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ABSTRACT

A method of recovering potable water from urine by employing the differences

in solute concentration of a liquid-ice phase system as a means of purification

is discussed. This method is called reiterative freezing. A parameter of the
solute concentration distribution, called the effective distribution coefficient,

ig defined; and a number of experimental conditions for which the effective
distribution coefficient ig calculated are described, The effect upon the
attainable separation due to rate of freezing, agitation, and direction of

freezing with respect to the gravity direction is discussed. The effective
distribution coefficients obtained for these experimental conditiong are compared
with the distribution coefficients attainable under ideal conditions., The effect

of freezing upon the distribution of micro-organisms is discussed. The energy
requirements for the recovery of potable water from urine by various reiterative
freezing schemes are calculated as a function of the yield and of the volume of
liquid that must be frozen in order to recover a unit volume of potable water
containing less than 500 parts per million of solids. A comparison is made
between these energy requirements and the energy requirements cf a simple
distillation process.
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SYMBOLS

Solute concentration in the liquid {grams solute/ 100 milliliters solution)

Initial or average solute concentration of solution to be purified

(grams solutef/ 100 milliliters solution)

Solute concentration in the product stream in the last of an infinite

number of compartments (grams solute/ 100 milliliters solution}

Solute concentration in the product stream in compartment n
(grams solute/ 100 milliliters solution)

Solute concentration in the solid {(grams solute/ 100 milliliters solution)

Solute concentration in the waste stream, in the last of an infinite

number of compartments (grams solute/ 100 milliliters of solution)

Solute concentration in the waste stream in compartment n (grams
solute/ 100 milliliters of solution)

Snlate concentration at a distance x measured from the end of the charge

at which freezing began {(grams solute/ 100 milliliters of solution)
Diffusivity of solute in the solvent (cmzlsec)
Freezing rate {cm/sec)

Fraction of zone volume transterred each cycle in one compartment
of the refiner product stream {(dimensionless)
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Fraction of zone volume transferred each cycle in one compartment

of the refiner waste stream {dimensionless)

Fraction of charge which has been frozen (dimensionless)
Heat of fusion (cal/gm)

Effective distribution coefficient {(dimensionless)
Equilibrium distribution coefficient (CS/CL) {dimensionless)

Effective distribution coefficient cbtained from the intercept with
the log w = 0 line {dimensionless)}

Effective distribution coefficient obtained from the intercept with the
log P = 0 line {dimensionless)

Effective distribution coefficient obtained from the slope of the linear
plot of logw versus log P

Length of total charge along axis of freezing (cm)

Length of molten zone (cm)

The nth consecutively numbered chamber {in cross-flow zone refining)
The total number of chambers (in cross-flow zone refining)

Fraction of initial concentration at the interface (see Appendix 1)

(dimensionless)

Temperature (°C)
Temperature differential (°C)
Time {sec)

Fraction of charge not frazen, (See Appendix IM{dimensionless)
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Distance from the initially-frozen end of the charge to the freezing
interface {see Figure 4b)(cm)

Density (gmlcm3)
Thermal conductivity (cal/°C cm sec)

Thickness of the diffusion layer adjacent to the freezing interface.
This layer is at a higher concentration than that of the remaining
liquid because of solute rejection at the interface (for k <1).



INTRODUCTION

Present plans to send man into outer space make it necessary to consider the
requirements for support of life in space. One of the necessities of any but

the shortest flights is potable water. The required supply of water for an entire
flight -- approximately 2200 milliliters per man per day (Reference 1) -- might
simply be provided from a tank of sufficient capacity. This approach is un-
desirable for longer voyages, however, because of the large energy required

to lift the total weight of water into space and because of the storage volume
required in the spacecraft.

Anocther and more desirable approach for space flights of longer duration is

to recover a portion of the water contained in human excretions: urine, feces,
and insensible water (perspiration and respiration). Since urine contains more
than half of the total amount of water excreted, a number of methods for its
recovery have been proposed. Distillation and electrodialysis are among the
methods most frequently mentioned. The purpose of this project was to in-
vestigate the feasibility of another method: the recovery of potable water from
trine by the application of reiterated freezing techniques.

The technique of water recovery by freezing has been extensively investigated
and has been applied to salt water purification (Reference 2). Reiterative
freezing is effective when the equilibrium concentration of dissolved material
(sclute} in the frozen (solid) phase of a solution differs from that in the liquid.
The operation of a water recovery device based on the principle of reiterative
freezing consists of freezing a portion of the solution to be purified (thereby
decreasing the solute concentration in the frozen portion) and preventing further
mixing of the solid with the liquid phase. The portion containing the lower solute
concentration igthen refrozen, again preventing phase mixing, and the process

is repeated until the desired reduction in sclute concentration is achieved.



SECTION I
THEORETICAL DISCUSSION

GENERAL PRINCIPLES OF REFINING BY REITERATIVE FREEZING

The behavior of a two-component, two-phase (solid-liquid) system in equilibrium
freezing can best be described by a phase diagram such as that shown in Figure
1. The diagram consists of three regions characterized by two lines called

the solidus and the liquiduse lines. In the region above the liquidus line, the
system is liquid; in the region below the solidus line, the system is solid; in

the region between the solidus and the liquidus lines, the solid and liquid phases
exist simultaneously.

A solution containing a concentration (CL) of solute in the liquid is freezing

at a temperature Tl' and the crystals of solid appearing as a result of the
freezing will contain a concentration (Cs) of solute which lies on the solidus
line of Figure 1. If freezing is completed to temperature T2, all of the solute
will be contained in the solid so that, considering the entire mass, CS is equal
to CL. Under neonequilibrium conditions, however, the solute concentration is
not gnifocrmly distributed throughout the solid.

The solution may be visualized as contained within a cylinder, freezing from

one end toward the other. If the freezing rate is extremely slow (that is, slow
gnough to permit diffusion processes to erase any concentration gradients in

the liquid and the solid), then the conditions for equilibrium freezing are met.
The CSICL ratio is called the equilibrium distribution coefficient, ko- In
equilibrium freezing, the concentraticn of solute, equally distributed in the solid,
is simply equal to the concentration of sclute in the initial solution times the
equilibrium distribution coefficient. In equilibrium freezing no segregation of
gsolute occurs in the solidified ingot so that, as the fraction of solidified material
increases, the solute concentration throughout the inget increases proportionately
until, when all the material has been {rozen, the concentration throughout the

frozen ingot equals the initial concentration, CL-
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If it is assumed that no diffusion occurs in the solid (which corresponds more
closely to the facts), then a concentration gradient is established across the
frozen ingot. The amount of segregation which will occur (that is, the magnitude
of the gradient) will depend upon the rate at which the freezing interface is
allowed to move and the degree of mixing in the liquid.

The assumption that the solute cannot diffuse through the solid, and that the
mixing in the liquid is sufficient to give a uniform concentration of solute in
the liquid phase at all times, leads to segregation in the frozen ingot which is
described by the analytical equation:

*
c, = kc (1 -] (1)

s
where

C qF solute concentration in the solid (grams solute/100 milliliters
solution)

k = effective distribution coefficient {(dimensionless)

C0= initial or average solute concentration of solution to be purified
(grams solutef 100 milliliters solution)

g =fraction of charge which has been frozen (dimensionless)

Under the conditions described, and only under these conditions (no diffusion

in the solid and perfect mixing in the liquid), the value of the effective distribution
coefficient (k) equals the value of the equilibrium distribution coefficient (ko).

In actual experimental situations, where the above two assumplions do not holc
exactly, k differs from ko'

The usefulness of Equation (1) lies in the fact that it may be used to determine
values of the effective distribution coefficient from experimental data. Re-
arrangement of Equation (1) and insertion of parameters which are readily
obtainable by experimentation {(see Appendix I) lead to the equation:

k is assumed constant with concentration; the density of the solid is assumed
to equal that of the liguid.



log; P = log gk + (k-1)log;yw (2)

where

P = fraction of initial concentration at the interface (see Appendix I)
(dimensionless)

w = fraction of charge not frozen, (see Appendix I){(dimensionless)

The following three methods may be employed to determine the distribution
coefficient from Equation (2):

a. The intercept of the linear plot of log10 W versus log10 P (as
Referenced in Appendix 1) with the lczug10 w = 0(w = 1) line is
equal to log, 4 k-

b. The slope of the linear plot of 1c>g10 w versus loglo P equals k-1.

c. The log,,Ww value obtained from the intercept of the linear plot
of 10g10W versus log, o P with the log10 P =0 (P = 1) line may be
ingserted into the equation

loglo k

logpw = —3-¢— (3)

The plot of Equation (3) is shown in Figure 2.

Method (a) was found to give the most consistent values of the distribution co-
efficient from the experimental data. The distribution coefficients obtained
by this method, designated ky, are used throughout this report.

Evaluation of the relationship between the effective distribution coefficient and
the equilibrium distribution coefficient is also of interest. This relationship
indicates how nearly the experimental conditions approach equilibrium (that is,

maximum separation of solute).
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For experiments involving agitation, Equation (4 )* allows determination of
both the value of the equilibrium distribution coefficient corresponding to an
experimentally determined effective distribution coefficient, and the value of
f6/D, which is a relative measure of the efficiency of the agitation process in
keeping the solute concentration constant throughout the liquid phase.

k
kK = 2 (4)
-f8/D
ko + (1 - ko)

where
f = freezing rate {cm/sec)

0 =Thickness of the diffusion layer adjacent to the freezing interface.
This layer is at a higher concentration than that of the remaining
liquid because of solute rejection at the interface {for k <1}.

D = diffusivity of solute in the solvent (em?fsec)

k = equilibrium distribution coefficient (CSICL)_(dimensionless)

Equation {4) also allows an analysis of the effect of freezing rate upon the
equilibrium conditions provided in the freezing experiment. Rearrangement
of Equation {4) leads to the equation:

ln(l-—i-]= in (1 -

%) - £6/D (5}
o

When the assumption is made that /D is not a function of f, Equation (5)
leads to a means of determining 0/D and k from experimental data in the
following manner: As indicated by Equation (5), a linear plot of In (1 - %
versus f yields a line with the slope equal to 0/D. With the value 6/D thus
obtained, the f0/D values are computed and plotted against the corresponding
k values as in Figure 3, which is a plot of Equation (4). Such a plot of {0/D
versus k gives the value of k_ at the intercept of the curve with the {f6/D) = 0

line.

kA . . . «
This equation does not apply to the case where the liguid is not agitated.

i
»
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The aspects of freezing which have been discussed to this point have allowed
definition of a parameter (i. e., the effective distribution coefficient) from
experimental data, comparison of this parameter with the equilibrium distribu-
tion coefficient for the system under consideration, and estimation of the effect
of agitation upon the obtainable solute separation. The magnitude of the effective
distribution coefficient describes the degree of separation attained in the freezing
process. A low distribution coefficient indicates a large separation. For the
purpose. of thearetical analysis, it is assumed that the distribution coefficient
remains constant during one freezing cycle; i. e., the distribution coefficient

is assumed not to be a function of the concentration.

TECHNIQUES FOR PURIFICATION OF SOLUTIONS BY REITERATIVE FREEZING

The simplest technique for reiterative freezing is shown in Figure 4(a). The
gsolution, contained in a cylinder, is allowed to freeze from one end toward

the other, and the freezing interface is allowed to move at a constant, finite
rate until a portion of the solution has been frozen. When k is less than 1, the
frozen portion contains the lower solute concentration, while the remaining
liquid contains the higher solute concentration. This type of freezing is called
""normal" freezing. Equation (1) describes the concentration gradient obtained

from this type of freezing.

A more sophisticated method of reiterative freezing, common to semiconductor
refining, is shown in Figure 4(b). Here an ingot with an essentially uniform
sclute concentration has been formed from the solution. A concentration
gradient is established along the cylindrical axis of the ingot by passing a molten
zone of predetermined width, at a controlled rate, in one direction only, along
the cylindrical axis of the ingot. The distribution obtained after one pass of

the molten zone is given by Equation (6).

-kx /4 (6)*

G = 1-(1-k)e
o

* Pfann, page 25. (Reference 3)
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where

x = distance from the initially-frozen end of the charge to the freezing
interface {cm){see Figure 4b)

£ = length of molten zone (cm)

The distribution obtained after an infinite number of zone passes is described
by the equations:

Cs -Bx
—c-:--o—= ke (7)

where B is a constant.
k = —p— (87

Functions describing the distribution of solute concentration for a finite number
of passes are very complex. Rather than list these equations, curves are
presented in Appendix II which give the fraction of initial solute concentration
versus the digtance, in zone lengths, after various numbers of passes for
varicus values of the distribution coefficient.

A third methoed of reiterative freezing, called cross-flow zone refining,** is
diagramed in Figure 4c. Feed enters through itwo ports at diagonally opposed
ends of the refiner. Waste and product leave through another pair of diagonally
oppcsed ends. As two streams, designated the product stream and the waste
gtream, travel across the refiner in opposite directions, molten zones travel
upward, depositing impurity in the upper exd of the refiner and purifying the
lower end. The refiner itself is divided into a finite number of sections with
partitions which are interconnected at both ends by orifices in the region where
the product and the waste stream are to flow. When the zones are at the
bottom of the refiner, a volume of feed is injected, and an equal volume is

—
Pfann, page 41. (Reference 3).

EY

"W.G. Pfann has applied for a patent on this method of refining.
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transmitted from one chamber to the next, without mixing, until in the last
chambey an equal volume of product is ejected. Similarly, when the zone is
at the upper end of the refiner, a volume of feed is injected (upper left corner)
and volumes of intermediate solution are transmitted from one chamber to

the other until, at the end, an equal volume is ejected as waste.

Figure 5 shows the distribution of solute concentration in the waste stream and
in the product stream for this type of refiner. The distribution of product

concentration in the product stream is given by the equation:

C <
N-nt+1 {c0)
= + Pl
Cp(n) G Co (9)
in which
f
G = P (10)
S Y
p k
where

Cp(n)= solute concentration in the product stream in compartment n
{grams sclutef 100 milliliters solution)

Cp(oc}= solute concentration in the product stream in the last of an infinite

number of compartments (grams solute/ 100 milliliters solution)

G = a constant

N = the total number of chambers

n = the nth consecutively numbered chamber

C0 = initial or average solute concentration of solution to be purified
{grams solute f100 milliliters solution)

fp fraction of zone volume transferred each cycle in one compartment

of the refiner product stream {(dimensionless)

%
Pfann, pages 141-5. (Reference 3). 12
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The solute concentration distribution in the waste stream is given by:

C f C
win) ( n {x)

—_ = 1+ -f-E- 1-Gg° - —%— (11)
Q w o]

where
Cw(n)= solute concentration in the waste stream in compartment n (grams
solute/ 100 milliliters of solution)

f, = fraction of zone volume transferred each cycle in one compartment

of the refiner product stream (dimensionless)

The values Cp(w) and Cw(w) are readily derived from the equations of zone re-

fining with an infinite number of passes [Reference Equations (7) and (8)]-
Three qualitative approaches have been presented which, together with the

experimental data, offer a means of estimating the energy requirements and
efficiency of engineering schemes. '

14



SECTION II
EXPERIMENTAL PROGRAM

EXPERIMENTAL PROCEDURE

Calculations were made to determine the requirements of the experimental
apparatus. It was decided to investigate freezing rates initially in the range
from 10-3 to b x 10"5 cm/sec. The apparatus had to be constructed to permit
investigation of the effecta of stirring, gravity, and freezing rates. These re-
quirements were met by a device providing constant but adjustable heat flow
from the freezing charge to a cold bath.

The amount of liquid frozen in any one run was between 50 and 100 cubic
centimeters. The maximum charge thickness was 5 centimeters. These two
limitations resulted in a charge diameter of approximately 5 centimeters. The
temperature differential across one centimeter of ice, at various freezing

rates, is given by the equation:

AT O (12)

where
AT=temperature differential (°C)
AHz heat of fusion (cal/gm)
L. =lengthof frozencharge along axis of freezing (cm)
p =density (gmlcma)
¥ =thermal conductivity of ice (cal/°C cm sec)

Tor ithe system under consideration, ;‘}.Hf is approximately 80 callgm, p is
approximately 1 gmlcm3, and v is approximately 0. 0006 cal/°C cm sec.

15



Table 1 lists the temperature differential across one centimeter of ice for

various freezing rates in the desired range. The maximum temperature

differential which must be maintained from the cold bath to the freezing interface

of the sample equals the temperature gradient, multiplied by the maximum

thickness of the ice (5 centimeters), plus the temperature drop across the interposed
insulation. The latter temperature differential is held constant by means of

an imbedded electrical heater g0 a8 to provide the deaired constant rate of

heat flow, and thereby a constant freezing rate.

Table 1. Temperature Differential Across 1 Centimeter
of Ice for Various Freezing Rates

Freezing Rate (f) |Temperature Differential
(cm/8sec) (°C/cm)
103 13
5x 10°4 6.6
1074 1.3
-5
5x 10 0. 66

The design of the experimental apparatus was based on the considerations
presented above. The physical configuration is described in Figure 6. Two
devices were made, each containing a different control- element insulator
across which the constant temperature differential was to be maintained. The
apparatus having the higher thermal-conductivity insulator (0.005 cal/°C ¢m
sec) was used for freezing experiments with freezing rates above 10_4 cmfsec.
The other apparatus contained an insulator having a thermal conductivity of

0. 0004 cal/°C em sec and was used for experiments with freezing rates below
1074 cm/sec.

The heaters are flat helical coils of varnish-insulated nichrome wire. The re-
sistance of each heater is 37 ohms.

16
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The temperature sensors in each apparatus consist of a copper-constantan
thermopile. Copper tap wires at various points of the thermopile provide suit-
able potential outputs for temperature differentials of 5 to 60°C across the
insulator control element. The output of the sensors control the heater as
shown in Figure 7 by means of a cam attached to the motor of a temperature
recorder. A copper-constantan thermocouple is embedded into the copper plate
at the bottom of the sample container. The output of this thermocouple is used
to monitor the temperature at the bottom of the sample chamber using a Brown
Temperature Indicating Potentiometer. The me asured temperature was used
to determine the time when freezing started and thereby to establish a check
on the freezing rate.

For experiments involving agitation, the freezing chamber of each apparatus
was modified by drilling a hole in the center of the screw cover, fitting the
hole with an O-ring, and inserting the stirrer shaft. The stirrers were
constructed as shown in Figure 8. The second type of stirrer was found to be
superior to the first and was put into use after the initial experiments involving
agitation had been completed. Two 40-rpm, 60-cps synchronous motors were
used to drive the stirrers. Figure 9 shows the freezing apparatus set up for

a freezing experiment with agitation.

For freezing experiments involving a reversal of the usual freezing direction
{(i.e., of the direction of gravity with respect to the freezing direction), the
heat exchanger end of the freezing apparatus was fitted with an aluminum

container, the expansion hole in the screw cover was fitted with a U-shaped

glass expansion tube, and the entire apparatus was turned upside down.

PROCEDURE FOR FREEZING EXPERIMENTS

A piece of aluminum foil was applied with silicone grease to the copper surface
at the bottom of the freezing chamber. With the screw cover in place, the
lucite sample container was assembled to the freezing chamber. Approximately

18
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60 cm®

of the solution was pipetted into the freezing chamber through the fill hole
in the screw cover. The copper heat exchanger at the bottom of the apparatus
was immersed in the coolant contained in a Dewar flask. The junctions in the
thermopile control element which gave the desired output voltage were connected
to the recorder. The control cam was set to turn the heater switch off and on

at the desired voltage. Approximately 35 volts were applied to the heater circuit.
The temperature in the copper plate at the bottom of the freezing chamber was
monitored by means of a thermocouple to determine when freezing temperatures
were first reached. The freezing rate was measured by means of a dip stick
inserted through the expansion hole of the screw cover and resting against the
freezing interface. The over-all freezing rate was also measured by determining
the thickness of the frozen charge at the end of each freezing run and dividing

by the total freezing time.

The procedure used for freezing experiments with agitation was essentially the
same as that for experiments without agitation except that the distance of the
stirrer from the interface was maintained manaally at approximately 1/16 inch.
For experiments involving a reversal of the freezing direction, the aluminum

foil and sample container were assembled as previously described. Approximately
60 cm3 of sample were introduced through the fill hole in the screw cover. The
screw cover was turned down until no entrapped air remained and a small amount
of the solution had leaked out of the expansion hole and the fill hole. The screw
cap was then assembled to the fill hole and tightened. A U-shaped glass expansion
tube was inserted into the expansion hole of the screw cover and the entire freezing
apparatus was turned upside down. An aluminum cup was assembled to the heat
exchanger end of the freezing apparatus {ncwthe top of the apparatus). The aluminum
can was filled with coolant, and an inverted Dewar flask was placed over the entire
agssembly. Freezing rates and the pasition of the stirrer were controlled as
previously described.
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SECTIONING

Several methods of sectioning the frozen charge were tried. The initial apparatus
for sectioning consisted of an electrically heated nichrome wire under tension.
The use of this apparatus, however, proved tedious and slow, and resulted in
considerable weight loss due to melting. Subsequent sectioning was performed

on a small band saw whose blade had previcusly been thoroughly cleaned

(see Figure 10).

Initially the frozen charges were cut into three sections; after adaptation of the
band saw, the frozen charges were cut into five sections. The total weight of
the frozen charge wae determined before sectioning. After sectioning, the
weight of each slice was determined. The total amount of weight lost as a

result of slicing was approximately 10 per cent of the total charge weight.

Since the frozen charges were uniformly cylindrical and the density of the

frozen charge was relatively uniform, the weight fraction of each slice was
approximately equal tothe volume fracticn frozen along the cylindrical axis. Itwas
observed that, for freezing experiments with both urine-equivalent solutions*
and urine, a super-cooled layer of liquid forming atthe surface of the cooling plate
caused very rapid freezing of the first one or two millimeters of charge. thereby
increasing the concentration of the first fraction. This condifion was subsequently
eliminated by the addition of very fine, white beach sand {less than 140-micron
diameter) to the liguid samples. The sand was filtered out of the urine after
sectioning and melting of the fractions. In general it was considered gcod
practice to filter the fracticns of the frozen charge in order to remove sand

and any particles of dirt resuiting from ihe slicing.

SOLUTIONS AND ANALYTICAL PROCEDURES

The solutions used for preliminary freezing experiments with and without

agitation, and with reversal of the usual freezing direction, were 8,4, 1.6,

* . N .
Two per cent urea and twe per cent sodium chloride sclution.
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Figure 10. Frozen Charges of Urine-Equivalent Solution, Before and
After Slicing
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and 1 per cent sodium chloride solutions and 10, 5, 2, and 1 per cent urea solutions.
In addition, a solution of urine-equivalent concentrations of urea and sodium
chloride (2 per cent urea and 2 per cent sodium chloride} was prepared and
subjected to freezing experiments with agitation and with reversal of the usual
freezing direction.

The procedure for determining the concentration of sodium chloride solutions
consisted of pipetting a known volume of the solution into a crucible and evaporat-
ing this sample at 200°F for approximately five hours. The concentration of the
urea solutions was determined by evaporation of a known volume of solutions

for a period of five hours at 150°F. Evaporation of the urea solutions above

that temperature resulted in decomposition of the urea, thereby causing error

in determining the concentration.

For urine-equivalent mixtures of sodium chloride and urea, a known volume of
solution was first evaporated for a period of 5 hours at 150°F, giving the total
solids concentration of the solution. Subsequently, the sclution was fired at
1250°F, causing decomposition of the urea and leaving the sodium chloride

The urea concentration was determined by the difference between the total

solids concentration and the sodium chloride concentration.

The urine used for these freezing experiments was collected from seven white
males between the ages of 25 and 35 and intermixed to give a tetal of approximately
one gallon. This amount was sufficient for all subsequent freezing experiments,
thus providing a standard urine «f constant concentration. After the urine was
pre-mixed in a one-gallon jug, it was poured off into a number of 100-ml containers.
The urine was kept refrigerated at all times. Refrigeration caused the formation

of a white precipitate, believed to be pri narily uric acid, which constituted
approximately 0. 1 per cent of the total solids concentration. (The white precipitate
redissolved when the urine was brought back to room temperature.) The white
precipitate was filtered out of the urine samples prior to every freezing

experiment.



For several freezing experiments the urine was diluted with distilled water to
50, 25, and 10 per cent of its initial total solids concentration. The total
solids concentration of urine and of the diluted urine solutions was determined
by evaporation at 150°F in the same manner as urine-equivalent solutions. The
total mineral concentration was determined by firing the evaporated samples

at 1250°F. For urine dilutions of 25 and 10 per cent, the above method of total
mineral determination was found to be inaccurate because of the low weights
involved. It was found that the total mineral concentration corresponded within
95 per cent to the total sodium chloride concentration, determined by precipita-
tion of the chloride with silver ion; it was therefore possible, for dilute solutions,
(10 and 25 per cent urine) to determine the total mineral concentration in terms
of the sodium chloride concentration by titration with a known concentration of
silver nitrate and subsequent back-titration with potassium thiocyan% in the
presence of ferric ion.

The ionic concentration of urine and of diluted urine was determined by measuring
the conductivity of 100:1 dilutions in distilled water. The conductivity measure-
ments were made on an Industrial Instruments Company Model RC16 conductivity
bridge at 60 cps. {No change of polarization was observed upon checking the
conductivity at 1000 cps. ) A standard conduectivity cell with platinum black
electrodes was used in conjunction with the conductivity bridge. The electric
conductivity of various dilutions of the original urine was measured (see Figure
11}. Slices from the frozen charges, diluted to 0. 01 of their original concentra-
tion, were given conductivity tests. By comparing the measured conductivity

of these fractions with the conductivity curves, the dilution c¢r concentration

of ionic species in the slices with respect to the criginal urine was determined.
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SECTION III
EXPERIMENTAL RESULTS

Freezing experiments without agitation were performed on sodium chloride
golutions (concentrations of 4, 1.6, and 1 per cent) and on urea solutions
{concentrations of 10, 5, 2, and 1 per cent). The freezing rates used for these
experiments were in the range from 7 x 10-4 to 5 x 10-5 centimeters per second.
The results of these experiments are tabulated in Table 2.

Table 2. Distribution Coefficients for Freezing Experiments without A’gitation
(Sodium Chloride Solutions and Urea Solutions)(t15 per cent)

Freezin
Initial Con- | Rate, { Distribution Coefficient sk
Solute centration(Co)| 10-9 Effective Equilibrium 8/D
(gms/ 100 ml)| (cm/sec) (ky) (k) (sec/cm)
Sodium 5 0.80
Chloride 4.0 20 (0. 74) 0. 77
5 0.82
1.6 70 0. 94 0. 80 2100
5 Q.82
1.0 70 0. 96 0. 80 2600
Urea 5 0.82
10. 0 50 0.95 0.81 3200
5 0.72
5.0 .70
50 0. 90 0 3800
b 0. 60
2.0 50 0. 73 0. 59 1300
1.0 50 0.72

O . .
Indicates confidence factor in terms of per cent error.

ek
The 6/D and k, values are each computed from two or more freezing rates,
by the method described in Section L

28



The equilibrium distribution coefficients and 6/D values obtained for these
experiments were computed by means of Equation (4). Since this equation

ig based upon the assumpiion that the liquid phase is agitated, the values of

the equilibrium distribution coefficient obtained for these experiments with-

out agitation are considerably different from those obtained with agitation.
Table 3 lists the values of the effective and the equilibrium distribution co-
efficients for agitated freezing experiments involving the same solutions,
Comparison of Tables 2 and 3 indicates the great difference, particularly in
the values of the effective and the equilibrinm distribution coefficients, between

agitated and nonagitated freezing experimentis.

Table 3, Distribution Coefficients for Freezing Experiments with Agitation
{(Sodium Chloride Solutions and Urea Solutions){*10 per cent)

L Freezing | Distribution Coefficient
Initial Con- Ratelf) §/D
Solute centration (C,) A Effective | Equilibrium
(gms/ 100 mD) | {107 (k1) k) (sec/cm)
g cm/ sec) 1 0
Sodium 8.0 2,0 0. 64
Chloride 2.0 0. 47
4,0 3.0 0. 50 0. 38 1300
5.0 0. 57
2.0 7.0 0. 46
2.0 0. 36
1,6 5 0 0. 55 0. 24 2600
1.0 2.0 0.32
Urea 10. 0 1.5 0. 44
1.5 0, 46
5.0 5 0 0. 54 0. 42 800
1.5 0. 41
2.0 5 0 0 49 0. 38 1000
. 1.5 0.34
1.0 50 0. 49 0,28 1300

The data from agitated freezing experiments with sodium chloride solutions

and urea sclutions show a variation of both the effective and equilibrium
distribution coefficients as a function of the initial concentration of the soluticns.
This variation is ploited for sodium chloride in Figure 12(b} and for urea in
Figure 12{c). Though the value »f both the effective and the equilibrium
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distribution coefficients decrease with decreasing concentration, the deviation
of the system from equilibrium changes in the oppocsite direction; that is, the
ratio of the effective distribution coefficient with respect to the eguilibrium
coefficient increases with decreasing concentration. This relationship is
shown in Figure 13.

The results of freezing experiments involving an agitated urine-equivalent
solution, urine, and diluted urine are given in Table 4.

Table 4. Distribution Coefficienis for Freezing Experiments with Agitation
(Urine -Equivalent Solution, Urine, and Diluted Urine)(£10 per cent)

"y Freezing | Distribution Coefficient
Initial Con- Rate (f)
Solute centration (Cy,) (10-4 |PBffective | Equilibrium 6/D
(gms/ 100 ml) cm/sec) (kl) (ko) (sec/cm)
Urine
Equivalent™ 4.0 2.0 0.59
Urine 4.9 2-9 oo 0. 51 940
Diluted 2.0 0. 44 p
Urine 2. 45 7.0 0. 60 0.38 1300
1,22 2 0-23 0. 16 1700
0.49 2.9 T 0. 06 2300
.

" Urine-equivalent snlution contains 2 per cent sodium chloride and 2 per cent
urea.

It will be noted in Table 4 that the effective and the equilibrium distribution
coefficients are directly proporticnal to the initial solids concentration {as in

the case of urea and of sodium chloride solution) and that the deviation from
equilibrium expressed in terms of the ratio of the effective digtributisn coefficient
to the equilibriura coefficient is inversely proportional to the initial solids
concentration. Figure 12{a} shows the variation of the distribution cocfficient
with initial solute concentratirm for urine, and Figure 13(a) shows the deviation

from equilibrium (kfkr) with irdtial scolute concentration for urine.
1
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The relationship between the deviation from equilibrium (k/k o) and the solids
concentration for sodium chloride solutions, urea solutions, and urine leads to
the conclusion that as the solids concentration in the liquid decreases, the thick-
ness of the diffusion layer {8), might increase. It must also be appreciated that
as k and k, get small, an absolute difference in k makes the ratio larger. This
condition might be alleviated by increasing the stirring efficiency in solutions

in the lower concentration range.

Freezing experiments with a reversal of the direction of freezing were performed
on 2 per cent urea solutions, urine-equivalent solutions, and urine. All freezing
experiments involving the reversal of usual direction of freezing were run at

a freezing rate of 2 x 10-4 centimeters per second. The values of the effective
distribution coefficient obtained with the reversal of the usual freezing direction
are given in Table 5.

Table 5. Effective Distribution Coefficients for Freezing Experiments with
the Usual Freezing Direction and the Reversed Freezing Direction

Distribution Coefficient
Solids Normal Reversed
Solution Concentration (Co) Freezinf Freezin
(Emlloo ml) PDirection{ky) | Direction %kl)

TJrea 2.0 0,41 0. 40
Urine
Equivalent 4, 0 0.58 0. 55
Urine 4. 9 0. 56 0.57

Freezing experiments involving a reversal of the normal direction of freezing
did not appreciably change the distribution coefficients. Because of the more
tedious experimental procedure for freezing experiments in the upside-down
configuration, the small gain in distribution coefficient, if real, was not
considered sufficient to warrant further experiments with this parameter.

As in the freezing experiments with urine and diluted urine, the distribution cf
ionic apecies (obtained by conductivity measurements)and the distributicn of total
mineral concentration {vbtained by firing at 1250°F} agrecd with the distribution
of the total solids concentration within 5 per cent. This leads to the conclusion



that both the ionic and nonionic constituents of urine are distributed in much the
same manner. Therefore, the effective distribution coefficient for total solids
is usedtocharacterize the over-all separation obtained. It should be pointed
out, however, that some trace elements in urine may have a distribution
coefficient congiderably diferent from the over-all average obtained in these
experiments. However, the physiological effects of solutes of urine in trace
quantities are negligible.

In general, it can be concluded that:

1. Agitation is necessary in order to obtain low distribution
coefficients with the solutions ocbserved in these experiments.

2. For solute concentrations above 1 per cent, the conditions of
agitation provided in these experiments result in distribution
coefficients close to equilibrium.

3. Reversal of the direction of the gravitational field with respect
to the direction of freezing has a relatively small effect upon
the effective distribution coefficient.

4, PBoth ionic and nonicnic consgtituents of wine are distributed
with approximately equal efficiency.

The relationship between the effective distribution ccefficients and the initial

concentration yields information concerning the energy requirements of the

various freezing schemes (see Section V).
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SECTION IV

BEHAVIOR OF MICRO-ORGANISMS UNDER FREEZING
CONDITIONS

EXPERIMENTAL PROCEDURE

One hundred milliliters of urine were contaminated with 1 ml of a 1/1000
dilution of an 18- to 24-hour-old broth culture of Serratia Marscesgens. The
freezing apparatus was sterilized, and approximately 60 ml of the contaminated
urine were frozen, with agitation at a freezing rate of 2 x 10'4 centimeters per
second as described in Section II. This freezing rate was chosen because it is
likely to be used in actual practice. Beach sand was added to the urine in order
to facilitate nucleation. The frozen charge was sectioned into five slices on a
gterilized band saw. The slices were delivered, in the frozen condition, to
Dr.V.W. Green, consultant bacteriologist. The slices were allowed to melt
slowly to a temperature of 3°C in a water bath. Aliquots of the melted urine

(1, 2, and 10 ml amounts) were passed through membrane filters (Millipore
size DA). The filters were incubated for a period of 24 hours at 35°C in a
tx}'ptone-glucose -yeast-extract agar. The above procedure was chosen after
some experimentation.

EXPERIMENTAL RESULTS

The Serratia l}}arscesg{ens micro-crganisms were distributed in such a manner
that the last slice to freeze {(constituting approximately 20 per cent of the total
charge} contained in the range of 3 tc 4 times as many bacteria per unit volume
as the remaining four, which had approximately equal concentrations of bacteria.
The relative distribution is shown in Figure 14. In addition to the bacteria with
which the urine was inoculated, there appeared a strain of bacteria of unknown
nature, apparently intrecduced by the white sand used to provide nucleation.
This strain of bacteria algn distributed itgelf in such a manner that the last
slice contained the highest number of bacteria. Due to some unknown percentage
of bacteria killed in the process of freezing, and due to the possibility ofclustering
phenomenon, it is not meaningful tc attempt to sum the bacteria of all sections
in order to obtain the initial concentration.
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a. From Last Slice to Freeze

b. From First Slice to FFreeze

Figure 14, Serratia Marscessens Cultures
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SECTION V
ENGINEERING CONSIDERATIONS

The feasibility of reiterative freezing for recovering potable water from urine
is conveniently expressed in terms of the energy required to obtain a given
yield of potable water from the initial urine. This energy is only that which

i required to freeze urine and solutions of intermediate concentrations in the
process of relining. It does not include the energy requirements arising from
the mechanical configuration of the recovery system, or from special environ-
mental conditions in which the system is to operate,

In Section III it was pointed out that the effective distribution coefficient of
urine varied with the initial solute concentration. The equations given for
the various freezing schemes discussed in Section I of this report are appli-
cable in situations where the distribution coefficient iz independent of

initial concentration. It is therefore convenient to determine the energy
requirements of at least one recovery scheme directly from the experimental
data and then to find an average, effective distribution coefficient which does
not vary with concentration, but which yields energy requirements identical

with those obtained from the experimental results,

Figure 15 is a plot of the fraction of the initial solute concentration versus per
cent of charge frozen for various initial concentrations of urine. Figure 16 is

a diagramatic representation involving "'normal" freezing as described in

Section I. The scheme involves partial freezing of each charge until a given
fraction {80 per cent in Figure 16) of the charge is frozen and a liquid concentrate
remains. The concentrates are recombined and are recycled into the freezing

process at concentrations encountered in the freezing steps of the process.
Such an analysis shows that in order to attain 700 ml of water containing a solids
concentration of 400 parts per million cut of one liter of urine, it is necessary

to freeze the equivalent of 9200 ml of liquid. Defining the number of equivalent
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cycles as the number of milliliters of liquid that must be frozen in order to
recover one milliliter of potable water containing less than 500 parts per
million of impurity, the above figure corresponds to 13. 1 equivalent cycles.
It was found that the number of equivalent cycles was a function of the yield
and was relatively independent of the fraction recovered in each freezing
step (at least for fractions between 60 and 80 per cent). Figure 17(a)is a
plot of the required number of equivalent cycles versus attainable yield for
this type of recovery scheme.

Equation (1) may be used to obtain the theoretical average fraction of initial
concentration ag a function of the fraction frozen in the following manner:

— 4 -
T, kof (1-g¥tag 1-g%+1
= P = P

= (13)
Co J dg g
Furthermore, the fraction of total solids in the ice as a function of
that fraction (as it was plotted for experimental data in Figure 15) is:
- k
Pg = 1-(1-g) (14)

Equation (14) applies to values of the effective distribution coefficient which

do not vary with initial concentration. Having derived an equation for a theoreti-
cal distribution that has the same coordinates as those of Figure 1, the '"mormal"
freezing schemes, with 70 per cent recovery in each step of the process, were
determined for several values of the effective distribution coefficient between
0.2 and 0.4. The energy values (expressed as the number of equivalent cycles)
obtained from calculation of these freezing schemes were used to determine

that value of the theoretical effective distribution coefficient which yielded the
same energy requirements obtained from the experiments. The value of this
theoretically-derived average distribution coefficient was found to be 0, 26.
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Having thus obtained a value for the average effective distribution coefficient
of urine, it is possible to determine the parameters for a cross-flow zone
refiner as described in Section I. Using Equations (7) through (11), it was
found that for an average effective distribution coefficient of 0,26, optimum
conditions are attained when the cross-flow zone refiner is four zones long
in the direction of the zone travel,and is divided into four chambers. For
this refiner, with a liquid having an average effective distribution coefficient
of 0.26, the number of equivalent cycles required to obtain yields from 50 to
80 per cent are plotted in Figure 17(b).

Two underlying assumptions were made in calculating these parameters;

1. When a volume of feed is introduced and an equal volume of product
and/or waste is displaced at the other end of the refiner, the frac-

tions between partitions must not mix.

2. The refiner must be allowed to run for a period of time, so that
intermediate,''steady state'' concentrations of the solutions con-

tained between partitions are established.

Comparison of the requirements for normal freezing schemes with those

for cross-flow zone refining shows that the number of equivalent cycles re-
quired to recover equal yields is almos* identical. It is necessary to expend
80 calories to freeze one gram of water. TUsing this constant, the energy
requirements in terms of equivalent cycles are readily converted to calories.
The energy requirements calculated in this section include only that portion

of the total energy which is used to freeze the urine and intermediate solu-
tions in order to recover potable water; no allowances for energy requirements
for fluid handling or heat loss through insulation are taken into consideration.
On that basis, a comparison can be made between reiterative freezing and a
process involving the evaporation of urine, such as distillation, based on the
fact that the heat of vaporization of water is approximately 600 calories/gram,
which is approximately seven times as much as the heat of fusion, assuming
equal opportunities for thermal efficiency. Based upon previous ex-

perience, it is assumed that the distillation process will require from
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onetoiwo cycles in order to achieve a purity of better than 500 parts per million
in the product, if no extraneous recovery processes such as filtration or
electrodialysis are used. This corresponds to the energy expended in approxi-
mately 15 equivalent freezing cycles, which is approximately equal to the energy
requirement for a 70 per cent yield with reiterative freezing of urine. The
choice between use of distillation or reiterative freezing for water recovery

evidently must arise from mechanical requirements of the system design.

It is believed that phase separation of a solid-liquid phase system under zero
gravity conditions is more easily achieved than phase separation of a liquid-gas
phase system. On that basis, recovery systems using reiterative freezing
may be more advantageous than those involving distillation.

The average water balance for a man over a 24-hour period is shown in Table 6.

Table 6. Water Cycle in Man (Reference 1)

Input Output
(ml) (ml)
Drinking Water 1200 Urine 1400
Water in Food 1000 Feces 100
Water of Oxidation 300 Insensible water (respira-
X ! . 1000
tion and persiration)

If the food consumed contains all of the 1000 mls of water listed in the table,
then the intake requirements can be easily met by recovery of the insensible
water, which requires a minimum of processing, and by recovery of 14 per cent
of potable water from urine; if, however, dehydrated food is used which contains
anywhere from 5 to 10 per cent of water of hydration, then it becomes necessary
to recover approximately 70 to 80 per cent of the urine as potable water. This
maximum required yield is in the range of the energy requirements which are
discussed in this section. However, judging from Figure 17, yields above

90 per cent are considered impracticalplg.
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SECTION VI
RECOMMENDATIONS AND CONCLUSIONS

RECOMMENDATIONS FOR FUTURE WORK

It has been demonstrated in the previous section that from the point of view of

the energy required to freeze the urine, reiterative freezing schemes require
approximately the same energy as schemes involving the distillation of urine.
These requirements are, however, only a portion of the total energy requirement
for a recovery system. The remaining energy requirement ig dictated primarily
by the mechanical implementation of the recovery system and by the conditions
under which the recovery system is to operate. Under zero gravity conditions,
the separation of phases -- particularly the separation of a liquid from a vapor
phase -- maybe relatively difficulttoachieve. The separation of a liquid phase
from a solid phase or of a gas phase from a solid phase is held to require less
effort than the separation of a liquid-vapor phase system. In this respect, a
system using reiterative freezing may result in more economical recovery of
water from urine than one involving distillation. The scope of this experimental
program was limited to determining the feasibility of the reiterative freezing
process as such and the effect of various parameters such as freezing rate,

the direction of gravity, agitation, and the presence of micro-organisms upon

the efficiency of freezing. This feasibility having been established, questions re-
garding the mechanical design of the system utilizing reiterative freezing for water
recovery remain to be answered. The following additional work in this field

is recommended:

1. Study the requirements for phase ssparation of a liguid-golid
and/or a solid-vapor phase system under zero gravity conditions.

2. Determine the energy requirements resulting from the mechanics
of a reiterative freczing system involving, for cxample, the use
of a pump for transporting one or both of the phases, the use of
the outer void as a heat sink, and the use of solar radiation as
a source of heat energy for melting, etc.
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3. Determine the efficiency of filtration and other methods of
sterilization as a method of removal of micro-organisms
prior to zone refining,

4. Construct a prototype system based on the findings in this
report and on the findings in Items 1, 2, and 3, from which
the total energy requirements of an integrated recovery system
can be determined.

CONCILUSIONS

This investigationhas demonstrated that, inurine, a separation of solute occursasa
result of slow freezing, The degree of separation is dependent upon the rate

at which freezing is allowed to proceed, upon the degree of agitation of the

liquid, and upon the initial solute concentration, A reversal of the direction

of gravity has little effect upon the attainable solute separation. In order to

make possible a comparison of the degree to which solute separation was achieved
within a frozen ingot, a parameter, called the effective distribution coefficient,
was defined, The effective distribution coefficient was subsequently compared

to the distribution coefficient corresponding to equilibrium conditions, thus
showing the deviation of the experimental condition from equilibrium,

Freezing rates in the range from 7 x 10_4 em/sec to 2 x 10'4 cm /sec were
utilized, For agitated solutions, the solute separation attained at a freezing
rate of 2 x 10'4 cm /sec was close to the ideal separation obtainable under

equilibrium conditions.

Micro-organisms also distribute themselves in agitated urine in such a manner
that the last portion to freeze contains the largest number of micro~organisms
per unit volume, Freezing, however, is not believed to provide an adequate

separation of bacteria, Other methods of sterilization such as filtering and for

ultraviolet irradiation should prove more effective,

Though the attainable solute separation of urine varied with initial solute con-
centration, it was possible to derive an average value for the distribution
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coefficient from which the efficiency of a number of freezing schemes could be
calculated., It was found that for yields of 50 to 80 per cent of the original
urine volume, the equivalent of 12 to 156 liters of liquid had to be frozen in order
to recover 1 liter of potable water. It was found that this figure corre sponds
closely to the energy requirement for a system involving a two-cycle distilla-
tion recovery process. Based upon the assumption that the problems of phase
separation in a reiterative freezing recovery system are less involved and
require a smaller amount of effort than is required for phase separation in

a system using distillation, recommendations were made for further study of
design parameters of a water recovery system using reiterative freezing or

a combination of reiterative freezing and another method of water recovery.
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APPENDIX 1

CALCULATION OF THE SOLUTE DISTRIBUTION FUNCTION
FROM EXPERIMENTAL DATA

In the experimenis performed in this project, no means of monitoring or
measuring the continuous change of concentration along the freezing inter-
face is provided. Knowledge of this continuous change is obtained only
through measurement of the average concentration of a finite number of
fractions which are assumed to contain a linear gradient of concentration,
with the average concentration existing at the center of each fraction.

The equation for continuous solute concentration distribution,

_ k-1
C, = kco(l-g)

then becomes

1og'}‘?i = logk + (k-1)log W,

where
?i = normalized concentration at the center of section i
W, = the fraction of charge, measured to the center of section i

_15:.L and W, are defined as follows:

C;
= _ i
Pi =€
o]
\.vl'uau:'emC-i = the average concentration of section i
i = 1-%
where g; = the fraction which has frozen, measuring from the initially-

freezing (dilute) end of the charge to the center of section i, and is given
by the equation

m,
g ™M
O
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'mi = the weight of the frozen charge from the dilute end to the center
of section i
Mo = the weight of the whole charge before sectioning

The weight m, is given by

1 bMo i-1
m, = -Z'Mi'i' (i-l)rtl—_l—+JI-1 MJ

where
Mi = the weight of section i
n = the total number of sections
AMO = the weight loss due to slicing
Mj = the weight of gection j

The subscripts 1 and j refer to a numerical sequence of sections, from
gsection 1 at the dilute end to section n at the concentrated end of the charge.

The assumption that the average concentration of each slice equals the
"eontinuous' concentration at the center of that slice is tested in the following

manner;

The average concentration of a slice from w1 to w, is

i-1
K f wk-l dw w k _ kK
P = Wi = i-1
i w. .
wi_1 i-1 - wi
] dw
W
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The concentration at the center of slice i is

P = kWKl
i i

The above equations are based on a distribution coefficient "k'" which does
not vary with concentration. Figure 18 isa plot of the above two equations
for several values of k. The calculations are based upon W, values resulting
from five equal sections, with a ten per cent loss due to sectioning ap-
portioned equally to each slice., These considerations yield W, value pairs
of 0 and 0.18, 0, 205 and 0. 385, 0. 410 and 0,590, 0, 615 and 0, 785, and

0.820 and 1. 000,

The graph shows that the approximation causes no appreciable error for
valuesg of w larger then 0,15, and that the most accurate method of de-
termining the distribution coefficient ig by the intercept with the

log10 w = 0 line.
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Figure 18. A Plot of the P, Points on the P, Lines for Several Values of k
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APPENDIX II
SOLUTE DISTRIBUTION IN MULTI-PASS ZONE REFINING

(Reprinted with permission from W, G, Pfann, Reiterative
Freezing, John Wiley and Sons, New York, 1958. )
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APPENDIX III
REPRESENTATIVE EXPERIMENTAL RESULTS

59



APPENDIX III
REPRESENTATIVE EXPERIMENTAL RESULTS

The values of the effective distribution coefficient corresponding to each set
of experimental data may be derived from the linear plots of 10g10 Wi versus
log,n Py P;is the average concentration of slice i expressed as a fraction
of the initital solute concentration; 'v_vi is the fraction of the total charge which
remaing to be frozen, from the end of the charge to the center of slice i.

(See Appendix I for the mathematical definition of these parameters.)
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Table 7. Representative Experimental Results

Initial Pi. Wi,
Run Freezing |Concen-|Fraction|Fraction
No. Remarks Solute Rate tration jof Initial| Remain-
{cm/sec) | (gms/ |Concen-| ing to
15 | No agitation | Sodium chloride | 7x 1074 1.0 | 0.968 [ 0.917
1. 00 0.624
1.01 0.207
20 | No agitation | Sodium chloride | 5x 10-5 1.0 0. 65 0. 893
1. 04 0. 479
1.32 0. 086
17 | No agitation | Sodium chloride | 7 x 10-4 1.6 0. 99 0. 887
0. 95 0. 5986
0.99 0.370
1. 07 0. 128
19 | No agitation | Sodium chloride | 5 x 10-5 1.8 0. 83 0.912
0.88 0.612
1.12 0. 305
1.27 0. 061
.
29 | No agitation | Sodium chloride | 7x 10-4 4.0 0.790 | 0.883
0.823 | 0.618
0.965 | 0.358
1.47 0.110
18 | No agitation | Sodium chloride | 5x 10-5 4. 0 0.833 | 0.853
0.917 | 0.534
1.19 0. 160
27 | No agitation | Urea 5x 10-4 1.0 | 0.73 | 0.887
0. 96 0.586
1. 00 0.349
1.40 0.117
25 | No agitation | Urea 5x 10-4 2.0 0.755 | 0.900
0.850 | 0.660
0.895 | 0.400
1. 46 0. 122
26 | No agitation | Urea 5x 10-9 2.0 | 0.650 | 0.869
0.820 | 0.592
0.811 | 0.342
1.83 0. 104
24 | No agitation | Urea 5x 10-4 5.0 | 0.88 | 0.891
1. 01 0. 640
1. 05 0.387
1. 05 0. 124
23 No agitation | Urea 5x% 10-5 5.0 0.765 | 0.894
0.871 | 0.650
0.903 | 0.382
1. 47 0.113




Table 7. (cont)
. Initial _ —
ggn Remarks Solute Fr;zf;ng Concen- i Wy
) tration
—— — ——

22 | No .exgitaltioﬁl Urea 5x 10-4 | 10.0 0. 96 ﬁsss
1. 01 0.670

1.03 0. 424

1. 00 0. 133

21 No agitation | Urea 5x 10-5 10. 0 0.882 , 0,885
0. 834 0. 643

1. 06 0.383

1. 15 0.1186

47 | Agitation Sodium chloride | 5 x 10-4 1.8 0.580 | 0.931
0. 747 0. 711

0. 805 0. 476

0. 925 0.257

2. 24 0. 062

55 | Agitation and | Sodium chloride | 2 x 10-4 1.6 0.400 | 0.928
reverse 0.539 | 0.748
direction 0. 823 0. 467

1. 48 0.192

2. 47 0. 044

44 | Agitation Sodium chloride | 2 x 10-4 1.0 0.288 | 0.933
0.375 0.728

0. 570 0. 489

1.32 0. 260

2.84 0. 066

43 Agitation Sodium chloride 2x 10-4 2.0 0. 420 0. 921
0.576 | 0.680

0. 750 0. 431

1. 00 0.232

2.82 0. 060

35 | Agitation Sodium chloride | 5x 10-4 4.0 0.596 | 0.938
0.676 0.763

0.695 | 0.591

0. 841 0. 366

1.81 0.099

42 | Agitation Sodium chloride | 3 x 10-4 4.0 0.596 | 0.893
0.671 | 0.617

0. 865 0.337

1.94 0. 092

52 | Agitation Sodium chloride | 1.5x10-4| 4.0 0.586 | 0.922
0.620 | 0.721

0. 749 0. 509

1.05 0.292

2.02 0.0381
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Table 7. (cont)

F zi Initial _ -
Run | Remarks Solute TeC2INg |Concen- P, W,
No. Rate tration L 1
%@m#
45 | Agitation Sodium chloride | 2 x 10-4 8.0 0.649 | 0.954
0.705 | 0.792
0.767 | 0.558
1. 14 0. 280
1. 86 0. 059
34 | Agitation Urea | 5x 10-4 1.0 0. 48 0. 929
0. 60 0. 752
0. 68 0. 561
0. 90 0.338
2.07 0. 100
41 | Agitation Urea 2x 10-4 1.0 0. 35 0. 928
0.38 0. 733
0. 60 0.514
0. 95 0.308
2. 48 0.097
33 | Agitation Urea 5x 10-4 2.0 0.530 | 0.894
0.662 | 0.851
0.783 | 0.487
1.05 0. 296
2. 04 0. 086
38 | Agitation Urea 2 x 10-4 2.0 0.449 | 0.944
0.485 | 0.789
0.696 | 0.609
0.843 | 0.372
1. 88 0.108
50 | Agitationand | Urea 2 x 10-4 2.0 0.407 | 0.879
reverse 0. 407 0.635
direction 1,15 0. 466
1.43 0. 246
2. 24 0. 035
32 | Agitation Urea 5x 10-4 5.0 | 0.759 | 0.923
0.653 | 0.732
0.678 | 0.520
0.951 | 0.296
2. 00 0. 084
51 | Agitation Urea 2x 10-4 5.0 0.539 | 0.935
0.561 | 0.737
0.678 | 0.529
0.950 | 0.348
1.81 0.123
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Table 7, {(cont)
. Initial -— —
ggf‘ Remarks Solute Fr%e;c;ng oncen- P w,
— tration A 4
68 | Agitation Urine equivalent | 2 x 10-4 4.0 0.582 | 0.822
solution 0.580 | 0.708
0.B68 | 0. 483
0. 840 | 0.258
2.51 0. 081
89 | Agitationand | Urine equivalent | 2 x 10-4 4.0 0.575 | 0.021
reverae solution 0.578 | 0.712
direction 0.528 | 0.515
0.782 | 0,324
1. 84 0. 101
76 | Agitation Urine 7x 10-4 4.0 0.6988 | 0.932
0.732 | 0.772
0.714 | 0.482
1. 15 0.212
2.37 0, 059
78 | Agitation Urine 2x 10-4 4.9 | 0.824 | 0.921
0.622 | 0.719
0.681 | 0.484
0.985 | 0.275
2. 07 0. 089
74 | Agitation Urine diluted Tx 10-4 2. 4 0.630 | 0.922
with water 1:1 0. 721 0. 7386
0. 756 | 0.548
0.860 | 0.294
_ 2,50 0. 060
83 | Agitation Urine diluted 2x 10-4 2.4 0.515 | 0.887
with water 1:1 0.568 | 0.642
0.677 | 0.414
1. 16 0. 208
3. 40 0. 048
77 | Agitation Urine diluted Tx 10-4 1.2 | 0.459 | 0.942
with water 1:3 0.523 0. 781
0.465 | 0.601
0.494 | 0.338
3.40 0.076
80 | Agitation Urine diluted 2 x 10-4 1.2 0.392 | 0.933
with water 1:3 0.400 | 0.673
0.850 | 0.342
2. 86 0. 095
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Table 7. {cont)

. Initial — —_
illgn Remarks Solute Fr;etzemg Concen- P, w,
' a iration - 1
79 | Agitation Urine diluted 7x 10-4 | 0.49 0.796 | 0.899
with water 1: 9 0.694 | 0.690
0.653 | 0.471
0.898 | 0.257
2. 26 0.077
82 | Agitation Urine diluted 2x 10-4 | 0.49 0.128 | 0.918
with water 1: 9 0.154 | 0.736
0.231 | 0.553
1. 10 0.323
3.08 0.089
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