to maintain

saturation conditions of the liquor stream at all times.,

During the course of a set of runs, the water stream




31.

temperature held constant to within 3°F and the difference
in temperature between the two flulds was maintained
below 0.59F in most instances and always within 1.00F.

In the firs? pﬁase of this research, data were

collected for a tubular flow rate in the turbulent regime t

ranging from a Reynolds number of 2,500 to 45,000 .

The second phase involved the acquisition of laminar flow

data from a Reynolds number of 150 to 1000 . Qver

this whole range of tubular flow conditions the annular

brine stream flow rate was essentlally constant. The

salt system rotameter readings were observed to vary by \\

less than two percent.

To maintaln the tubular geometry of the membrane,

no pressure differential between the two streams could

be tolerated for either choking or excessive inflation of

the membrane would result. The pressure in the dialysis

tubing increased with lncreasing solvent flow rate, soO

that the pressure in the annulus had to be increased to

balance that i1n tube. This was accomplished by the

manipulation of the four different size globe and needle
~valves arranged in parallel and located 1n the salt

system pipework downstream from the column. These were

used to exert a back pressure in the annulus and thereby

compensate for the pressure lncrease in the tube

accompanying the increased tubular flow rate.
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The membrane diameter, both at the top and bottom of

the column, was obtalned with the use of a Polaroid camera.

A two percent difference in this diameter was noted.
Samples of the solvent and diffusate streams

were analyzed for total ion content utlllizing a

conductivity cell and a Serfass conductance bridge. (See

APPENDIX B).
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V. RESULTS AND DISCUSSION

A. Wilson Method

In order to isolate the tubular side fluld
resistance from measured values of the over-all
resistance to transfer, the valuable method of Wilson (65)
can be utilized. This technique, which has been used to
graphically interpret over-all heat transfer coefficlents,
can be readlly adapted to the evaluation of the dlalysis
mass transfer data obtained in the subject investigation,
Speqifically, the value of the resistance to transfer of
the membrane and annular salt side fluid, (1/ky+ 1/kg)
can be determined from measurements of the over-all
resistance, 1/K, under the hydrodynamic condltlons of
turbulent flow in the tube. Tubular film coefficients for
both the laminar regime and turbulent reglme can be
subsequently obtalned by subtracting this constant from
the measured over-all coefficlents,

For the case of heat transfer taking place between
two moving flulds separated by a wall, the general rate

equation takes the form

Ar |
= .171-1- (V-1)

33.




This is an Ohm's Téw type of relation where the over-all
resistance (1/U) can be expressed as the sum of the
resistances to transfer reslding in the wall separating the

two phases and the boundary layers. of flulds ad jacent to

the wall.

1 1 S 1
—_— = —_—t — + — (v-2)
L ¢ h Y h

ot T II

The additivity of the thermal resistances tO transfer, 1n
terms of the reciprocals of the film coefficients, 1s t
basis of the Wilson method.

For a particular fluld under isothermal condltions,
the film coefficlent is a function solely of velocity.
Hence, 1f an experiment is conducted in which the over-all
coefficlent, W, is measured over a range of tube stream
velocities while maintaining the hydrodynamic conditions
of the fluld outside the tube constant, the above equation

reduces to

1 1
— = a + b — (v-3)
W | o

where a, b, and c are constants.

34,
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If the total resistance to transfer 1/W 1s
plotted as ordinate versus l/bc as abscissa, a straighﬁ
1ine 1s obtained with slope b for the appropriate value
of ¢ . The intercept a , obtained by extrapolation to
infinite velocity (indicating zero resistance of the
tubular side fluid), represents the thermal registance of
the tube wall and the fluid at constant flow conditions
outside the tube. Heat transfer data have been reasonably
correlated with the exponent of velocity c¢ taking on the
value 0.8.

The value of the intercept can be subtracted from _
the over-all resistance to give the tubular side fluid
resistance, and hence the tubular film coefficient which
can be expressed as a function of the varlables describing
the flow conditions in the tube and the properties of the
fluid.

Actually, however, this technique has usually been
used to obtaln the constant a , representing
(/b + 6 /A), from which the annular film coefflclent
hI can be determined with a knowledge of the tube wall
properties (18, 35, 47). The 0,8 value for the exponent
¢ has been determined generally from experimental systems,

such as}the electrical heating of a tube wherein only the

inside film coefficiént is involved. .

35.
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Experimental data for the turbulent heat transfer

process 1in & tubular geometry have established

.80 .,
Nnu = .023  Npe NP33
f
.33
N S NRe Npi (v-4)

as the functional relationship, within + 40% (46), hetween

the dimensionless parameters, where

£ 20

-— = .023  Npg (V-5)

is taken as the relation between friction and the
hydrodynamic conditions of the fluid. The Nusselt
criterion and hence the film coefficlent is shown to be

related to the velocity with the 0.80 exponent, 1i.e.,

n o~ v | (V-6)

This 1s therefore the Justification for the value of ¢
“used in the Wilson plot.
The direct proportionality between the heat

transfer coefficlent and the friction factor is to be

noted. The relationship between the transfer of heat and
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momentum is emphasized by the Chilton and Colburn

empirical equation

h £
= — Nég'? = -é- (V-?)

J
5 cG
which in essence Juxtaposes these two transport

processes (6).

The use of equation (V-5) in the Nysselt relatlon
(V-4) 1s Justified by the correlation of heat transfer
data with thls form of the dimensional equatlion, even
though friction/pressure drop data in the turbulent flow
regime are better correlated (34), up to a Reynolds number

of 100,000, by the Blasius equatlon
f
-, 25
— = 00395 NRe 2 (V"8)

The above relatlonships have their mass transfer

counter-part in the Sherwood equivalent of the Nusselt

relation

Ng, = 023 Ni© w33
£
033
Noo = 7 Yre Msc (v-9)
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while the Chilton-Colburn J - factor for mass transfer

(5) takes the form

Kk 67 f
= — Ngq = —— V-10)
) U Sc 2 (

In
For the case of mass transfer taklng place between
two flulds separated by a dlalysis membrane, 1t has been
shown previously that the following relationshlps are

applicable:

Ac

5 = (Vv-11)
1/K

1 1 1

—_— 2 — 4 —+ — (v-12)
Ky K ks

It 1s apparent that the direct application of the

aforementioned graphical technique to the present case of ]

dialysis is suitable for the determlnation of the Individual

mass transfer coefficlents. The over-all mass transfer

coefficient can be calculated from

n’ K A ('Ac)

W (Cp—-Cn) = KA (C =Cl) (v-13)
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with a knowledge of the membrane area, the liquor
saturation concentration, the volumetric flow, and the

inlet and exit concentrations of the water stream.

The data are shown in Figure #, the dialysls mass

transfer analog of the Wilson graph. The data collected

from all the sets of runs in the turbulent regime are

presented, The over-all resistance to mass transfer (1/K)

18 plotted versus the rec;procal of the tube gtream
velocity to the 0.8 pcwer. The best straight line
thrOUéh the data points was drawn using the method of
least squares. The intercept value of 79.05 , obtalned
from the intersection of this line extrapolated to the
ordinate, represents the sum of the membrane resistance
and the salt side reslstance (l/k + 1/k.) .

The individual tube side coefficients determined
from this plot are presented in Figure 5 1n the form of
the Chilton-Colburn J - factor as a function of the
Reynolds number of the tubular water stream.

Some doubt is indicated concerning the valldity

of the value of the exponent used wlth the velocity in

the Wilson dlalysis plot. A number of recent theories of
“heat and mass transport (10, 40, 41) do not predict this

direct proportionality between the film coefficient and

the friction factor as indicated above in the Nusselt and

Sherwood relations, equatlons (v-4) and (¥=9). The 0.8

39.
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exponent on the veloclty was employed simply because it
was found that in heat transfer studies, the stralght
line obtained with this exponent correlated the experi-
mental data and conformed reasonably well with the
dimensional equations presented above.

A closer look at this technique, however,
{ndlcates that the assumption of a value for this
exponent fixes, a priori, the functional relatlion between
the coefficient and the velocity. The recently advanced
hypotheses, when extrapolated to high Schmidt number
systems, show the film coefficient to be proporticnal to
the square root of the friction factor, corresponding to
a velocity exponent of 0.875 (employing the Blasius
relation). The difference between these two exponents 1s
small; therefore, fixing the exponent at 0.8 would
reasonably cofrelate the data even though an expcnent of
0.875 could possibly give a better f1t of the data.

Thus, instead of assuming the exponent on the
velocity, 1t was decided to determine 1%s value from the
data beginning with the assumptlon that these experl-
mental points could be correlated with an equaticn of the

form

1
—_— = a + b — (V-14)
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The constants a , b, and ¢ do not énter the formula
1inearly, and no transformation of the formula will give a
1inear relation among them. The determination of the
constants by the method of least squares requires that

the equation be linear in the constants or that the
equation be reduced to a form linear in the constants.

The method of differential correction (51, 54) was
utilized in this case. This method involves assuming
1nitial values for a, b, and c and determining the
corrections X, @ , and 4 for each of these
constants. Application of Taylor's theorem for a function
of several variables results in a serles of residual
equations (one for each data point), linear in the
corrections & , O, and ¥ , which can then be
subject to a least square analysis.

The sbove iterative procedure was carried out
using initial values for the coefflclents determlined from
a least square analysils of the data plotted in the form of
a Wilson graph taking 0.8 as the exponent on the veloclty,
as indicated in Figure 4. Successivevtrials were carrled
out using the results of each previous trial until the
values for the constants converged (See APPENDIX E).

With the results of these trials, the above equatlon (v-14)

then reduces to

1 | 1
—_— = 80,94 + 13450 — (V-15)

u3o




The intercept value of 80.94, so determined, is within
24% of the value obtained with the use of the 0.80
exponent. A direct conclusion from the above analysis
is that the ﬁubular film coefficlent varies with the

veloclty to the 0.90 power
k, ~ v (V-16)

The results tend to support the most recent theorles cf
turbulent transport in which the film coefficlent 1s
predicted to be proportional to the square root of the
friction factor for high Schmidt number gystems. The
dimensional equation describing the turbulent dialys;s

mass transfer process then takes the form

.90
NSh ~ NRe \y NSc

3
Ny ~\/g Npe \yNSC (v-17)

The data are plotted in Figure 6 in the form of a Wilson

graph with this 0,90 exponent.

L,
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B. Turbulent Flow.Regime , %

No previous data for the evaluatlon of the dilalysis
liquid film coefficients in a tubular system have been E
reported in the llterature, which therefore precludes a
direct comparison with the subject investigatlon. However, 4
mass transfer data have been collected in geometrically
similar systems and numerous hypotheses have been
advanced to describe the turbulent transport process.

Before considering some of these theorles, a
brief description of the experimental devices employed to
obtain data for thelr verification is appropriate, §
particularly to note the differences and similarities of
experimental conditions relative to those prevailiﬁg in
the dialysls system utilized in this investigation.

Two types of apparatus have been used to obtain 3
mass transfer data in a tubular geometry, the wetted wall )
column and the pipe dissolution system. The wetted wall |
column basically consists of a vertical section of pipe
in which a gas usually flows upward counter-current to a
f1lm of evaporating or absorbing liquid flowlng down the
inside surface of the pipe. The significant operational
consideration encountered is with rippling effects
inherent in such a system. The difficulty of determining

the actual area of the disrupted vapor-liquid interface

A S A SN R TS e

and the effect of this disruption on the fluid near the ;




interface is apparent. Typical of gas phase diffusion,
the Schmidt mass transfer parameter 1s of the order of
unity, ranging from 0.5 to 2.5.

The other method for obtaining data in a tubular
system 1s to use plpes cast from some soluble material
and to pass a solvent through the pilpe. This system is
better adapted for mass transfer studies since the
geometry is better defined. However, fissures at the
surface have been noticed (43) which would be expected
to have an effect on the fluid conditions near the wall.
Diffusion in liquids is about a thousand fold slower than
in gases, and for systems studied to date, the Schmidt
parameter has ranged from about 850 to 3000.

In both these systems there 1s a net transfer of
mass in one direction. The effect of the attendant bulk
motion, necessary ggff?aterial balance considerations, is
not accounted for saéisfactorily. This is demonstrated
by considering the pipe dissolution system with solute

species A and solvent specles B as depicted in

‘Figure 7. A concentration gradient of the constituents

1s set up causing species A to diffuse away from the
surface and species B to diffuse towards the surface.
The counter-diffusion mechanism involved is a unique

: ¢

feature of the mass transport operation. ‘Becauge the

interface is impermeable to species B , -a total concen-
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‘EL tration gradient is produced causing a bulk flow of A

@ , v |  %, and B away from the surface, in addition to the
y transfer of A by diffusion. It is the radial veloclty
of this bulk motion which would be expected to influence

SR

the fluld in the reglon near the interface.

P A

It will be shown later that a small disturbance
in the boundary layer of fluld near the wall has a
predominant effect on the turbulent transport operation,
particularly for systems of high Schmidt number, where
the change in concentration occurs practically entirely
across the region near the interface.

In such uni-directional mass transfer systems
the correction factor CT/CBm 1s usually employed.
This term is obtained by considering a static system in
which there i1s molecular transfer of component A
through stationary component B . For the turbulent flow
of component B through a tube, thls correction 1s not
valid, fhoweyer the correlations of experimental data
have been adjusted on this basls since none of component
B passes through the boundary. It 1s apparent that
only i1f the net mass transfer is minimal can the effect

I . of the bulk motion be neglected.

R o T UL o L 0 A S0 AT B e L 2 i R e i e I -

With the wetted wall apparatus, the above

4 described problem has been circumvented by operating the

system as a rectifying column, such that the falling film
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surface can be considered fully permeable. For a gaseous
system at constant total pressure the total molar

concentration is constant.

CT = CA + CB = constant (v-18)
dC dC

A - B (V-19)
d x d x

Hence, 1t follows from Fick's relation that the conditlion

of equi-molar counter-diffusion

Ny = N (v-20)

exlsts at every point in the gas.

For this system of equi-molar counter-diffusion,
1t has been shown (23) that if the specles are of
significantly different molecular welght, there will be
a net transfer of mass whiéh>again can be expected to
result 1n an unascertainabléjdisturbance of the fluild near
the interface.

Along with the above mentioned difficulty

encountered with the formation of ripples, there 1s the

problem in this rectification system of evaluating the mean

values of the properties; these properties vary considerably




along the contact section and théreby render uncertaln
conclusions resuiting from such an analysis (3, 27 58) .

We have noted previously that in order for lhe
analogy between heat and mass transfer to be strictly
applicable, the similarity of boundary conditions must
be satisfied. This pre-supposes a zero net transfer of
mass, which in turn requires the interface to be completely
permeable to all constituents. This condition 1is satis-
fied with the dialysis system hereln employed.

For a liquid system the total density 1s constant
and hence the total mass concentration must remain

constant throughout the fluld.

Crp = €, + Cp = constant (v-21)
dC d C

A = - B (v-22)
d x d x

It follows that the mass flux 1in both directions is

equal,

- n (v-23)




The porous nature of the dialysis membrane permits the
counter-diffusion of the solute and solvent specles to
occur, thereby fulfllling the above conditlion. The
gurface 1s always smooth and well defined in this system.
Also, the experimént can be carried out in such a manner
that the transfer of mass 1s quite small concomi tant with
a very slight change in properties.

Theories of mass transfer in fluids have evolved
primarily from the relations developed for the analogous
heat transfer operation and from data acquired in the
two mass transfer devices discussed above. The salient
consideration of any hypothesis attempting to describe
the turbulent transport of heat or mass must be a
postulation of a model or picture of the hydrodynamic
behavior of the fluid, particularly in the region close to
the wall.

Momentum transfer from a moving fluid regults 1n
a shear stress at the tube wall, causing a decrease in
fluid pressure along the tube length. This momentum

transport 1s represented by the Navier-Stokes equation

2 2
..EE ....E = y 9 ' (I‘ u) (V-Zu)

- or
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3 ' 7% The porous nature of the dialysis membrane permits the
- counter-diffusion of the solute and solvent specles to é
occur, thereby fulfilling the above condition. The
gurface 1s always smooth and well defined in this system.
Also, the experiment can be carried out in such a manner }
that the transfer of mass 1s quite small concomitant with
a very slight change in properties. : 7

Theories of mass transfer in fluids have evolved |
primarily from the relations developed for the analogous
heat transfer operation and from data acquired in the
two mass transfer devices discussed above., The salient
consideration of any hypothesis attempting to describe | @
the turbulent transport of heat or mass must be a
postulation of a model or plcture of the hydrodynamic
behavior of the fluid, particularly in the region close to
the wall.

Momentum transfer from a moving fluld results in !
a shear stress at the tube wall, causing a decrease in
fluid pressure along the tube length. This momentum

transport is represented by the Navier-Stokes equation

s e o L sl

3 3
&2F _ Y 2 (r‘. a“) (v-24)
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which can be solved for a fluild in steady laminar motion
to yleld the parabolic velocity distribution across the
tube.

In turbulent flow, this same relation 1s still
applicable if instantaneous values of velocity and pressure
are employed. However, the chaotic and random nature of
the fluctuations renders insoluble this momentum balance.
Reynolds modified the relation by substituting the mean

values and fluctuating values of the flow quantities

Uy = u + u

(v-25)

Il
<
+
<

\£1

in place of the instantaneous values. Upon substitution,

the above equation reduces to

_— — = - — ! -26
€ 9x r or (r ?r) r or (ruv) - (V-20)

The first term on the right hand side of the equation
represents the shear stresses 1in the fluid due to the
mean velocity and molecular viscosity, while the last térm
represents stresses in the fluld attributable to turbulent

fluctuations.
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It would appear that a statistical approach to

this problem of turbulence would be appropriate. However,
knowledge of velocity fluctuatlons and their correlations
would be required. To date, limited data are avallable
for bounded turbulent flow (anisotropic turbulence), hence
the problem of predicting mean values of velocity has not
been satisfactorily resolved, Furthermore, the mathematical
complexity of such problems make it difficult to count on
significant success 1n the very near future 1n the appli-
cation of statistical theory to the study of anisotroplc
turbulence,

The semi-empirical or phenomenological theories of
turbulence, as lnitiated by Prandtl 1n 1925, have proven
to be reasonably successful 1ln predicting mean flow
character. Prandtl's "mixing length" concept, though
over-simplified, has some Justificétion in that 1t was
derived by analogy with the kinetic theory of gases, and
considers the migration of fluid eddies rather than ]
molecular motion. In essence, he visuallzed the "mixing
length" as the distance a particle of fluld moved
transverse to the mean flow, béfore it lost its i1dentity
and mingled with molecules of other particles to form new
particles of fluld.

There has been criticism of the phenomenological
models, stemming mainly from obJegtions to the detailed

inferences regarding the structure of turbulent flow.
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However, 1t should also be noted that theories based on
this approach result 1n relations of only nominal
mathematical complexity, when compared to those obtained
by the statistlcal approach, and have found surprising
usefulness in predicting the behavior of turbulent
transport.

Prandtl defined the mixing length by the

equation

du
u o= S (v-27)
dy

and considered the fluctuatling components of veloclty,
u' and v’, as being of the same order of magnitude. The

turbulent shear stress can then be expressed as

8c Be dy

€ = | — (v-29)

d
7T . gy o & ([ h (v-28) -
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Employing the Prandtl mixing length concept and the
eddy diffusivity, equation (V-26) can be written

g, OF 1 9 l: du ]
L z e e |r(V+E) — (v-31)
e ox r or 2r

For tubular flow

r :9P ol
T = — (——-—) = T — (V-32)
2 ox R
g, oF 215%&3
_— = (V-33)

—_ = £ — (v-30)
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(v-35)

N\
13
o
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<
+
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which shows the additivity of the stresses due to
viscous and eddy motion.
For the transfer of mass in a moving fluid, it

has been shown previously that the equation

(v-36)

U e = ——— —
2x or

20 139(20)
T %r | 2r

18 valid for the condition of comnter-diffusional mass

transfer. As with the Navier-Stokes relation, this

equation can be modified to include the velocity fluctua-

tions. Additionally, the concentration fluctuations of

turbulent transport can be incorporated.

¢ ﬁ)/ac)_lD

’ Dx ) r or P'BJ?

Carrying out an analysis similar to the one presented above.

will yleld the analogous turbulent mass transfer equations




¢ 1 2 o¢
—_— e —— +£.) —— V-38
* ox r or i (ﬁ EM) or ( )
n = - ®+£M) -C-lf— (V“39)
dy

The latter shows the additive nature of the transport of
mass in terms of the molecular and eddy contributions.

It 18 usually assumed that the mixing length fbr
mass transfer is the same as the mixing length for momentum

transfer, 1.e.

£ =€ (v-40)

The resulting equations,

ch = (V+ 8) d(ue) (V-)-H.)
dy

W = - (PrE) = (v-h2)

dy : '

therefore represent the formal basis for the various rela-
tions between mass transfer and momentum transfer, which

have been developed to predict rates of mass transfer from

friction losses and velocity profiles,

580




Equation (V-41) can be employed with experimental
data regarding the_ turbulent velocity profile in order to
obtain the eddy diffusivity of momentum. This procedure

was facllitated by using the generalized veloclity correla-

+

tions relating the u" and yt parameters, defined as:

ut o= = u/U/-— (v-13)
2

o= = v (V-1k)
Y- 2

Upon introducing. these variables, equations (V-41) and

(V-42) can be rewritten as

dut £
—_— = 1/_.+1 (v-45)
dyt )
g ac E 1
_ Eﬁ/n = = 1/_-+..._ (V-46)
e dy Y Nge
0 |
It has been assumed that € =T and n=n° since

most of the resistance is near the tube wall.
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In principle, these equations can be integrated to yleld

the velocity and concentration profiles

+ + i

dy* dy
/v +1) +EV) !

¢°-¢c 98 y{ ay* y+dy+
= = + (v-48)

n® '\ @ (E/y + 1/Ng,) L€

© y1 ;

The integrals have been separated into two parts (52) with ]

the limit y‘{ pertaining to a distance from the tube wall
beyond which the transfer due to molecular diffusion is

negligible. These two equatlons can be subtracted to glve |

+
c®- ¢ 2 > L 1 1 +
— U = — 4= - dy |
n f £ (E/Y + 1/Ngc) (/v + 1) i
(0]

1 2

2
T+ Y Y ( Ne, ) (V-49) | 3

where Y (Ng,) depends on the relatlon between [

and yt. Equation (V-49) shows the basic form which the

mass and heat transfer analogies have taken.

<




For a Schmidt number of unity W (Ngo) = O

and equation (V-49) reduces to the well known Reynolds

analogy.
£
Ngy = Y (v-50)
f f
or NSh = — NRe ‘ NSC =  — NRe

2 2

A simple extension of this relation to include systems of
higher NSc is the wholly empirical Chilton-Colburn
equation (5, 6)

f
6
Ngy Nge°f = — (V-51)
f
.33
NSh‘ = -E- NRe NSC

Both this equation, and its analogous heat transfer

counterpart,
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nave been extensively used in correlating transport data
from a variety of heat and mass transfer systems, where
skin friction rather than form drag effects are predominant.
Their simplicity of form (no constants need be evaluated),
and thelr apparent success in achleving reasonable
experimental agreement, have attained for these relations
a reputation as a panacea, which 18 remarkable in view of
the fact that there is no theoretical basis for thelr
existence. A number of investigators have employed
slightly different exponents on the Npp oOF NSc
parameter, along wlth an /D functlon to correlate thelr
data (26, 31, 63). In all cases however, the direct
proportionality between the film coefficlient and the
friction factor, as established by the Reynolds analogy,
1s malntained.

For a more comprehensive extension of the
phenomenologlcal approach to this transport problem,
an extension to encompass system Schmidt numbers differing
from unity, certaln further assumptlons regarding the
nature of the turbulent flow had to be postulated in
order to solve equations (V-41) and (V-42) whlch have been
established as the foundation of this semi-empirical
procedure.

Early investigators (Prandtl and Taylor) divided

the flow into two reglons; they postulated a laminar




layer of fluid adjacent to the surface in which the
transport processes were assumed wholly molecular, and a
turbulent layer in which the molecular transport
processes were neglected. This procedure resulted in an
improvement over the Reynolds analogy for NSc differing
moderately from unity; however, these methods suffered
from an arbitrary cholce of the laminar layer thickness.

The next significant improvement in advancing a
more realistic mechanism of turbulent transfer was made
by von Karman. (30) who introduced a buffer layer between
the turbulent cdfe and a Jlaminar sublayer near the wall.
He divided the universal velocity distribution into these
three regions usihg the same assumptlion as Prandtl
regarding the laminar layer and turbulent cofe, while for
the buffer reglon both molecular and turbulent transports
were assumed. Von Karman's analysis was for the heat
transfer operation; confirmatioh of his relation was
obtained by comparison with the data of Eagle and Ferguson
(15) which were extrapolated to isothermal conditions of
zero heat transfer and constant fluld properties. The
particular cholce of the laminar sublayer thickness was
intended for the range of the Prandtl number investigated
(0.73 to 40).

Sherwood (55) has adapted von Karman's relation

to the mass transfer operation., Thls expression can be

63.
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put in terms of the dimensionless parameters for fluid flow

and mass transfer to yleld
1 e [?
st £t
5
where \y (NSC) = 5 (NSC - l)+ In |1+ -6—'(Nsc - 1) |
!
;
|
When expressed in terms of the Sherwood parameter, the ]
above equation reduces to :
f |
ry Nre Nge
Ngp = = (V-53)
1+ \/C Y (Nge) ]
2 |
i
With the picture of a laminar sublayer controlling the Q
|
diffusion process (at high values of Ngo), the above |
relation shows the mass transfer coefficlent to be propor- %
tional to the first power of the molecular diffusivity, 1l.e., i
i
k ~ ob :
éi? Von Karman's equation was found to be 1n substantial - ;

agreement with mass transfer data at low Schmidt number,
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but not too effective in correlating high Schmidt number
systems (of the order of a thousand). This would indicate
the not wholly realistic nature of the laminar sublayer
assumption in which transfer is only by molecular motion.
At low Schmidt number (gaseous systems), the

contribution of the resistance to transfer of the reglon
near the wall to the over-all resistance is not influenced
too markedly by assumptions regarding the veloclty distri- g
bution in this region. However, at large values of {

Ng, (1iquid systems), the region near the wall is of major
importance since the concentration changes from 1ts value
at the interface to the mainstream value over a narrow
reglon much thinner than the lamlnar sublayer.

In liquid systems the molecular diffusivity
18 very small so that slight turbulence very near the wall
can be quite critical. Experimental veloclty traverses
lack the necessary precision to describe the variatlon of
the eddy diffusivity in the wall reglon, and hence cannot
provide an experimental basis for a true analogy which will
be sound at high Schmidt number. Instead, emplrical
functions for the eddy diffusivity in this region’have
been gsuccessfully employed demonstrating the picture of

turbulent decay all the way to the wall to be a more

realistic representation of the turbulent transport

phenomenon.




This behavior has been noted by Fage and.Townend
(17) who observed the motion of small particles in a

turbulent water stream very near the wall. It was found

660

that no fluctuation of the particles in the radial direction

took place, indicating the flow to be of the laminar type.
However, the motion of the particles in the laminar layer
was sinuous, and no particle was observed to move 1in a
straight path, demonstrating the effect that eddles in

the turbulent core have in quperimposing disturbances upon
the laminar sublayer.

This phenomenon has been verified by Laufer (38)
who found that velocity perturbations exlst in the laminar
sublayer by employing a hot wire anemometer apparatus.

The results prove conclusively that the laminar sublayer
velocity profile is of an oscillatory nature. However,
this sublayer 1s indicated to be quite stable, though
unsteady, with the velocity profile belng very nearly
linear. .The random disturbances imposed upon the sublayer
by the adjacent turbulent layers can be sustalned without
permlitting them to amplify.

The most successful analyses, of the type which
make certain allowance for turbulence all the way to the

wall, appear to be those of Lin (41) and Deissler (10).

The assumed variation of &€ with yt that Lin

Nl
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o+ 13
f - ( ! ) (v-54)
Y 14.5

Wwhen substituted in equation (V-46), this gives a
relation of the form shown in equation (V-49) where
Q/(NSC) 1s a complicated function of the Schmldt

parameter. At high NSC thls reduces to

~

- , .33 -
Nop <05/ 'E— Npe Nge (v-55)

or N

875 .33
sh .0113  Np2™' = Ngg

The mass transfer coefficient is 1lndicated to be pro-

portional to the two-third power of the diffusivity.
K A~ 15.67

The expression for eddy diffusion near the wall

that Deissler employed is basically empirical, though-

derived from dimensional reasoning.

67.
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) L Rt
£ - nautyt (1 - e 4 ) (v-56)

He obtained the following equation for a high Schmidt

number system.

= '25 -

Ng, Npe Mg (v-57)
— .8 .2

Ng, = .0222 Npg 75 Nge 5

Deissler's equation shows the mass transfer coefficient
to be proportional to the three-quarter power of the

diffusivity,
k ~ @ 075

The reduced form for each of the Lin and Deissler equations

employ the Blasius expression
_ -.25
f - 0079 NRe (V-58)

for the friction factor relation.

The variation of local Sherwood number with

distance from the tube inlet was also calculated by
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/
[

Deissler (10). His results indlcate that for a Schmidt

number of 1000, the local Sherwood number approached the

fully developed Sherwood number after an entrance length

of one to two tube diameters for Reynolds' numbers

be%ween 10,000 and 30,000, Megerink, in his pipe
dissolution study (48), has also verified these conclusions.
Results for the dialysls system hereln employed,

Ng, = 800 and Q/D =48, can therefore be considered to be
1ittle affected by the entrance length required to
achieve the fully developed concentration profile.

Both the predictions of Lin and Deilssler fit the
data for low and high Schmidt numbers, in spite of the
different exponents of diffusivity used in equatlons (V-55)
and (V-57). This 1s not surprising slnce the eddy
diffusion assumed in the viscous layer has little effect
on the transfer rate for low Schmidt numbers and the
numerical constants can be adjusted to fit the data for
systems of high Schmidt numbers where all the gradient
1s in the viscous layer.

The above relations of von Karman, Lin, and
Deissler, derived from the basic transport equations (V-41)
and (V-42), all show the film coefficlent to be (at
high NSc) proportional to the square root of the friction
factor and indicate this coefficlent to be proportional

- to the diffusivity'with an exponent value ranging from




unity (laminar film controlling) to two-thirds. It is
interesting to note that the penetration theory (7, 24),
in which there is no laminar sublayer at the boundary,
predicts the rate to be proportional to the square root

of the diffusivity, l.e.,
k ~ D

The individual tubular film coefficlents obtalned
in this investigation are plotted in Flgure 8 1in the
form of the Sherwood parameter as a function of the
Reynolds number for the system Schmidt number of 800.
Also shown in the figure are the lines predicted by
von Karman, Lin and Deissler. The Chllton-Colburn line,
equation (V-51), showing a direct proportionallty between
the film coefficlent and the frictlon factor, 1s also
included.

The data points shown in Figure 8 can be

represented by the equation

-

_ .90 -
Nop .069 NRe (V-59)

These results appeaf to support the general form of the

Deissler, Lin, and von Karman theorles as far as the

relation between the film coefficlent and the friction

factor is concerned.
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The recent plpe dissolution data of Meyerink (48)
also substantlates reasonébly well the square root rather
than the linear relationship. For the dissolution of
penzoic acid and cinnamic acid in water (Ngec = 900),

he obtained
_ .94 |
Ng, = 070 NRe9 (V-60)

and for the aspirin-water system (Ng, = 850) the

equatlon

represented the data. These experimental results fall
on or slightly above the Deissler correlation for the
particular system Schmidt number involved.

The recent Deissler and Lin theories use much of
the same data to support their theorles and to adjust the
constants in thelr equations. Most of the high Schmldt
number results were taken in systems (plpe dissolution
apparatus) where the mass transfer was uni-directional
and hence could be expected to be sllightly higher than
they should be owing to the attendant bulk motion of the
fluid. This uni-directional transfer has been previously
shown to result in a radlal component of velocity not

accounted for in the mass transfer equation employed.
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With the dlalysls tubing utilized in this

investigation this problem is not present since the porous
membrane permits the counter-diffusion of solute and
solvent such that the mass flux in both directions 1s
equal, thereby satisfying the same boundary conditions
required of the analogous transport equations.

The experimental results indicated in Flgure 8
fall about 25% and 15% below the lines predicted by
Deissler and Lin respectively, which qualitatively 1s as
expected due to the counter-diffusion mechanlsm involved

vdﬁn the dlalysls system. However, the data are considerably

/
!

above the von Karman prediction (laminar film controlling)
and would tend to support the Deissler-Lin picture oﬁr
transfer which allows for a decay of turbulence all the
way to the wsll.

The film coefficlents predicted by the various
theories are cross-plotted in Figure 9 in the form of the
mass»transfer Stantor number k/U as a functlon of the
Schmidt parameter for a Reynolds number of 25,000,

Shown also is the point calculated from equatlon (V-59)

./\

which represents the results of thls investigation at

NSC = 800 °
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An examination of the hydrostatics of the
experimental system herein employed indicates that the
lower results of this study may in part be due to a
viscous transfer effect brought about by a pressure

differential between the tubular water stream

(sp. g.= 1.0) and the annular saturated salt stream

(sp. € = 1.2). A more detailed discussion of this point
is presented in APPENDIX J.
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C. Laminar Flow Regime

It has been shown previously that the chaotic
nature of turbulent flow renders virtually impossible a
complete and definitive analysis of the turbulent mass
transfer mechanlsm. By contrast, a fluld in laminar
motion can be exactly defined mathematically with the
use of the Navier-Stokes momentum equation (V-24) for
the particular boundarly conditions involved. For laminar
flow in a tube ( Npe < 2100), the parabolic velocity

distribution can easily be obtained.

. - 2
u = 2U |1 - F—a (v-62)
: R

This relation can be visualized as representing the
velocity of a series of concentric thin tubes sliding
ipside one another in the direction of flow. For such
conditions, no radial mixing of the fluld occurs and the
transfer of solute from the tube wall into the fluid étream
18 solely by molecular diffusion,

The inter-relationshlip between the fluid motion

and the diffusion process can be obtained by substituting

Fick's relation
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into the equatlon of continuity for a binary system
Ve, v. = o (V-64)

The resulting relation

U —
2x r Jr or

represents the diffuslon process for a fluld in streamline
motion.
For the analogous laminar flow heat conduction

problem, the relation

DT A 1 0 DT
2x - @C r or Br

(v-66)

can be simllarly obtalned.

The soluflon of the baslc differential form for the
heat transfer situation has been carried out by Graetz
for the case of a normal parabolic veloclty distribution

and for the case of constant veloclty across the tube

diameter (rod-like flow). These mathematical analyses are

reviewed by Drew (12) and Jakob (28). The following




are the assumptions common to these solutions when

B,
B
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| @ 1) The radial veloclty component is zero everywhere,

converted to the appropriate terminology of diffusion:

2) The diffusivity P 1s constant throughout the liquid.
3) ¢=C at x =0 forall r .

c=c" at r=R forall x.
4) Molecular diffusion in the x direction is negligible.
5) The pipe diameter is uniform.

6) The physical properties of the fluid are constant.

The Graetz solution for the parabollc velocity solution,

as applied to the mass transfer problem, is

| ¢p - 0 14637 -89.22)
= = 1-8].1023e + 0122 e + | (v-67)
c® - ¢
1

Dot
where 1§ = 2%— e

Concerning the assumption of uniform velocity across the

plpe, the Graetz solution is

02 - Cl -55784£ -30047‘g
= 1-4].1729 ¢ + 03282 e 4+ __|[(v-68)
-C
1
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When values of the term wﬁf)el, are very large,
the evaluation of the above series solutions becomes
excesslvely laborious and 1s avolded by the asymptotic
approximation of Leveque. This solution applies directly
to transfer from a flat plate, however, 1ts application
to flow in tubes is vallid where the diffusing material
penetrates but a short distance into the fluld stream
while in the contact section. The solution for parabolic
flow 1s obtained by assuming the fluld to have a
linear veloclty distribution equal to the limiting
veloclty distribution found near the wall in streamline
flow. By using the same assumptions as Graetz, Leveque

determined the solution to be

Employing the constant veloclty assumption instead of a
linear distribution, Linton has shown (43), by a similar
derivation, that the solutlon for the rod-like flow case

can be expressed by

—_— = 4,00 | =—— (v-70)
c® - ¢ \DeL
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For the dialysis system, the 1liquid diffusivity is very
small and hence the basic assumption under which the
slmpler Leveque equations were derived 1s valid.

All of the above relations can be conveniently
represented by a graph of (Cg - Cl/Co - C) versus
(W/OOQL) , as shown in Fligure 10. The dlalysis laminar
regime results obtalned in this investigation are also
plotted. For purposes of.comparison, there are deplcted
as shaded areas the laminar data collected by Linton in
his pipe dissolution study (43); and the wetted wall
column data of Gilliland (vaporization) (20), and
Haslam (absorption) (25), as taken from Sherwood's text
(56).

The dialysis results fall above the line for
parabolic flow and approach the rod-like flow curve as the
flow rate decreases. Since the flow is viscous, the
data would be expected to conform to the parabolic curve.
These high values are believed to be the result of free
convection effects caused by density gradients. In the
laminar regime, the fluld has a higher residence time in
the contact sectign, and hence picks up a greater amount
of salt. The concentration of the exit fluid ranges
from ,0153 gms/cu.cm. at Npe= 100 to
0020 gms/cu.cm. at Nge = 900 . By contrast, the exit

concentration of the turbulent regime results range from
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.00075 gms/cu.cm. to .000075 gms/cu.cm. for a Reynolds \

it

number of 2700 and 45,000 respectively. The

assumption of constant fluld properties 1s not entirely

ﬁ E vallid for the laminar regime, The results, as shown in

Figure 10, are qualitatively in the right direction and
Indicate a greater divergence from the parabolic curve as
/ i the flow rate decreases. Another factor which would tend
; to distort @nd upset the normal parabolic veloclity
distribution established in the entrance calming length,
1s the slight swaying motion of the tubular membrane.
Agailn, this can be expected to have a greater effect at
the lower flow rates.
It 18 interesting to:note that the corresponding
data for the analogous laminar flow heat conduction )
problem conform to the same pattern as the diffusion data

presented in Figﬁre 10. Thils can be seen in Figure 11
in which the heat transfer data of Holden and White, as

tabulated by Drew (13), are plotted.
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VI. CONCLUSIONS

An experimental apparatus has been developed
for studying the fluid resistance to the dialysis mass
transfer operation, Investigation of the rate controlling
factors influencing dialysis transfer with batech and
fiﬁter press type dlalyzers can now be complemented with
a system in which the defined flow conditions permit the
liquld film coefflclent to be 1solated and hence subject
to analysis,

The results indicate that present mass transfer
theory can be used to correlate the individual film
coefflicients obtalned from a "Wilson technique" type
treatment of the over-all résistance data collected.

The dependence of NSh on NRe 18 in good agreement with
turbulent transport theory as far as the functional form

of the friction factor is concerned, i.e.,

F
Ng, =~ -\/—; Npe Y (Ng,)

90

Speclfically
NSh = . 069 NRé

Por the system Nge, = 800 .




The laminar regime results are bounded by the

theoretical equations of Leveque, and Linton for parabolie 5

and uniform flow; and conform to the same pattern as the

analogous heat conduction results in laminar flow.
The counter-diffusion mechanign involved in this

process and the smooth, dg¥%?ed ﬂransfer surface suggests ;
S N that this system can be effeéfl#ely employed for f

studying the convective diffusion mechanism, particularly

at much higher Schmidt numbers.
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VII. APPENDIX

A. Derivation of Over-all Mass Transfer Equation %

If a fluld flows parallel to a solid surface, the I
veloclty increases rapidly from zero at the wall to an i
almost constant value a short distance away. This velocity
gradient near the membrane wall 1s accompanled by a
corresponding sharp change in the concentration of the
fluid. A similar condition occurs on the other side so
that the concentration distribution from a concentrated
stream on one side to a dilute stream on the other will
be of the form shown in Figure A-l. |

It has been established that the rate of transfer,

. be 1t heat, mass, or momentum, is equal to the driving force

divided by a reslstance.

Driving Force

Transfer Rate = (A-1)
Reslstance

For mass transfer between two flulds separated by a
porous membrane Y
[e] [#] [} -]

/

n =-

1/kgAg 1/kmAn 1k, A,
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; n n n
i - Q _ &
l Cs"cos-——) Cs' e CW-CW.:——-—-

kSAS k:mAm kWAW

from whilch
, 1 1 1
Cqg - Cy = AC = n + + (A-3)

kghg  kpAm  kyAy

But an over-all coefflcient of mass transfer K, can be

defined based on the area Am such that

n' = Ky An AC (A-4)
Thua
n’ ! 1 1
—_— = Z&C = n + +
KenAm kKgAg  Kmhnm KAy
giving
1 Ap 1
— = + + Am (A‘B)
K kghg km  KwAw :

The over-all transfer coefficient may be based on the
| i inslde area, the outside area or the mean area of the
tubular membrane. For the case of a very thin membrane

these will not differ appreciably and the following may

Y
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be written.

1 | 1
— = + + (A-6)
K kg Mn Ky
and
n" = KaAc = Kkaf(c-c,) (A-T)

For the experimental system utilized in this investigation
the above equation can be used directly by substituting
the saturated salt concentration for Cg (.317 gms./cm@)
and neglecting the water slde concentration Cy (in the
order of parts per million) to determine the over-all

driving force Z&C .

Mean Concentration Difference

For'the sake 6f completeness the derivation of
the mean concentration dlfference 1s shown for the situation
where there 1s a difference, of the same order of
magnitude, in C, or C, under the conditions that the
density and mass flow of the two streams do not change
appreclably. The method used by Foust, et, al. (19)
in their derivatibn of the logarithmic mean temperature
difference 18 adapted fér dialyslis mass transfer,

The salt stream flows at a constant rate of

Wg gms./min. and changes in concentration from
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Cs2 to Csl . The water stream flows at a steady rate
of W, gms./min. and increases in concentration from
Cw1 to Cy2 . The concentration driving force in the

transfer direction at any point in the system is

Ac = cs - ¢ (A-8)

Differentlating

d (Ac)

dCg - dCy (A-9)

The mass glven up by the salt stream as 1t passes through

the dlalyzer 1s

WS es /
= — dCq or dCg = — dng (A-10)

s Wg

/
dns

The mass gained by the water stream is

/ Wy Cw /
dn, = — dC, or dGy = = dny (A-11)
Cu Wy

Combining equations (A-10) and (A-11) wlth equation (A-9)

ylelds

€ e 6 ©
d([&c) = = dny - — dn’ = dn/ | =2 + 2 (A-12)
8 W 8
8 wW , wB WW
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since dng + dnj, = 0 at steady state, Assuming the
terms in the brackets are constant this equation may be

integrated between 0 and n and between the limlits of

Ac1 and Aco  to glve

& €
/ 8 W
(Aca - Aci) = ng | — + — (A-13).
Wq W, *
At any partlcular point 1n the system
an’ = Kk Ac da (A-14)

Combining equation (A-12) with equation (A-14) yields

dn; = K Ac da = 4 (Ac)/[-f?+—€1’](zx-15)
Wg Wy

Rearrangement of thils equation to separate variables for

integration, with K belng assumed constant gives

0 A Co |
K [—5 + ﬁ’] fdA = d (Ac) /AC (a-16)
W

W,
8 w 0 | ACJ_
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which upon integration becomes

Wy Acy

[ es ew ] ACE
— g — K A = 1n
Wy

But from equation (A-13)

N3

[ Cs € } _ Acz - Acy

Therefore substituting equation (A-18) into equation

(A-17) gives

/

Ny

[Acz - A%J - Ac,

Rearranging

/
Ng

In( Acy/ A\cy)

The bracketed term of equation (A-20) defines the

(A-17)

= K A [Aca - Lo ] = K A (AC)1m (A-20)

logarithmic-mean concentration driving force ( AC)q,.

92.

Equations (A-7) and (A-20) are ‘appIfsakle for cases whére the

following. assumptions are valid.

a) The over-all coefficient K 1s constant. This

is not rigorously valid, but for fluids whose



. B R A N

physical properties are not too sensitive to small
concentration variations; the over-all coefficient
based upon average fluld properties leads to
1ittle error.

b) The densitlies of the two fluids do not change
wlth concentration.

¢) The mass flow of both fluids is constant,

In this investigation the above conditlions are
satlisfled since the amount of material transferred from
one fluid to the other is quite small (as stated

previously, in the order of parts per million) so that

the density and the mass flow of the two fluids does not

change appreciably.
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VII. APPENDIX

Detalls of Procedure

(
1. Startup Procedure

The dialysls membrane was immersed in water
for about three hours to remove the glycerine
humectant used in 1ts packaging. It was then allowed
to msoak in a 15% salt solution for at least 48 hours
in order for the membrane to attaln 1ts maximum degree
of swelling. This 1s important since obviating this
step would result in the membrane resistance changing
during the course of a set of runs. Before 1ts
installation 1t was agaln washed 1n water.

The ends of the membrane were slipped over the
connecting steel tube sectlons and clasped'tightly by
means of masking tape and hose clamps. The two tubes
with the membrane were lowered into the column wilth
great care taken to insure that the membrane was not
injured. The lower connecting tube section was
Jolned to the external pipework by means of a
four-inch Dresser coupling. The pumps were started,
permitting the fluid in the feed drums to circulate

through the by-pass lines. The stopcock valve on the

upper Dresser assembly was opened to allow the air in

/




the system to escape. Saturated solution from the salt
feed drum was permitted to gradually flow down from
the annulus inlet line untll the level of the solution

was slightly above the lower connecting tube sectlon

sticking into the column. Water was poured into
the upper connecting tube section down through the

membrane into the lower tube sectlion untll the level

in the membrane matched the level in the annulus.
The salt solution was pumped gradually 1nto the
annulus while water was poured into the tubular

membrane at a rate such that the liquld levels were

about the same during the filling operation. The
upper connecting tube was then jolned to the water

system plpework and fluld from the water feed drum

allowed tolpass upward through the tubular membrane.
The flows of both streams were simultaneously in-
creased in a gradual manner, along wlth the manipulation
of the back pressure valves so as to malntaln the
streams on both sides of the membrane at essentlally

the same pressure. The membrane was pulled taut and

any twist in the membrane corrected by manipulating
the connecting tube sections and the Dresser couplings.

The system was permitted to run for approxi-

mately two hours to attailn steady state conditions.

Each run lasted about three quarters of an hour,



during which time rotameter readings and photographs

were taken, and samples of the solvent and

diffusate streams were obtained in 1000 cubic

{
centimeter Erlenmeyer flasks.

2. Meagsurement of Flow Rates

The tubular water flow was measured wlth
the use of three rotameters 1n parallel to cover the

range of tubular flow condltlons investigated in thias

study. Calibration curves for these rotameters are

indicated in Figures A-2, A-3, and A-4,
The saturated salt solution in the annulus
was maintained at essentlally the same flow rate
and its measurement was similarly obtained with a
rotameter. Figure A-5 shows the calibration curve

for this inatrument.

3. Measurement of the Membrane Diameter

4

A Polaroid Land Camera (Speedliner Model 95A)
was employed to determine the diameter of the
tubular membrane. Photographs were taken at the upper

and lower end of the column. Supporting stands were

used to assure that the same camera positlon was

maintained for each shot.
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Calibration of the camera was obtalned by
photographing a number of aluminum rods (machined to
different diameters) immersed in the column filled
with saturated salt solution. Figure A-6 indicates

these results.

4, Method of Analysis

The amount of salt solute transferred through
the membrane into the water stream was very small,
ranging from 75 to 750 parts per milllon in the
turbulent regime, and from 2000 to 15300 parts
per million in the laminar regime. This indicated
that concentration of the solvent stream samples could
be effectively measured for total ion content by
means of a conductivity cell.

The electrodes were prepared by first
cleaning the surface with aqua regla. The coating
of platinum black was applied by immersing the
electrodes in a 3% solution of chloroplatinic acid
contalning a trace of lead acetate. The electrodes
were connected in series with two 13 volt batteries
and the current was regulated by means of.a rheostat
80 that only a small amount of gas was evolved (9).

A Serfass conductance bridge was utilized to

balance the cipcuit and conductance reading of the
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sampie solution was obtained directly. Bridge
ﬁalance was determined by the polint of maximum
shadow angle of the "maglc eye" (cathode ray tube)
employed in this instrument. A clear description
of the operation of this particular bridge appears 1n
the text of Willard, et al (64).

‘Two sets of electrodes were used; one for the
measurement of the samples collected in the turbulent
regime and one for the samples of higher concentration |

collected in the laminar regime. Calibration curves

are shown in Figure A-7 and A-8.
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VII, APPENDIX

C, Determination of Over-all Resiatance to Transfer

RUN SET - 727

Cross-sectional area:

D = 1.135"
Ay = N D2/ 4
Ax = (.785)(1.135)°(2.54)
A, = 6.5276 em?
Tube-side veloclty:
Uy = Qu / Ax
Uy = (.1532) Q,
Transfer area:
L:Hg]_/ "

A= TDL
A = (3.1416)(1.135)(49.125)(2.54)2
1130,1 cm? ’

o=
i

106,




Concentration driving force:

saturated salt conc., @ 19°¢C (32)
c. = 26.143 wt.% G, = 1.20 gm./cm3
Cg = (.2643)(1.20) = 0.317 gm./cm3

water side conc. negligible
relative to salt side conc.,

il

Cg - Cw = 0,317 gmo/cm§

Ac

Over-all Resistance to Transfer

Cy1 = 11(10)%gm./cn?

@ (Cy2-C4yp )= K A (Cs-Cy)

( Ac )

A
/
Q Oy - G )

(1130.1)(.317)

Qhy ( Cy2 - Cw1 )
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Over-all Resistance to Transfer

RUN SET - 727

Run No. Qy Uy Cuo = Cu1 1/K
(cm?/min) (cm./min) (gmu/cm3.,) (min./cm.)

S ———— .

727-1 3930 602.1 737x10°0  123.684
727-2 5210 798.2 603 114,030
T27-3 5730 877 .8 568 110.071
727 -4 6450 988.,1 522 106,401
727-5 6930 1062 481 107 .472
% 727-6 7690 1178 438 106,359
\ T27-7 8870 1359 391 103.294
s T727-8 10480 1606 352 97.111
5 727-9 12820 1964 297 ok, 087
E 727-10 6020 922.2 540 110,201
% T27-11 17410 2667 227 90.846
. T27-12 21970 3366 183 89,103
! T27-1 26440 4o51 152 89,139
’ 727-1 32270 4okl 127 87.412
727-15 37970 5817 109 86.558




Determination of Over-all Resistance to Transfer

RUN SET - 801

Cross-sectional area:

2
Ay w D/ 4
Ay = 6.5276 om©

Tube-slide velocity:

Q / Ax
(.1532)

Transfer area:

L = 48.75"
'D' DL i e
A = (3.1416)(1.135)(48.75)(2.54)2

1121.5 cm@

=
i
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i , Concentration driving force:

=
=
n

Cs-Cw

=
Q
0

| 0.317 - neg.
| | Ac = 0.317 gn./cm3

Over-all Reslstance to Transfer

C,1 = 11(10)-6gm./cm3

Q (Cua-Cp ) =K A (C5-0Cp)

1A (Ac)

K Q (Cw2-Cn)
1 (1121.5)(.317)

? E K Qw ( Cw2 - Cwl )
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Over-all Resistance to Tranafer

) RUN SET - 801

Run No. Q U, Cyp - Cy1 1/K
gcm?.)gmin) (cm./min) (&nJcm’?’) (min./cm.)

| 801-1 700 720.0 636x1070  118.935
1 801-4 5500 842.,6 535 110.496
P 801-7 8180 1253 Y14 104,981
f 801-8 9630 1475 363 101.702
g | 801-9 11880 1820 310 96.535
L | 801-10 15430 2364 250 92,163
b 801-11 19770 3029 199 90.366
‘ 801-12 24300 - 723 166 88.135
801-1 29700 550 136 88.017

g | 801-1 34930 5351 116 87.742

e v 2 e b1 s 5 £ e Pl S o i




112,

e . T

C. Determination of Over-all Reslstance to Tranafer

RUN SET - 810

‘ Cross-sectional area:
| D = 1.135"

v D2/ 4
6.5276 cmé

{1

Ax

Ax

Tube-side veloclty:

Uw= QN/AX
W = (1532) g

=
]

Transfer area:

L = 48 5/8"
A =D L
(3.1416)(1.135) (48.525) (2.54)2

A = 1118.6 cm?

b =
i1
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=
-
} Concentration driving force:
Ac = ¢, - ¢y | {/
Ac = 0.317 - neg.
Ac = 0.317 gm./cm3

Over-all Resistance to Transfer

Oy = 11(10)~%gn. /en3

Q (Cy2-Cpp ) =K A (Cy-Cy)

1 A ( Ac )

K Qw ( Cw2 - O )

1 (1118.6)(.317)

é' | | K A ( Cy2 - Cy1 )




Over-all Resistance to Tranasfer

RUN SET - 810

Run No. Q U, Cyp - Cyl 1/K
Lgmg/min) (em./min) (gm./cm%) (min./cm. )

810-2
810-
810-
810-5
810-7
810-8
810-9
810-11
810-12
810-13
810-15
810-16
810-17

4180
7600
5580
6120
6720
8420
9810

12120

19810

24000

29600

47200

56000

64600

640, 4
1164
854.3
937.6
1030
1290
1503
1857
3035
3677
4535
7231
8579
9897

702 x 10°6
4hg
579
534
496
412
359
21
163

1
37.5
T4.0
65.5

120.844
103.915
109.755
108,504
106.387
102.219
100,687
96.559
92,268
89.006
86.810
85.860
85.570
83.804



VII. APPENDIX

D, Simplc Linear Regression Analysis

b _ The equation

1

—_— = & + D =
K

1s to be subject to a least squares analysis to determine
the values for g and b 'corresponding to velocity
exponents of ¢ =.,80 and ¢ =.90. The followlng
calculations are facilitated by writing the above

equation as
'}:.a+b(7°)

; 'i | where the coefficients a and b (to be derived

| from the experimental data) are estimates of the
population parameters J{’ and B . An indlcation of the
:|  ﬁ‘ , ' ' accuracy of these regression coefficlents can be

| obtained by determining interval estimates of the true

values of the population parameters (employlng the

"Student's" t distribution),.




Run No,

T27-1
727-2
727-3
T27-4
727-5
727-6
727-T
727-8
727-9
727-10
727-11
727-12
727-1
727-1
727-15

801-1
801-4
801-7
801-8
801-9
801-10
801-11
801-12
801-13
801-14

810-1
810-2
810-3
810-4
810-5
810-7
810-8
810-9
810-11
810-12
810-13
810-15
810-16
810-17

% x
1 1 3
< x 10

K U“BU
123,684 5.9741
114,030 4,7676
110,071 4,4185
106,401 4,0195
107.472 3.Z941
106.359 3.4921
103.294 3.1148
91.111 2.7259
oL, 087 2.3200
110,201 h,2475
90,846 1.8162
89.103 1.5077
89.139 1.3001
87.412 1.1085
86.558 .9733
118.935 5.1776
110,496 4,5600
104,981 3.3238
101,702 2.9172
96.535 2.4657
92.163 2.0002
90.366 1.6404
88.135 1.3909
88.017 1.1846
87.742 1.0405
120.844 5,6863
103.915 3.5256
109.755 4,5135
108,504 4,1916
106,387 3.8895
102,219 3.2473
100,687 2.8736
96,559 2.4263
92.268 1.6378
89.006 1.4048
86.810 1.1878
85.860 .8178
85.570 .T133
83.804 6362

PO = = PO P O W

OO

H N D N

. 1499
4440
.2436
.0193
.8901
.7218
.5139
.3030
.0869
1462
.8252
.6693
. 5660
4735
- 4090

6817
.3278
. 6287
4063
.1639
.9199
7359
6112
.5103
L4410

.9798
7404

2979
L1144
9437
. 5866
.3827
1431

7346
.6181

.5118
.3%63
.2883
.2536

1160
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Least Squares Analysis of Linear Equation ( ¢ = .80 )

o
1
SN
]
o
Xl

| LX) = ,1080322 x (L*)/ N = 002770056
.011670956237 (L*)2/ N
= ,000385206163 (LY)

g
r

)
I

. 000299255288

M,\A
N
s
|

3867.028

(LY)/ N = 99.154564

ox
H

L(xy) = 11.335852272

(Lx) (Ly)/ N = 10.711884114

11.335852272 - 10,711884114

| | b = = 7260
000385206163 - 000299255288
| = = 79.045

; a 99.155 - 7260 (.002770056)
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Calculation of Confidence Interval ( ¢ = .80 )

Standard Devliation of Yy for a Fixed X%

W

.

) Z(%C '%P )2

S .x =

y N -2
52 o3 307197 1.469924
yox 37 '
Sy.x = 1.2124

where Y, represents experimental values of Y

and Y, vrepresents predicted values of % .

Standard Deviatlion of X

2
2 N L(x)% - (%)

x - N(N-1)

2 39(.000385206163) - (.011670956)
S =

x 39 (38)
S. = .,0015039
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Calculation of Confidence Interval ( ¢ = .80 )

"Student's" t Distribution for a 95% Confidence Interval

(aa=,05 )
t.975 (37 degrees of freedom) = 2.025 = - t.o25
S
VeX
t e e e—— :.-265
%2 SAN - 1

The interval estimate for the regression coefficlent

lies on both sldes of the point estimate b .

(b-265) < B < (b+265)
(7260 - 265) < B < (7260 + 265)
6995 < B < 7525

For ;4

t S 2v/1 ( ;)2 = -.393
Y2WAN T -1 & '

and

(a-.393)< A < (a+.393)
(79.045 - .393) < A < (79.045 + .393)
78.652 < A < 79.438
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Least Squares Analysis of Linear Equation ( ¢ = .90 )

Yixy) - (Lx) (Ly)/ N

b = —
L(x)2 - (LF)2/ N
a = g - b Xx
N = 39
(Lx) = .0528203 X = (L*)/ N =.001354366
(L*)2 = .002789984092 (Lx)2/ N = .000071538035
L(*)2 =.000096550639 (Ty) = 3667.028
Y= (Zy)/ N = 99. 154564
L(xy) = 5.574380416
(Lx) (y)/ N = 5.237371244

5.,574380416 - 5.237371244
b = = 13450
.000096590639 - .000071538053

a = 99.155 - 13450 (.001354366) = 80.94

Ty

S

i . .

4 i
B
§
5§ 3
|
i\
. ;'ll




Calculation of Confidence Interval ( ¢ = .90 )

Standard Deviation of Y for a Fixed ¥ .,

7

V(Yo - % )°

N -2

50.718824
VX 37

2
]

= 1.370779

1.1708

where Ye represents experimental values of Yy

and Y% represents predicted valueg of Y

Standard Deviatlion of Xx

2

NL(x)° - (Lx)
N(N-1)

39(.000096590639) - (.002789984)
39 (38)

00081196




Calculation of Confidence Interval ( ¢ = .90 )

"Student's" t Distribution for a 95% Confiden?e Interva%
& = ,05

t,975 (37 degrees of freedom) = 2,025 = - t. o5

S
ta/aé_zg__ = ..ll,75

BV

The interval estimate for the regression coefficlent.

lies on both sides of the point estimate b ,

(b-475) < B < (b+4r5)
(13450 - 475) < B < (13450 + 475)
12975 < B < 13925

For \j%

\/1 €I
t07/2 Sy.x E- - m = -.379

X

and

(a-.3719) <A < (a+.379)
(80.94 - .38) < A < (80.94 + ,38)
80.56 < A < 81.32
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VII. APPENDIX

E. Method of Differential Correction

It has been indicated previously that the equation

1 1
- = a+b-5-5 = 4$(u, a, v, c) (E-1)

cannot be directly adapted to a least squares analysis of
the data for the evaluation of the constants since the
latter do not enter the equation lineérly. This problem
can be avolded by utilizing the iterative technique
oufliried in the texts of Nielsen (51), and Scarborough (54)
in which initial values a, , by, ¢, are assumed for

the constants and the corrections o, €, 4, determined.
New values for as , bo , ¢y can be successively employed
until the desired convergence is attalned. Using the
estimated values for the constants thé above eqﬁation

becomes

K UCO f(U: aO: bo; Co) (E-2)

i
o

o
+
o’

o
n

-~

The values of this approximating function corresponding

to U, Up, ------ U, (experimental values of U )
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‘ will be

1 1
i 1 = ag + bO Lo T .:F(Ul: 80, bo: Co)
‘t Kq Uy
" 1 1

- = ao+ bO -—Co = §(U2’ 8.0, bOJ CO)

K2 U

2

1 1 |

— = 80+ by =gy = §{Upn, ag, Bos ¢)  (E-3)

Kn i

If equation (E-1) is taken as the best or most probable
function and its graph to be the best representative

| curve, then the residuals will be

1 1
Ul = a + b —n v
" Ul' Kl
1 1
- Vr = a 4+ b —— - -
| 2 c
l\ | Uz K>

2/’l’l = f(Un: a, b, c) =

1§ %
z§:
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where 1/K; , /K, , - - - 1/K, are the observed 1/K 's
corresponding td U1 , U2 s = - = U, respectively.
Substituting in (E-4) the values of a

, b, c, as
gliven by
a = adg + 0%
b = bO + @
¢ = % * v (E-5)
the first residual becomes
V1 = lagr ) + (0% B) —pmrry - =
= a.+ &) + (bo*t - —
1
v, + _a. = § (v, a + %, b+B, c0+9f) (E-6)

Considering the right-hand side of (E-6) as a
function of a , b, ¢, and expanding 1t by Taylor's

theorem for a functlion of several variables, this equation

becomes

ATt B o
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vl + — = 5(U ) aO’ bo, CO) + X

terms 1nvolving higher
/J e + powers.and products of

dc %, B, % (E-T)

where  ( ?f]/éa )o represents

% (351
- | 3>

R Y

(o

OTE®
o0 O

[T L

Since

R o e S s o s e i
e\ g
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Let
2 1 1 7 1 1
l - —— - — 2 - —— - ann—
Kp Ky Kb K,
1 1
- L , M= — -
Kp, Kn

The residual equations are then obtained.

B

vy

0 fn) %n
= ot =1 —+ E-
Yn d?ao+€?bo+7?c * M (B9

The linearity of the corrections &, §, g, in these
residual equations permlts the method of least squares to

be utilized. The partlal derivatives in the above

equations take the form




128.

D 1K
%ia = '—5——- = 1 (E-10)
0 a 0
AL l/K) 1
EIA B (B bl ey (E-11)
3| [kl 1 1
dcly (a R S (B-12)

In order to start this iterative calculation,
initial values of the constants were obtalned by letting
the exponent ¢, take on the value 0.80 and determining j
the other constants from a least squares analysis since the

resulting equation,

1
— = a, + b — (E-13)
1s linear in a4 and b0 . This calculatlion has been

carried out in APPENDIX D. The results of this calculation

gshow that the inltial values of the constants that are

to be employed in the method of differential correction
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B THPRPEINR

are

a, = 79.045 by = 7260 ¢y = 0.80

The partlal derlvatives in the above residual equations

then reduce to

3s 2 1/K
da |, T 19 a b 1

J

5-80

e = = 7260 — In —
Do e U°80

The following-tables show the calculation of the co-

efficlents for the residual equations.




Differential Correction Calculation -~ Trial

1 1 3 1

Run No. X ch 10 bo —'EEO
T27-1 123.684 5.9741 43.372
T27-2 114,030 4. 7676 34,613
727-2 110.071 4,.43185 32.078
T27 - 106.401 4.,0195 29.182
727-5 107 0472 307941 279545
727 -6 106.359 3.4921 25.353
727-T 103.294 33,1148 22.613
727"'8 97 '111 207259 19 0790
T27-9 94,087 2.3200 16.843
727-10 110.201 4 2475 30.837
T27r-11 90.846 1.8162 13.186
T27-12 89,103 1.5077 10.946
T27-1 89.139 1.3001 9.433
T27-1 87 .412 1.1085 8.0

1 1

= ag + by %o

1 1 1
K! K* K
122,417 -1.267
1139685 - 0372
111.123 1.052
108.227 1.826
106.590 - .882
104,398 -1.,961
101.685 -1.636
98.835 1.724
95.888 1.801
109.882 - .319
92.231 1.385
89.991 .838
88.484 - 655
87 .093 - .319
86.111 - Jh4r
1 1
K! K

One

In —

-6.40043
-6.68236
-6.77742
-6.89578
-7 .07157
-7 .38119
-7 058274
—6 082677
-7 088872
-8.12148
-8.30660
-8.50594
-8.66854

ao =

b =

79.045
7260

-231.297
-217 . 406
-201.233
-191.931
-179.286
-163.142
~-146.074
-127.716
-104.021
- 88.898
- 78.406
- 68.456
- 61.252




Differential Correction Calculation - Trial One
1 1 3 1 1 1 1
Run No. _— —x].0 b, — —_— - In — b 1n
K ycc © yCo Kt K U ©uCo
801-1 118.935 5.1776 37 .589 116.634 -2.301 -6.57924 =247 .307
801-4 110.496 4 ,5600 33.106 112,151 10255 -6.73649 -223.018
801-7 104,981 3.3238 24,131 103.176 -1.805 -7 .13329 -172.133
801-8 101.702 2,9172 21.179 100.224 -1.478 -7 . 29641 -154.531
801-9 96.535 2.4657 17 .901 96 .9U6 L4111 -7 .50660 -134.376
801-10 92.163 2.,0002 14,521 93 .566 1.403 -7 . 76811 -112.801
801-11 90.366 1.6404 11.909 90.954 . 588 -8,01599 - 95.462
801-12 88.135 1.3909 10.098 89.143 1,008 -8.22229 - 83.029
801-1 88,017 1.1846 8,600 87 .645 - .372 -8,42289 - T72.437
801-1 87 . 742 1.0405 7 .554 86.599 -1.143 ~-8.58505 - 64,851
a, = 79,045
1 1 1 1
-E-; = ao -+ bo —I_]-éo —/Z = ? - —K— bO - 7260
o = 0.80

"TET




Sl ety Sns R
B e e

Differential Correction Calculation - Trial One

1 i 103 1 1 1 1 1 1 1
Run No. — e X - b — —_— - In — b In

K y©o © gCo K! K K U © uto
810-1 120.844 5,.6863 41,283 120.328 - 516 -6.46209 -266.774
810-2 103.915 3.5256 25.596 104.641 o726 -7 .05961 ~180.698
810-3 109.755 4.5135 32,768 111.813 Z.,058 -6.75087 -221.213
' 810-4 108,504 h.,1916 30.431 109.476 LOT2 -6.,84332 -208 ., 249
810-5 106.387 3.8895 28,238 107 . 283 .896 -6.93683 -195.882
810-7 102.219 3.2473 23.575 102.620 401 -7 .16240 -168.854
810-8 100.687 2.8736 20.862 99,907 - .780 -7 .31522 -152.610
810-9 96 .559 2.4263 17,615 96 .660 .101 -7 .52672 -132,582
810-11 92.268 1.6378 11.890 90.935 -1.333 ~-8.01797 - 95.33
810-12 89.006 1.4048 10.199 89.244 . 238 -8 .20985 - 83.732
810-13 86.810 1.1878 8.623 87 .668 .358 ~-8.41958 - 72.602
810-15 © 85.860 8178 5.937 84,982 - .878 -8.88614 - 52.757
810-16 85.570 7133 5.179 84,224 -1.346 -9.05707 - .907
810-17 83.804 .5362 4,619 83.664 - 140 -9.19994 - 42,495

ag = 79.045
1 1 e 1 1 p
— = a_ 4+ by —x T — - — b = T260
. K1 . °© OUCO Kt K o
co = 0.80

‘2eT
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3 Residual Equations - Trial One -
727-1 v = %+ ,0059THIB - 277.599 4 - 1.267
T27-2 vp = o« + L 0047676Q - 231.29T 4 =~ 372
727-2 = o+ 00441856 - 217.406 4 + 1.052
727- }a = % 4+ ,0040195(6 - 201.2334 + 1.826
727-5 55 = &+ 00379418 - 191.931y -  .882
727-6 5 = & + 00349218 - 179.2867 - 1.961
127-7 v = %+ ,00311488 - 163.1424 - 1.636
727-8 vg = % + 00272598 - 146,074y + 1.724
727-9 vg = 2 4+ 00232008 - 127.716 o + 1.801
727-10 me - &+ ,o0k24758 - 210,517 § - .319
727-11 vi; = &+ .00181623 -~ 104,021 4 + 1.385
721-12  vip = % + 0015077 & - 88,8984 +  .888
727-1 W3 = % 4+ ,0013001 6 - 78,4064 - 655
727-1 WL = %+ 00110858 - 68456y - 319
727-15 Y = X+ 00097333 - 6l.252y - AT
801-1 Mg = X 4+ 0051776 B8 - 247.307 ¢ - 2.301
801-4 Ui? = X+ o0b5600 @ - 223,,018(8f + 1,655
801-7 vig = X 4+ ,00332380 - 172.1334 -~ 1.805
801-8 g = &+ 002017203 - 1545314 - 1.478
801-9 v = O+ 0024657 & - 1343764 + (411
801-10 Yoy T % 4+ ,0020002¢ - 112,801 4 + 1.403
801-11 vop T X 4+ 00164043 - 95.462 4 + 588
801-12 wpy T X+ 000139098 - 83,0294 + 1.008
801-1 wL = % + ,0011%46(3 - 230337 - .312
801-1 Vo5 = + .001040508 - 851 - 1.143
810-1 vog = X+ 00568633 - 266,774y - 516
810-2 v T %+ .,0025256@ - 180,698 4 * .T26
810- Yog T 9¢ + ,00M51358 - 22l.2134 + 2,058
810- Ypg = X+ .00410168 - 2082494 * 972
810-5 wag = % + ,00388956 - 195.8824 t  .896
810-7 31 = X + 000324738 - 1680854/6 + 401
810-8 2 = o+ ,0028736¢ - 152,610 4 - .780
810-9 = o+ 0024263 ¢ - 132,583 4 t+ .10l
810-11 7/33 = X+ ,0016378¢ - 95.33 - 1.333
810-12 5 = X+ 0014048 - 83.7324 + .23
810-13 g = & + ,00118780 - 72,6024 + .858
810-15 7 = %+ 00081786 - 52,757 4 - .878
B10-18 5 = X + lo007ie - R
810-17 1%9 = * .00063626 - 42,495y - 140
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The equations on the previous page are linear 1in
the corrections o, (3, ¥, and a least squares analysis
can be applied. This involves the determination of three
normal equations from the above set of residualao The first
normal equation 13 obtained by multiplying the right-hand
member.of each residual equation by the coefficlent of the
first unknown in that member, and equating their sum to
zero; to get the second ncrmal equation the right-hand member
of each residual equation is multiplied by the coefficlent
of the second unknown 1n that member, adding the products so
obtalned and placing their sum equal tc¢ zerc; the third
normal is similarly obtained. Following are the three
normal equations determined in such a manner for the filrst

trial.

39 4+ .1080322 @ - 5627869y + .OAL = 0
.1080322 % + ,000385206163 3 - 19’4042027 + .000152506 = 0
- 5627.869 % - 19.404202 8 + 981871‘,503@ - bo.47126 = 0
These equations can be solved for &, 8, 4, by
utilizing one of the methods of Gauss, as described 1n Scar-

borough (54), for solving simultaneous linear equations. This

procedure involves choosing as the plvotal equation the

equation in which the largest coefficient occurs. This




Run No.

!
O O~ W =W -

|
ol
NHO

NN NN NN NN NN NN
NBNBNN?NNNNNNB

!
=

727-15

123.684
114.030
110.071
106 .401
107 472
106.359
103.294
o7 .111
94,087
110,201
90,846
89,103
89.139
87 .412
86.558

Differential Correction Calculation - Trial

1
—x103
uCo

R

3.1499
2. 4440
Z.2436
2,0193
1.8901
1.7218
1.5139
1.3030
1.0869
2.1462
.3252
6693
5666
U735
. 4090

1 1 1 _ 1
b, — —_— - in — b, " 1ln
yco K:? K® K U uto ©

36,098 117 .168 -6.516 -6.40043 - -231.043
28 .008 109.078 -4 _.952 -6.,68236 -187 .160
25.712. 106.782 -3.289 -6. 77742 -174.261
23,141 104,211 -2.1490 -6.89578 -159.575
21 .661 102.731 “4.7h -6.96791 -150.932
19.732 100,802 ~5.557 -7 .07157 -139.536
17 .349 98.419 -4.875 -7 .21450 -125.164
14.932 96.002 -1.109 -7.38119 -110.216
12.456 93.526 - 561 -7.58274 - 94.,45]
24,596 105.666 ~4.535 -6.82677 -167 .911
9.457 90.527 - .319 -7.88872 - T4.604
7.670 88.740 -..363 -8.12148 - 62,292
6,493 87 .563 ~1.576 -8.30660 - 53.935
5,426 86,496 - .916 -8.50594 - 46,153
4,687 85.757 - .801 -8.66854 - 40.629

a = 81.07

1 1 °
I U b, = 11460
K!? K
Co = 0.90

Two

—
W
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Differential Correction Calculation - Trial Two

_ 1 1 A 1 1 1 1 ) 1 1 1
Run No. — —x]10> b, — —_— —_— e e 1n — b 1ln
K y®o © yCo K K! K U ©yco g
801-1 118.935 2.6817 30.732 111.802 -7 .133 -6.57924 -202.193
801-4 110.496 2.3278 26 .677 107 .T47 -2.749 -6.73649 -179.709
801-7 104.981 1.6287 18.665 99.735 -5.246 ~-7.13329 =133.143
801-8 101.702 1.4063 16.116 97 .186 -4,516 -7 . 29641 -117 .589
801-9 96.535 1.,1639 13.338 94,408 -2.127 -7 .50660 -100.123
801-10 92.163 .9199 10.542 g1.612 - 551 -7 .76811 - 81.891
801-11 90,366 .7359 8.433 89.503 - .863 -8.01599 - 67.599
801-12 88.135 6112 7 .00L 88.074 - .061 -8.22229 - 57.589
801-13 88.017 .5103 5,848 86.918 ~1.099 -8.42289 - b9 257
801-14 87 .742 L4810 5,054 86.124 -1.618 -8.58505 - 43,389
a = 81.07
1 1 1 1 © »
—; = ao+ bO —UEO ST = —KT - —=K=-= bO = 11 8]
Co = 0.90

*LET
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Differential Correction Calculation - Trial Two

1 1 o3 1 1 1 1 1 1 1
Run No. — : J——" | b —— — —_— = In — b — In—
° K yco © yCo K* KS K U © yco y
810-1 120.844 2.9798 34,149 115.219 -5.625 -6,46209 -220.674
810-2 103.915 1.7404 19.945 101.015 ~-2,900 =7 .05961 -140.804
810- 109.755 2.2979 26,334 107 ., 404 -2.351 -6,75087 =177 .777
810- 108 .504 2.1144 24,231 105.30% -3.203 -6,84332 -165.820
810-5 106.387 1.9437 22,275 103.345 -3.,042 -6.,93683 -154,518
810-7 102,219 1.5866 18.182 9g,252 -2,967 =7 .,16240 -130.227
810-8 100.687 1.3827 15,846 96.916 -3.771 -7 .3152Z -115.917
810-9 96 .559 1.1431 13,100 Q4,170 -2.389 -7 52672 - 98.600
810-11 92,268 L7346 8.419 89.489 -2,779 -8,01797 - 67.503
810-12 89.006 .6181 7 .083 88.153 - 853 -8,20985 - 58,150
810-13 86,810 .5118 5.865 86.935 .125 -8.41958 - 49.381
810-15 85.860 -3363 3.854 84,924 - .936 -8.88614 - 34, 247
810-16 85.570 . 2883 3.304 84.374 -1,166 -9,05707 - 29,925
810-17 83.804 . 2536 2.906 83.976 172 ~9.19994 - 26.735
a, = 81.07
1 1 : 1 1 >
- ao + bO -—Gco ')7 o - bO 11 O
co = 0.90

"gET
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T727-11
T727-12
T727-1
727-1
727-15

801-1
801-4
801-7
801-8
801-9
801-10
801-11
801-12
801-1
801-1
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810-2
810-
810-
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810-7
810-8
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810-11
810-12
810-13
810-15
810-16
810-17

LY L I I O T R VO E R T O VA ¥

i nagun un

L I T L { I L A TR VO T I P I I

Regsidual Equations -
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++++++ ++++++ ++

++

++++ ++++++

,0024440
,0022436
.0020193 @
,0018901 @
,0017218 (@

,0031499 g

,0010869

,0021462

,0008252 (
,0006693 ¢
0005666 ¢
.0004735 @
.0004090 ¢

,0015139 @&~
o0013030§

,0026817 @
,0023278
.0016287
,0014063.8
.0011639
.0009199
0007359 @
,0006112@
,0005103 ¢
,0004410¢

00029798g
0017404 ¢
,002297
oooleuﬁg
.0019437 8
,0015866
,0013827
°0011421
.0007346 3

,0006181

.0005118

,0003363 @
.0002883 @
,0002536 @

Trial Two

1 B & 8 f 8 5 F & 1 [ S T R S T R SR R T R R B A |

[ I T Z R R T R N A T T SN SR |

231.043

187,160 ¥
174,261

159,575 y
150.932 4
1390536,J
125,164 4
110.216 4
o4, 451 ¢
157 .911 4
74,604 5
62,292 §
53.935 %
46.153 %
40,629 ¥

202,193 X
179.709 ¥
1330143 1
1170589,3
100,123 1
810891-g
67 .599 ¢
57 .589 q
ho.257 ¢
4303895'

220,574
14008oa,a
177777 -
165,820
154,518 ¢
130.227 o
115.917
98,600

67 0503
iz
32:247'g
29.925 1
26.735 /(

| S S S T SR S R R R R R D R R |

[ A A D e R |
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Following are the three normal equations determined

from the Trial Two residual equations on the previous page.

1
(@]

39« + 05282030 - 4320.622y -  99.978

i
o

.0528203¢ + .000096590639 3 - 7.635582 - 18530757

- 1320.622¢ - 7.635582 8 + 570961.531 y + 14631.081 = O

Solution of these normal equations yields

o = . 0,13 @ = 1995 N = .00005
|
Therefore ;
a = a,+ ® = 81,07 - 0.3 = 80.94
b = by + @ = 11460 + 1995 = 13455
¢ = cy+ f = 090 + .00005= 0.90

The results of the ?nt%l Two calculation indicate
that no further trials are necessary to establish the
convergence of the velocity expdnento However, a final
differential correction calculation was carried out for
each of the three individual seta of turbulent regime runs

to establish what sort of agreement exists between the sets

as far as the exponent is concerned. For this final
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| calculation initial values of the constants that were employed

are

a, = 80.94 b, = 13450 cg = 0.90

The value of 0.90 was taken for c¢g; and a, , by were

determined from a least squares analysis of the data. This

analysis for equation

1 1
— = a, + b, —
K ) 6 .90

is indicated in APPENDIX D.

SRRSO




Differential Correction Calculation - Final Trial

1 1 3 1 1 1 1 1 1 1
e % T e W T Tk T ey

T27-1 123.684 3.1499 L2 ,366 123.306 - .378 -6.40043 -271.161
T27-2 114,030 2. 4440 32.872 113.812 - .,218 -6.68236 -219.663
727-% 110.071 2.2436 30,176 111.116 1.045 -6.77742 ~-204.515
727~ 106,401 2.,0193 27 160 108.100 1.699 -6.89578 -187 .289
T27-5 107 .472 1.8901 25,442 106.362 -1.110 -6.96791 -177 .115
727-6 106.35 1.7218 23.158 104.098 -2.261 -7 .07T157 -163.763
T27-7 £ 103.29 1.5139 20.362 101.322 -1.992 -7.21450 -146.902
727 -8 Q97 .111 1.3030 17 .525 98.465 1.354 -7.38119 -129.355
727-9 . 94,087 1.0869 14,619 95.559 1.472 -7.58274 -110.852
727-10 110.201 2.1462 © 28.866 109.806 - .395 -6.82677 -197.062
T27-11 90.846 .8252 11.099 92.039 1.193 -7.88872 - 87.557
T27-12 89.103 .6693 9.002 89.942 .839 -3.12148 - 73.110
T27-13 89.139 .5666 7.621 88 .561 - .578 -8.30660 - 63.305
T27-1 87.412 U735 6.369 87 .309 - .103 -8.50594 - 54,174
727 -15 86.558 4090 5.501 86,441 - 117 -8.66854 - 47,686

= 80.94

1 1 1 °
—E: = ao + bo ?o = -—K: - —— bO = 13450
co = 0.90

‘eht
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Residual Equations - Final Trial - RUN SET 727
727-1 ¥y = = + ,0031499@ - 2ri.161y - 378
T27-2 Vs = o« + 00244400 - 212.6633’ - .218
727-3 ¥ = o + ,0022436¢ - 204.5154 + 1.045
727- M = o + .0020193¢ - 187.2894 + 1.699
727-5 $ = o¢ + ,0018901 @ - 177.115¢4 =~ 1.110
727-6 & = o~ + ,0017218 ¢ - 163.763¢4 - 2.261
727-7 ;7 = o + ,0015139¢ - 146.9024 - 1.992
727-8 g = o + ,0013030 8 - 129.3554 + 1.254
727-9 vy = o + ,0010869 ¢ - 110.852¢ + 1.¥2
727-10 wp = o + ,0021462¢ - 197.0624 - 395
T27-11 Yy, = > + ,0008252¢ - 87.55T¢ + 1.193
727-12 Vip = o+ .0006693§ - T73.1104 + .839
727-13 253 = %+ ,0005666C - 63.30541 - 578
727-1 WL = o + ,0004735¢ - s4at4q - 103
727-15 1y = o+ ,0004090C - 47,686 y - 117

Normal Equations

15 + .0224623 @ - 2133.509 4 + 450 =0
,0224623 o + .000043162057¢ - 3.981333 y - .O01316473 = O
-2133.509 - 3.981333 8 ¢+ =0

368533.831/) + 99,431142

| X = . 0,23 @ = 720 4 = 0.006

a = a,+ % = 80.94 - 0.23 = 80.71

{ b = b+ & = 13450 + 720 = 14170
e = = 0.90 + 0,006= 0,906

°o+6




_ ' 1
- Run - No. —
v 4 K
801-1 118.935
801-4 110.496
801-7 104.981
801-8 101.702
801-10 92.163
801-11 90.366
801-12 88.135
801-1 88.017
801-1 87.742
1
m—— — a
K! ©°

Differential Correction Calculation - Final

1 3 1
oo P %
2.6817 36.069
2.3278 31.309
1.6287 21.906
1.4063 18.915
1.1639 15.654
.9199 12.373
.1359 9.898
6112 8.221
.5103 6.864
L4410 5.931
1
Po TR0

1 1
Kt K' K
117 .009 -1.926
112.249 1.753
102.846 -2.135
99.855 - =1.847
96 .594 .059
93.313 1.150
90.838 AUT2
89.161 1.026
87 .804 - .213
86.871 - .871
1 1
A = — - —
K?* K

-7.13329
"7 050660
-7 -76811
-8.01599
-8.22229
-8.42289
-8.58505

80.94
13450
0.90

"l
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Residual Equations - Final Trial - RUN SET 801
801-1 :ﬁ = o+ ,002681T¢@ - 237.307Ty - 1.926
801-4 5 = o« + .002327186 - 2109134 + 1.733
801-7 7 = o + 0016287 - 156.2624 -~ 2.135
801-8 vz = o + .0014063¢ - 138.0124 - 1.847
801-9 % = o + ,0011639¢ - 117.50845 +  .059
801-10 f6 - o + .0009199¢ - 96,115¢ + L1.150
801-11 57 = o + .0007359¢ - 79.3k24 + U472
801-12 8 = o + ,00061120 - 67.5954 + 1.026
801-1 7 = o + .0005103 @ - 57.8154 - .213
801-1 Yp = o« + .0004410¢ - 50.918¢ - 871

Normal EQuations

10 o« + .0124267 @ - 1211.787 ¢ - 2.532 =0
0124267 o¢ + ,000020811 @ - 1.952183 4 - .005550845 = 0

| - -1211.787T« - 1.952183 @+  184109.708¢ + 508, 247384 = 0

A= - 0,66 @: - 1220 ¥ =- 0.020

a = a, + & = 80.94 - 0.66 = 80.28
b = by + 8 = 13450 - 1220 = 12230
= 0.90 - 0.020 = 0.880

czj Co A g




Run No.

- 810-1
810-2
810-
810-
810-5
810-7
810-8
810-9
810-11
810-12
810-13
810-15
810-16
810-17

Differential Correction Calculation - Final

1 1 1 1 1 1

_ —x103 by — — —_— - — 1n —

K yCo uco K* K? K U
120.844 2.9798 40,078 121.018 LAT7h -6.46209
103.915 1.7404 23.408 104,348 433 -7 .05961
109.755 2.2979 30.907 111.847 2.092 -6.75087
108.504 2.1144 28.429 109.379 .875 -6.84332
106.387 1.9437 26.143 107 .083 .696 -6.93683
102.219 1.5866 21.340 102.280 .061 ~7.16240
100.687 1.3827 18.597 99.537 ~1.150 -7 .31522
96.559 1.1421 15.375 96.315 - 2hh -7 .52672
92.268 7346 9.880 90.820 -1.448 -8.01797
89.006 .6181 8. 12 89.25 -2lye -8.20985
86.810 .5118  6.88 87 .82 1.014 -8.41958
85.860 .3363 4,523 85.463 - 397 -8.88614
83.804 .2536 3.411 84,351 547 -9.19994

a -
1 1 1 ©
= an + by —— = —— - — b =
o ° %o “T o - o
Co = 0.90

Trial

80.94
13450

"oht




Residual Equations - Final Trial

810-1 Vo= > 4
810-2 7% = o +
810-—3 3 = « +
810- vl = o +
810-5 1?//'5 = o+
810-7 5 = oo +
810-8 VT o= o« +
810-9 V8 = o +
810-11 g = o +
810-12 0 = & +
810-13 11 = o +
810-15 2 = o+
810-16 7./1 = ol +
810-17 12 = &+

Normal Equations

14 x  + .0179313 8

.0029798 é

.001T7404 @
.0022979 @
OOZlﬁhh Qe
.0019437 @
0015866 @
0013827@
.0011431 @
.00073
.0006181 @
.0005118 ¢
.0003363 @
.0002883 @
.0002536 ¢

RUN SET 810

Q@

258.9
165.2
208.6
194.,6
181.3
152.8
136.04
115,72
79.21
68 .24
57 .96
40,19
35.12
31,38

=~\O = OO

£\ - U
R RN R RRRAKRRN R =

W MNO OOoWH WO

2.148

+ 11 FE+ s+

147,

=0

0179313 x + .000032617190@ - 3.027313 ¥y + 006906303 = 0

-1725.587 & - 3.027313 @ + 282067-979/3( - 609.978541 = 0

X =~ 0,13 é=,-3h60 y=- 0.036
a =8, + o = 80.94 - 0.13 = 80.81
b =b, + 8 = 13450 - 3460 = 9990
¢ =cy+ § = 0.90 - 0.036=0.864
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T

VII, APPENDIX

F. Determination of Chilton-Colburn J - factor

It has been shown in APPENDIX D that the intercept
§ of the Wilson graph takes on the value a =79.05 for

a velocity exponent ¢ = 0.80 . Therefore

1 1 1 1
—_— = + +
K kg Kg Ky
1 1
— = 79.05 + —
K

Ky

Reynolds number:

= 1.135"
Juu/e = ,01072 cm?/sec. @ 19°c (53)

D U,
r7e

: NRe

| (1.135)(2.54)
| | (.01072)(60) w

?

Schmidt number:
2 \ D = 1.34(107°) cm?/sec. @ 19°% (21)

e
Sec = $
N, = 800

Se
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ChiltokColburn J - factor:

86.176

f W 67
Jm = = Na, =
" Uy 5¢ (1/%y) Uy
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Determination of Chilton-Colburn Jj - factor

RUN SET - 727

Run No.  1/K 1/l U, N <203
(min./em.) (min./cm.) (cm./min)

T727-1 123.68 44,6 602.1 2700 3.206
727-2 114,03 34,9 798.2 3580 3,086
727-3 110,07 31.02 877.8 2230 3.164
T27 - 106.40 27.35 988.1 30 3,188
T27-5 107 .47 28.42 1062 4760 2.855
727-6 106.36 27 .31 1178 5280 2.678
T27-7 103.29 24,24 1359 6090 2.615
T727-8 97.11 18.06 1606 7200 2,971
727-9 94499 15.04 1964 8800  2.917
727-10 110.20 31.15 g22,2 4130 2,999
T27-11 90.85 11.80 2667 11950 2.738
T27-12 89.10 10.05 2366 15090 2,547
727-13 89.14 10.09 051 18160 2.108
T727-1 87 .41 8.36 Loly 22160 2.084
T727-15 86.56 7.51 5817 26070 1.972
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Determination of Chilton-Colburn J - factor
RUN SET - 801
Run No.  1/K 1/ky Uy Npe Jux103
(min./cm.) (min./cm.) (em./min)
801-1 118,94 39.89 720.0 3230 3,000
801-4 110.50 31.45 842.6 3780 3,251
801-7 104.98 25.93 1253 5620 2.652
801-8 101.70 22.65 1475 6610 2.579
801-9 96.54 17.49 1820 8160 2,707
801-10 92.16 13.11 2364 10600 2.780
801-11 90.37 11.32 3029 13580 2,513
801-12 88.14 9.09 723 16690 2.546
801-1 88,02 8.97 550 20390 2.111
801-1 87.74 8.69 5351 23980 1.853
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Determination of Chilton-Colburn J - factor

RUN SET - 810
Run No.  1/K 1/k, U, Nge Jx103
(min./cm.) (min./cm.) (em./min)

. 810-1 120.84 b1.79 640.4 2870 3.220

4 ‘ , 810-2 103.92 24,87 1164 5220 2.976

] : 810- 109.76 30,71 854.8 2830 3,282
810- 108,50 29.45 937.6 200 3.120
810-5 106.39 27 .34 1030 4610 3,060
810-7 102,22 23.17 1290 5780 2.883
810-8 100.69 21 .64 1503 6740 2.649
810-9 96,56 17 .51 1857 8320 2,650
810-11 92,27 13.22 3035 13600 2,147
810-12 89.01 9.96 677 16480 2.35%
810-13 86.81 T7.76 535 20330 2.44
810-15 85.86 6.81 7231 32410 1.750
810-16 85.57 6.52 8579 28450 1.540
810-17 83.80 4,75 9897 4360 1.833

Y
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VII. APPENDIX

G, Determination of Sherwood Parameter

Application of the method of differential
correction shows the exponent on the veloclty to converge
to a value 0,90 . The corresponding intercept of the
Wilson graph is 80.94 . Therefore

1 1 1 1
-— = + +

K kg K ky
1 1
_ = 80.94 +
K Ky,

Reynolds number:

D =1.,135"
¥/ = .01072 cmé/sec. @ 19°C
D Uy
Npe =
e /e
Npe = 4.482 U,

Sechmidt number:

D = 1.34 (1072) cmg/uec. @ 19°C.

)ﬁ/e
e = g

Nge = 800




Sherwood Parameter:

ky D

NSh= S
(1.135)(2.54)

Ngy =

(1/k,)(1.34)(10-2)(60)

3586

N =
Sh (1/1%,)

154,
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Determination of Sherwood Parameter

L
A
i

1

RUN SET - 727

L e

Run No. 1/K 1/k, Uy Npe Nap
(min'./om.) (min./cm.) (cm./min)

3 727-1 123.68 h2.74 602.1 2700 83.9
5 727-2 114,03 33.09 798.2 3580 108.
; 727-3 110,07 29.13 877.8 930 123.1
: 727 - 106. 540 25.46 988.1 4130  140.8
: 727-5 107 .47 26.53 1062 4760 135.2
g T727-6 106.36 25.42 1178 5280 141.1
: T27-7 103.29 22.35 1359 6090 160.4
4 727-8 97.11 16.17 1606 7200 221.8
' 727-9 9k4.09 13.15 1064 8800  272.7
{ 727-10  110.20 29.26 322.2 4130 122.6
- 727-11 90.85 9.91 2667 11950 61.9
A 727-12 89.10 8.16 3366 15090 39,5
- T727-1 89.14 8.20 051 18160 437.3
727-1 87 .41 6.47 holih 22160 554,3
727-15 86.56 5.62 5817 28pT0  638.




Determination of Sherwood Parameter

156.

RUN SET - 801
Run No. 1/K 1k, Uy NRe Ngp,
(min./cm.) (min./ecm.) (cm./min)

801-1  118.94 38.00 720.0 3230 9%
801-4 110,50 2%.56 842,6 3780 121.3
801-7 104,98 24,04 1253 5620 149,2
801-8 101.70 20.76 1475 6610 172.7
801-9 96.54 15.60 1820 8160 229.9
801-10 92.16 11,22 2364 10600 319.6
801-11 90.37 9.43 3029 13580 80.3
801-12 88.14 7.20 2723 16690 98.1
801-1 88.02 7.08 550 20390 506.5
801-1 87 .74 6.80 5351 23980 527 .4
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Determination of Sherwood Parameter

RUN SET - 810

Run No., 1/K /%, Uy Nge Ny,
‘ (min./cm.) (min./em.) (em./min)

810-1 120.84 39.90 640.4 2870 89.9
810-2 103.92 22.98 1164 . 5220 156.0
810- 109.76 28.82 854.8 3830 124.4
810- -108.50 27 .56 937.6 4200 130.1
810-5 “106.39 25.45 1030 4610 140.9
810-7 102.22 21,28 1290 5780 168.5
810-8 100.69 19.75 1503 6740 181.,6
810-9 92;2? 15.6§ %8gg ‘ ngg 252.6
10-11 . 11.3 0 1 .
810-12 9,01 8.07 677 '12480 34&.2
810-13 86.81 5.87 535 20330 610.9
810-15 85.86 4,92 7231 32410 728.9
810-16 85,57 4,63 8579 38450 T74.5
810-17 83.80 2.86 9897 4360 1253.8




VII. APPENDIX

H. Diffusion in Laminar Flow

Transfer Area:

A= wDL
A = (3.1416)(1.135)(49.5)(2.54)2
A = 1138.7 cm®
Laminar Flow Diffusion Parameter:
H
| ¢
W W
Pol  (1.34)(10)75(60)(2.54)(.998)
W W
gf);f, i 101(10) "3

Concentration Driving Force:

Cg =

Cyl =

CW2 -
Acy =
ACr =

0.317 gm./cm?

158.

"

1.34(10)'5cmg/sec.
= 0.998 gm./cm3

negligible relative to salt side conc.

exit water stream concentration

0.317 - neg. = 0,317
0.317 - C.o




Concentration Driving Force: (Cont'd)

Ac AC1 - AcCs
1
! 1n(Acy/ Acy)
Cw2
Aclm =
.317
m —
317 - Cyo

Over-all Resistance to Transfer:

Q, (Cw2-Cu) = K A Ay
1 (1138.7)(Acyy)
K Qu ( Cuz - Cwl)

Water-side Film Coeffilclent:

The value of (l/kg + 1/k,) has been determined
from the turbulent regime results and found 'c_o be
80.94 from the "Wilson technlque" type treatment

of the data.

1
_— = — - 80,94
k, K

159.




Water-side Wall Concentration:

With reference to Figure A-1

o
= ky A (Cp-Cy)

Therefore if C, 1is assumed negliglble relative
to Cg , 'then

o (1/ky)
CW - /W (Cs)

(1/K)

where Cg and C,

are bulk stream concentrations.

160,
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Diffusion 1ln Laminar Flow

Run No. W Q, WDeL Cys - Cyy Aclm
(gm./min) (cm*?’/min) (gm./cm?) (&m./cm?l
823-1 150,1 150.4 1490 .0153 .30934
823-2 218.5 218.9 2160 .0110 .31153
823-3 191.7 192.0 1900 L0124 .31078
823-4 182.5 182.8 1810 .0129 .31054
829-1 1302 1305 12890 ,00200 . 31654
829-2 1197 1199 11850 00228 .31630
829-3 1146 1148 11340 ,00245 .31620
829-4 762 764 7540 .00362 .31538
829-5 763 765 7550 .00365 .31525
905-1 358 358.7 3545 .00709 .31360
905-2 366 366.7 3624 ,00689 .31364
905-3 539 540,0 5340 . 00466 .31490
905-4 528 529,0 5230 . 00499 31466

905-5 515 515.9 5100 .00531 .31461
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Diffusion in Laminar Flow

Run No. 1 1 o Cuo - Cuw1

— —_— c emeeememreees

K k, K 2 - Gyl
823-1 153.08 72,14 . 14939 .1024
3 | 823-2 147.32 66.38 . 14284 ,0770
E 823-3 148,64 67.70 .14438 .0859
- - 823-4 149,96 69.02 . 14590 ,0884
829-1 138,10 57.16 .13121 .0152
i 829-2 131.75 50.81 .12225 .0187
3 : 829-3 128,02 47,08 .11658 .0210
4 ” 829-4 129.85 48,91 .11940 .0303
. ' 829-5 128.56 47,62 L11742 .0311
905-1 140,41 59,47 .13426 ,0528
905-2 141.35 60,41 .13548 0509
- 905-3 142,50 61.56 . 13694 .0340
905-4 135.74 54,80 ,12798 .0390
905-5 130.77 49.83 .12079 0439

!
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VII, APPENDIX

I. Summary of Data

Tubular Water Stream Flow Rates

Run No. Qy Run No. Qu
___;__ gcm%{ming (cm%/miq)
T27-1 3930 801-1 4700
727-2 5210 801-4 5500
727-3 5730 801-7 8180
727 -4 6450 801-8 9630
727-5 6930 801-9 11880
727 -6 7690 801-10 15430
727-7 8870 ‘801-11 19770
727-8 10480 801-12 24300
727-9 12820 801-13 29700 \

727-10 6020 - 801-14 34930
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Tubular Water Stream Flow Rates

Run No. Qy - Run No. Qw
L ( cm?{min ) (cm?/min )
810-1 4180 823-1 150.4
810-2 7600 823-2 218.9
810-3 5560 823-3 192.0
810-4 6120 823-4 182.8
810-5 6720

810-7 8420 829-1 1305
810-8 9810 829-2 1199
810-9 12120 829-3 1148
810-11 19810 829-4 764
810-12 24000 829-5 765
810-13 29600 :

810-15 47200 905-1 358.7

810-16 56000 905-2 366.7 o
810-17 64600 905-3 540,0 |




Annular Salt Solutlon Flow Rates

Run No. Q Run No. QB

s
(cm%/hin) (cm?/min)

15310 801-1 15310

15350 801-4 15310
15350
15380 801-8 15350
801-9 15350
15400 801-10 15350

301-7

15310

15380

15400 801-11 15350

15440 801-12 15350

15440 801-13 15380

15440 801-14 15380

15440

15440

15460

15440

15440
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Annular Salt Solution Flow Rates

Run No. Qs Run No. Qq
L fcm@(min) (cm%/miq)
810-1 15310 823-1 15240
810-2 15350 823-2 15310
810-3 15350 823-3 15380
810-4 15380 823-4 15400
810-5 15380

810-7 15380 829-1 15180
810-8 15380 829-2 15220
810-9 15380 829-3 15240
810-11 15380 829-4 15240
810-12 15380 829-5 15220
810-13 15380

810-15 15380 905-1 15220
810-16 15380 905-2 15240
810-17 15380 905-3 15350

905-4 15350
905-5 15350

S T P




Diameter Measurements

Top Bottom Difference

(inches) (inches) (inches)

T27-1 1.145 1.123 .022
T27-2 1.141 1,120 .021
'727-2 1.150 - -

727~ 1.139 1.123 .016
T727-5 1.146 1.127 .019
727-6 1.141 1,118 .023
T27-7 1.141 1.120 .021
727-8 1.145 1,127 .018
T27-9 1.139 1.127 .019
T27-10 1.135 1.117 .018
T27-11 1.141 1.120 .021
T27-12 1.152 1.131 .021
727-13 1.145 1.127 .018
T27-14 1.141 1.118 .023
727-15 1.139 1,122 017

801-1 1.141 1.120 .021
801-4 1.148 1,131 .017
801-7 1.150 1.131 .019
801-8 1.146 1.124 .022
801-9 1.146 1.131 .015
801-10 1.135 1.118 017
801-12 1,139 1.120 019
801-1 1,145 1.124 .02l




810-2
810-3
810-4
810-5
810-7
810-8
810-9
810-11
810-12
810-13
810-15
810-16
810-17

823-1
823.2
823-

829-2
829-3
829-4

905-1
905-2
905-
905~

Dliameter Measurements

Top

1.152
1.146
1.141
1,146
1.139
1.141
1.141
1,141
1.152
1.150
1.145
1.135

1.146
1,141

1113

1.141
1,148

1,146
1.139
1,141

Bottom

finches}

.120
135
124
123
.120
131
.123
1,118
1.118
1.135
1.127
1.129
1.118

S )

1.124
1.123
1,116
1.123

1,129
1,123
1.123
1.125
1.125

1.123
1.125
1,120
1,118
1.129

Difference

(inches)

.019
° 017
.022

.021
.015
.016
.023
.023

017
.023
.016
017

.022
.018
.023
0023

.021

.018
.023
"021

.023
.021
.020
.023
.021
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Concentration of Exit Water Stream

5 Run No. Cyp Run No. Cy2
- ggm.écm%! - {gm.(cm?}
727-1 748x10'6 801-1 647x10‘6
727-2 614 801-4 596
727-3 579 801-7 425
T27-4 533 801-8 374
727-5 492 - 801-9 321
727-6 Lag 801-10 261
T27-7 ho2 801-%;, 210
727-8 363 801-12 177
727-9 308 801-13 147
727-10 551 801-14 1ar
727-11 238
727-12 194
727r-13 163
727-14 138
727-15 120
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Concentration of Exit Water Stream

Run No., Cw2 Run No. Cy2
- ggm.gcm§2 , e ggm.(cm§}
810-1 713x107° 823-1 15300x10~6
810-2 460 823-2 11000
810-3 590 823-3 12400
810-4 545 823-4 12900
810-5 507
810-7 423 829-1 2010
810-8 370 829-2 2290
810-9 314 829-3 2460
810-11 205 829-4 3630
810-12 177 829-5 3660
810-13 149
810-15 98.5 905-1 7100
810-16 85.0 905-2 6900
810-17 76.5 905-3 4670
905-4 5000

905-5 5320

O o




Temperature Readings

Difference

Water Side

Run No.

Salt Side

(°F )

(°F)

g
oo
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Temperature Readings

Water Side Salt Side Difference
(°F) (°F ) (F°)
6607
66.3

66.
66,

66.
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66,
66.
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66.
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Temperature Readings

Water Side Salt Side Difference
(°F) (°F) ()
1 67.2 66.6 0.6
67.2 67.0 0.2
67.1 0.3
§ 66.4 0.3
66.3 0.3
66.9 0.2
{ 0.2
] 0.4
0.4
0.3
1 0.2
0.2
o
_» O.z
4 0
0
0
0

ol
4
3

5
2
8

OO0 oOo OO OO OO
S WWw P 00 e




Temperature Readings

Water Side Salt Side Difference

. e D {°F) (F°)

67.0 66.8 - 0.2
67.0 67.2 0.2
823-2 67.2 66.9 - 0.3
67.2 67.2 0.0
823-3 67.2 66.2 - 1.0
67.2 66 .4 - 0.8
823-4 67.2 67.2 0.0
67.2 67.3 0,1

70.2 69.0 - 1.2
70.1 69.8 - 0.3
829-2 70.0 69.3 - 0.7
69.8 69.9 0.1
829-3 69.5 .68.3 - 1.2
69.4 7 69,1 - 0.3
829-4 69.3 68.5 - 0.8
69.3 69. - 0.3
829-5 69.0 68.2 - 0.8
69.0 69.0 0.0

68.0 6700 [ - 1.0

68.0 67.2 - 0.8

905-2 68'1 67 -7 - O.L'.

68.2 ‘ 68.0 - 0.2

05- 68.2 67.0 1.2

205-3 683 67 4 0.9

05-4 68,3 67.6 0.7

905 683 6810 0.3
o ..5 68.4 6709 - Oo

305 &8 L 685 o3
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VII. APPENDIX

J. Viscous Transfer Due To A Pressure Differential

A closer examlnation of the hydrostatics of the
experimental system used in thils work indicates that the
pressure of the tubular water stream (sp. g. = 1.0), and
the pressure of the annular saturated salt stream
(sp. g. = 1.2), can be exactly balanced only at one point
along the vertical length of the tube, Dependipng upon its
magnltude, the pressure differential between the two
fluids can be expected to influence the transfer rate by
causing the transfer of mass by a viscous flow mechanism;
thls transfer mechanism would be superimposed upon the
diffuslon of mass induced by the concentration gradient
that 1s present. The latter mechanlism has been the one
exclusively adopted in the development of the transport
theorles presented previously.

In Figure A-9 there 1s shown an accentuated
representation of the tubular system herein employed., The
experiment was conducted under such conditions that the
fluld pressures were balanced at the lower end of the
tube. By considering only the hydrostatics of the
situation, the pressure difference between the two flulds

was calculated and found to range from zero at the bottom

to 0.35 b.s.i. at the top.

175.
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The pressure in the tube is greater than the
pressure in the annulus, and therefore can be expected to
impede the diffusional transfer of salt solute from the
annulus side to the tube slde. This would tend to
indicate that the low results obtained in the present
investigation, relative to other transport studies, may
not only be due to the counter-diffusion mechanism
inherent 1in the dialysis System, but may also be caused
by the pressure differential between the two fluids.

It would be difficult to ascertain analytically
the influence of the pressure gradient effect on the
transfer coefficient. In addition to the necessary
informatlion on the membrane properties such as size
range and distribution of pores; additional experimental
data would be required concerning the viscous transfer of
fluld through the membrane as a function of the pressure
head 1nvolved. However, in order to obtaln an estimate
of the magnltude of this pressure differential effect
on the transport rate, the author's previous results

are clted; Master of Sclence, 1961 (29),
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The M.S. thesls was essentlally a feasibility

study to determine the operablility of a dialysls system

% such as that employed in the present investigation. The
i | essentlal difference between the two dialyses studies was
:

g, that the preliminary study, in‘contrast to the present

work, was conducted wlth the saturated salt solutilon
flowlng through the tube counter-current to a water
Stream in the annulus. 1In Figure A-10 there is shown an
accentuated represenftatior. of the tubular system employed
in the preliminary study. The experiment was conducted
under such condltions that the fluld pressures were
balanced at the upper end of the tube. Again, 1f the
hydrostatlics of the situation are only considered, the
pressure differential 1s found to range from zero at the
top to 0.44 p.s.1. at the bottom of the column, with the
pressure 1n the tube being greater then the pressure in
the annulus. Hcwever, 1n this case the transfer takes
place from the tube 3lde to the annular side of the
membrane, and the pressure gradient 18 now 1in the direction
such that the viscous flow transfer mechanism should
complement rather than hinder the diffusional transfer
mechanlsm. The resulting rate coefficients would now

be expected to be higher than they should be (if only a
concentration gradient were considered) due to the

additional transfer induced by this pressure differential

between the two flulds.,
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Calculation of the individual film coefficlents
for the preliminary study was complicated by the fact
that the annular stream veloclty was not maintained
constant throughout the range of tubular flows. It
was therefore necessary that the two liquid films be
analyzed concurrently (the Chilton-Colburn relation
was employed); in addition, a knowledge of the membrane
resistance was required. This constant was determined
from over-all K data using an adaption of the Wilson
technique, However, an incorrect value for the saturation
concentration was used in the calculations, hence the
M. S. data were recailculated and the membrane reslstance,
1/k, , was found to be 79.2 (gm./min.)/(cm2)(gm. /cm3)
Thils value conforms reasonably well with the data collected
by H. B, Lange in a subsequent batch dialysis study (37).
Lange determined that 1/k,= 71.0 ,

The resulting tubular side resistance, 1/kg ,
can then be expressed in the form of the Chilton-Colburn
J - factor as a function of the Reynolds parameter. In
Figure A-11 these results are shown along with the
results of the present investigation. The M. S. results
indicate considerable'scatter, which 1s not surprising in
view of the lnattention pald to experimental details such
as entrance effects and precise temperature control.

However, in spite of the partial overlap of the two sets
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of data, many of the M, S, experimental points fall in
a reglon somewhat higher than the results of the present
investigation and would tend to indicate that a viscous
transfer mechanism is present along with the assumed
diffusional transfer mechanism.

In order to ascertain the magnitude of this
pressure differential effect, the lines representing the
data of these dialyses studies are shown in Figure A-12,
There 1s approximately a 20% difference between the two
curves. If the results of the present investigation are
considered to be lower than they should be and the pre-
liminary results are considered to be higher than they
should be, due to the pressure gradlent, then the actual
results (representing transfer caused only by a concentra-
tion gradient), must lie somewhere in between the two
lines, as represented by the dotted line. As 1ndicated,
the effect of the viscous transfer mechanism upon the
results of thls present investigation is about 10%.
However, 1t 1s to be noted that the dialyses results
generally fall below the Chilton-Colburn and Deissler
predictions and support the conclusion presented
previously that the counter-diffusion mechanism involved
in the dialysils operation is primarily responsible for the
lower results obtained in the present investigation. This

18 in contrast to the mass transfer results obtalned by
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VIII. NOMENCLATURE

transfer area, sq.cm,

cross-sectional area, sq.cm,
population parameter

constant in equations (V-3) and (V-14)
correctlon to constant a

population parameter

constant in equations (V-3) and (V-14)
correction to constant b

constant in equations (V-3) and (V-14)
correctlion to constant ¢

molar concentration, g.mols/cu.cm,
mass concentration, g./cu.cm,
concentration fluctuation of turbulent transport
mass concentration at wall, g./cu.cm,
(Cgp - Cp1)/1n(Cpy/Cp;)

specilfic heat, cal./(g.)(°C)

diameter, cn, |

mass diffusivity, sq.cm./min.

tube wall thickness, cm.

difference

eddy momentum diffusivity, sq.cm,/min,
eddy heat diffusivity, sq.cm./min,
eddy mass diffusivity; sq.cm./min,

185.




e
4
7
g
i

186.

friction factor, 2g. 77U
function

function

mass velocity, g./(min)(sq.cm, )

individual heat transfer coefficient,
cal,/(min)(sq.cm.)(°C)

Chilton-Cg}gurn factor for heat transfer
(h/eG)Npp

Chilton-Cg}gurn factor for mass transfer
(k/U) NSc

over-all dialysis mass transfer coefficient,
g./(sq.cm, ) (min)(g./cu.cm.)

predicted value of K

individual mass transfer coefficient,
g./(sq.cm, ) (min)(g./cu.cm.)

thermal conductivity, cal./(min)(sq.cm.)(°C/cm.)
Prandtl mixing length, cm,
length of tubular membrane, cm.
viscosity, g./(mir)(cm,)
totality of data points

molar flux, g.mols/(min)(sq.cm.)
Nusselt number, (hD/A)

Prandtl number, (cp/k)

Reynolds number, (DUg/)+)

Schmidt number, (D)

Sherwood number, (kD/D)

Stanton number for mass transfer, (k/U)
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% Nst’ ‘Stanton number for heat transfer, (h/cG)

f n mass flux, g./(min)(sq.cm,)

fé ‘ n® mass flux at wall, g./(min)(sq.cm.)

ﬁ n’ mass transfer rate, g./min.

g n constant 1n Deissler equation (V-56)

E Yy kinematic viscosity (»/e), sq.cm./min.

g P pressure, psl absolute
, Y function

; .§ laminar mass transfer parameter, (m/4)@eL/W)

Q volumetric flow rate, cu.cm./min.
aq heat flux, cal./(min)(sq.cm,)

q’ heat transfer rate, cal./min.

R tube radius, cm.

r radlal distance, cm,

A error in prediction (1/K' - 1/K)

o)

density, g./cu.cm,

Sx standard deviation of =x
d Sy .x standard deviatlon of y for a fixed =
T temperature, °C
7 ° temperature at wall, °¢C
tas/2 "Student's" t distribution
T shear stress,

shear stress at wall,

U over=-all heat transfer coefficient,
cal./(min)(sq.em.)(°C)




vyt e

SR ey

U average veloclty, cm./min,

188,

u, v, w components of velocity, cm./min.

u, v, w fluctuating components of velocity, cm./min.

Uy V3 Wy 1nstantaneous components of velocity, cm./min.

'v residual

W mass flow rate, g./min.
X mass fraction

X, ¥, 2 Cartesian coordinates

A, B refers to
1, 2 refers to

I, II refers to

x data polnt, least squares analysis
y data polnt, least squares analysis
- Subscripts
m refers to membrane
n refers to any number
o} refers to inltlal values of constants a, b, ¢
8 g refers to salt solution stream
T refers to total
t refers to turbulent
W refers to water stream

specles A and B
terminal conditions

the fluid on either side of the membrane
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Vector Notation
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