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CHAl'TER I 

INTRODUCTION 

The purpose of this study was to determine if potable 

water could be obtained by the freezing of saline solutions 

on a spherical surface. The frozen sample was separated 

into parts by collecting the melt on a number of watch 

glasses. This fractional melting technique yielded potable 

water from a 3.5 fo saline solution· in a one step process. 

This one-step separation represented a significant improve

ment in the desalination of water by the freezing process. 

The separation process was varied by changing the sphere 

size, by altering the brine and sphere temperature, by 

use of flow and non-flow brine fields and by varying the 

sample melting temperatures. With the above variation of 

parameters the optimum process was determined and the energy 

requirements for the phase change were evaluated. 

As stated by Strobel (1) and many others in both 

technical and non-technical publications, the problem 

of adequate water supplies is becoming one of critical 

importance. It has been estimated that the daily require

ments of water in the United States will approach five to 

six hundred billion gallons daily by 1980. Reducing 

stream pollution, eliminating unnecessary wastage and 

1 



better use of existing water supplies will serve to fulfill 

some of this demand. It is also apparent that the produc

tion of usable water from sea or brackish water will become 

necessary. 

There exists a number of technically feasible solu

tions to the problem of converting saline water to pure 

water. Among these are: 

1. thermal distillation, 

2. sola~ distill~tio~, 

3. membrane processes, 

4. chemical process~s~ and 

5. freezing processes. 

Separation by distillation is the oldest method of 

producing fresh water f+om salt water. Modern processes 

include multiple-effect systems operating as submerged-

2 

type evaporators or flash distillers, thin film evaporation 

systems and JQany others. Among the advantages of th_e distil

la t ion process are the ability to utilize waste heat, and 
I, 

the adaptability to many fuels, including nuclear energy. 

Disadvantages include corrosion problems and operations at 

high temperature levels, which increase the losses due to 

irreversibility in the energy transfer. 

The major advantage of solar distillation is the 

elimination of fuel costs. The dependence on abundant 

solar energy res.tri9.ts the number of available geographical 

locations for pl~t construction. Other disadvantages of 

this method include the nefed for large structures and the 



pumping of large quantities of fluids. 

Membrane processes include those systems that permit 

the passage of ions and block water passage, and those 

that work in the opposite manner; that is, permit the 

passage of water but block ion passage. The first type is 

known as electrodialysis while the second is an osmotic 

process. Membrane processes have been applied principally 

to brackish water conversion. 

Chemical processes, such as solvent extraction and 

3 

gas hydrate processes have been tested in plants having 

capacities of 20,000 and 2,000 gallons per day respectively. 

From the above, it is apparent that desalination may 

be accomplished by a variety of techniques, each having 

particular advantages and disadvantages. The most severe 

requirement, which applies to all systems, is that of 

economics. As indicated by Hendrickson (2), the Office of 

Saline Water has established the following monetary limits 

for water conversion processes. 

Irrigation water having a salinity of 1,500 parts per 

million (ppm) must be produced at a cost of, 12¢ per thou

sand gallons. Drinking water having 500 ppm salinity must 

be produced at a cost of 30 to 40¢ per thousand gallons. 

Also, plant sizes should be capable of producing from five 

hundred thousand to ten million gallons of water per day. 

These large plant sizes have served to limit the number 

of economically feasible separation techniques, especially 

in the case of freezing processes. Research on freezing 
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processes has been restricted to direct techniques involving 

refrigerant and brine in physical contact. 

Freezing Processes 

The advantages of the freezing process include low 

energy requirements, 144 Btu's per pound for the phase 

transformation, as compared with 1060 Btu's per pound for 

distillation, low temperature differences w~en irreversibili

ties occur, and reduced cor.rosioh problems at l .ower temper

atures.. Disadvantages include: 

1. difficulty of separation of pure water product 

from adhering brine solutions, especially when using direct 

techniques which produce small crystals of pure water, 

2. need for complex equipment in processes operating 

with a phastt change, 

3. all of the product water must be frozen, 

4. general expenses of refrigeration equipment, and 

5. the .. necessity of using work to remove the latent 

heat of fusion rather than the direct application of heat, 

as in the distillati0n process. 

Of these disadvantages, the first has proved to be 

the most troublesome. The method of fractional melting 

developed in this study effectively removes this difficulty 

and resulted in a sample which consisted of a quantity of 

pure water and a quantity of melt having a concentration 

less than the original solution. 



CHAPTER II 

PREVIOUS INVESTIGATIONS OF 
DESALINATION BY FREEZING 

Indirect freezing is de_fined as a freezing process 

in which the material to be frozen and the coolant are 

separated by a metallic surface. 

The first investigation using indirect freez i ng 

techniques for desalination was by Hendrickson (2). The 

study involved the use of commercial ice making machines 

supplied with sea water. It was impossible to obtain pure 

water in a· one st13p process using this equipment. It was 

possible to reduce the salt concentration from 30,000 ppm 

to 11,000 ppm in the first stage, then to 3,200 ppm in the 

second stage and to less than 500 ppm in the third stage. 

Results of the current investigation verified these figures 

when the entire frozen specimen is melted and collected as 

a single quantity. 

Bosworth, et al. (3) evaluated the costs of a two 

stage refrigeration system operating on the above principle. 

The operating costs were approximately $2.24 per thousand 

gallons for a plant producing 100,000 gallons per day. 

These authors stated that it may be possible to construct 

an economically competitive plant in the 500 to 2,000 

5 
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gallons per day range. 

Another investigation using indirect freezing was 

conducted by Rose and Hoover (4). The freezing was per

formed in beakers with the solidification directed. from the 

outer surface inward. This experiment failed to produce 

pure water due to the presence of entrained brine or mother 

liquid among the ice crystals. The quantity of entrained 

liquid varied from 20 to 40% of the total sample weight. 

The above studies represent the only examples of the 

use of indirect freezing in desalination processes. No 

attempt was made in these studiea. to determine the effect 

of varying the various parameters, and none of the above 

utilized fractional melting. 

Normal Freezing and Fractional Crystallization 

Normal freezing is defined as the freezing of a 1iquid 

on a given geometric surface while fractional crystalliz'ation 

indicates that only part of the liquid sample is frozen. 

Normal freezing is therefore an elementary step in the ., 

separation method known as fractional crystallization. 

As indicated by ?f~ (5) fractional crystallization 

processes have been known for hundreds of years. It was the 

process used by the Curies for _the separation of certain rare 

earths and the production of radium. Its use in the past 

has been principally in the field of purifying metal samples 

rather than the desalination :of water. When applied to 
' 

metals the purification proceas becomes quite involved 
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requiring careful separation of components and-slow freezing 

processes. Slow freezing rates are required to prevent 

the formation of dendrites which will extend into the liquid 

and serve as a mechanism for entrapping impurities. 

Tiller, et al. (6), discussed the redistribution of 
'fl. 

solute atoms during the.solidification of metals by use 

of ordinary, normal freezing. AnJmportant :para.meter in 

normal freezing is the distribution coefficient, K, which 

is defined as th~ ratio of impurity in the solid being 

formed to the conc..entration in the original solution. It 

is generally assUJI1.ed that this property is constant, and 

for a purification process the distribution coefficient 

must be less than unity. Actually K is not quite constant 

but a me.an value may be used. 

In Tiller's paper the following assumptions were made: 

1. mass diffusion in the solid may be neglected, 

2. K. is a constant, 

3. convective mixing in the liquid is negligible, and 

4. the infinite plate configuration was used. 

The physical mechanism of.the process was that for an 

initial liquid concentration, Cb,.the first solid to freeze 

would have a concentration KCb. As the crystal grew the 

liquid concentration increased because the solute was re

jected from the interface; this in turn also caused the solid 

concentration to increase. This process· continued until 

steady-state conditions were reached. Fig. 1 shows the 

steady-state di_stribution, c1 , of the solute in the liquid 



I-
z 
w 
u 
0::: 
w 
a.. 
u 

.. Cb z 
0 
I-
c:::r 
0::: 
I-
z 
w 
u x z 
0 
u 

Figure 1. 

.I 
I 

DISTANCE, x. 

INTERFACE 

t--- X' 
I 
I 
I 

Distribution of Solute in the Liquid, 
and in. the Solid 0 8 . 

8 



9 

in front of the freezing interface and the concentration 

in the.solid, C8 • Two equations were developed; one for the 

•. liquid distribution: 

(1) 

--and one for the solid distribution: .. 
C9 = Cb [< 1 - K) [1 - exp(-lf- x~ 

• 
(2) 

where x' is the distance from the interface and xis the 

dist~ce measured from the start of the specimen, Fig. _1, 
), 

D is· the diffusion e:oeffieient and R' · is the fr~ezing rate. 

This equation was difficult to apply since the values of 

the diffusion coefficient were not well ·established, 

especially for saline solutions near the freezing point. 

From Equation (2) the. cµrve of solute concentration 

in the solid must sati:sfy · the fo.llowtng conditions: 

1. The initial value of solute concentration in 

the solid must have a value of KCb. 
2. The concentration te:n,ds asymptotically to Cb 

as the freezing continues. 

3. The concentration must increase continuously . 

from KCb to Cb. 

4. The area between the concentration Cb and 

that of the·solid Cs in Fig. 1 must e~ual the area between 

the concentre.:tion£a, of the liquid CL and Cb. This is 

necessary for a solute balance. This statement is valid 

if the density of the solid and liq~id phases are equal. 

5 •. Increasing values of·the distribution coefficient 

K will result in increased contamination of the solid. 
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6. As the freezing rate R' increases the concentration 

of solute in the solid increases. As indicated by Ti~ler,(6) 

the treatments of solute segregation are incomplete and the 

results of his analysis have not .been completely verified. 

Zone Purification Process 

A modification of the-normal freezing process has 

been applied to the purification of metals. This process 

consists of freezing a cylindrical sample by progressive 

solidification from one end of the sample to the other. 

The sample may then be melted in the same manner and the 

purification measured. Experiments were perform.ed by the 

Battelle Memorial Institute (7), Himes, et al. (8), and 

Loss, et al. (9), which applied this process to saline 

solutions. These experiments verified that freezing in 

the direction of increasing surface area would yield purer 

samples. Their cyl_indrical section was frozen both from 

the inside and the outside. Freezing from the inside of 

the cylinder, by means of a eo.~led copper wire, yielded 

higher purity solids than freezing from the outside. The 

zone purification technique was found to be capable of 

producing pure water. When fractional melting wa;s. employed, 

water of high purity was obtained at the beginning of the 

frozen section. 

In the zone process the possibility of increasing the 

area is restrict~d by the cylinder walls and small sample 

size. The ease of freezing and separation obtained in the 
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normal freezing process indicated that it is more adaptable 

to the desalination process than the zone purification 

process. 



CHAPTER III 

EXPERIMENTAL APPARATUS 

The experim.ental apparatus was designed for the purpose 

of freezing ice samples, evaluating the v:arious parameters, 

fractionally separating the melt and measuring the reduction 

in salt concentration of the melted samples. 

The experimental apparatus may be divided into the 

following components: 

1. coolant systemJ 

2. brine systemJ 

J. melt sample collection and evaluation system, and 

4. ~nstrumentation. 

The arrangement of these components are shown in 

Figures 2 and 3. 

Coolant System 

The purpose of the coolant system was to generate a 

low temperature liquid, to deliver this liquid to the 

inside of the sphere, and to return the coolant to the 

sump. Provision was also made for determination of the 

coolant flow rate. The ge:t;teration of the low temperature 

coolant was accomplished by two separate techniques. The 

first of these employed a sodium chloride-ice mixture in the 

12 
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sump. Temperature control was obtained by varying the 

quantity of salt added to the sump. This system proved 

15 

to be very stable and was capable of providing coolants 

with temperatures ranging from 9.9 to 22.0 °F. The .second 

system, was designed to obtain lower sump te!llperatures, and 

used methyl alcohol as a cool.ant. Dry ice, in a separate 

metal container, was used to cool the methanol. If. the 
' methanol-dry ice had been. in con,tact, it wou,ld have been 

possible to reach considerably lower temperatures. Direct 

contact was tried in the course o;f the experiment but the 

centrifugal pump would not operate under these conditions. 

The methanol system was capable of supplying c.oolant having 

a temperature range from..- 4.2 to 22.1 °F. Temperature 

control was obtained by varying the quantity, or depth of 

methanol, supplied to the sump. Since the metal container 

was always full of dry ice the above proC?edure ,effectively 

varied the heat transfer surface and thereby the sump 

.temperature. 

A small centrifugal pump was employed to deliver the 

coolant to the sphere. Regulation of flow rate was obtained 

by means of a needle valve in the discharge line. The 

purpose of regulating the flow was to maintain a constant 

sphere surface temperature. It was necessary to supply 

relatively large quantit-ies of coolant flow at the start 

of a run but after ten to fifteen minutes, conditions 

became re-latively stable. Al though _i:;t was later necessary 

to reduce the coolant flow during the ru.n the::.adjustments 



were quite small. 

The coolant flow rate was determined by measuring the 

time.required to collect a 100 ce 1:3ample. This flow rate 

reading was made at ten minute intervals. The sump 

temperature was measured with an alcohol thermometer. 

Brine System 

The brine system consisted of the brine sump-pump, 

16 

a straightening section, mercury thermometers, thermocouples, 

and a set of orifices having different diameters. The 

mercury thermometers were used only as a quick check of 

t&fuperatures; actual temperature measurements were obtained 

by means of copper-constantan thermocouples located above 

and below the sphere. The discharge orifices were cali

brated by measuring the time required to collect an 800 cc 

S9JI!.ple. Calibration runs were made at the equilibrium 

temperature of solutions having sodium chloride concentra-. . . 

tions ranging from Oto 4 per cent. No appreciable differ

ence in the volume flow rate was observed when the sodium 

chloride concentration was varied. 

Melt Sample Collection and Evalu~tion System 

The melt sample collection system_ consisted of a funnel 

system, watch glasses, labor~tory beam balance, weights 

and drying oven. The Mechanical Engineering Laboratory 

weights were calibrated against the precision balance 

located in the clean room of the laboratory. All of the 



weights weighed within± 0.1 mg or± QQ001 grams of the 

value marked on the weight. The oven was used to dry the 

clean watch glasses and to evaporate the liquid samples. 
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The watch glasses were weighed before the first run and after 

every tenth run. No change in the wat~h glass weight was 

detected. 

Instrumentation System 

The temperature measuring system within the sphere 

is shown in Fig. 3. The surface temperature of the sphere 

was obtained by three matched wire copper-constantan 

thermocouples connected in parallel. The in and out coolant 

temperatures were determined by means of small thermocouples 

inserted into the supply lines. These thermocouples and the 

brine thermocouples were calibrated against the mercury 

melting point and the. steam point. For the steam point, the 

pressure corrected equilibrium temperature was interpolated 

as 210.78 °F, or 4.246 mv with the cold junction at 32 °F. 

The average value of five calibration runs was 4.241-with 

an error of .005 mv. This represents an error of - 0.2 °F. 

For the mercury point the correct reading would be - 1.424 

mv. The average value obtained by melting the sample within 

a chilled vacuum bottle and plotting a temperature-time 

curve was - 1.422 mv with an error of+ 0.1 °F. The same 

Leeds and Northup potentiometer, catalog No. 8686 with a 

least count of 0.005 mv was used for the calibration and 

the experimen~al runs. After calibration, Leeds and Northup 
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thermocouple tables were used to evaluate the temperatures. 

To determine the radius of the ice sample, a circular 

target was mounted on the chamber wall, Figures 4, 5 and 6. 

The target consisted of concentric circles with a radial 

increment of 0.05 inches. The target was also divided by 

radial lines having angular increments of 15 degrees. To 

prevent parallax a sighting tube was constructed which 

moved on the opposite chamber wall parallel to the target. 

This system had a least count of 0.05 inches and radial 

measurements were es.timated to 0.025 inches. 

The entire. apparatus was placed in the Mechanical 

Engineering Laboratory cold chamber. The cold chamber 

maintained the surrounding air temperature within 2 °F 

and was operated in a temperature range from 20 °F to 

35 °F. 
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(b) 

Figure 5. Photogra phs of Sample Forming in Pure Water 
a. Start of Freezing 
b. Intermediate Sample 



(a) 

(b) 

Figure 6. Photograph of Sample Frozen from 3.5% Saline 
Solution 
a. Sample Prepared for Melting 
b. Sample During Melting Period 

21 



CHAPTER IV 

EXPERIMENTAL PROGRAM AND PROCEDURE 

Experimental Program 

The purpose of the experimental program was to deter

mine the effect of various parameters on the desalination 

process. The parameters varied during the course of the 

study were: 

1. brine concentration, 

2. inside sphere temperature, 

3. brine temperature, 

4. brine velocity, and 

5. sphere radius. 

The brine concentration was varied from Oto 4 per cent . 

Originally it was planned to run tests at specific sodium 

chloride concentrations of 0.0%, 0.5%, 2% and 3.5%. It 

was found, however, that when a sample was prepared with 

the correct concentration that partial freezing in the cold 

chamber and evaporative losses resulted in a variance of 

the concentration. Therefore, the brine concentration 

varied slightly. 

The inside sphere temperature was determined by the 

coolant sump temperature. When the brine soluti on contacted 
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the sphere, the sphere surface temperature rose rapidly. 

However when freezing started on the outer surface of the 

sphere, the sphere surface temperature could be controlled 

by adjusting the coolant flow rate. Therefore an exact 

sphere temperature w~s not established prior to the run, 

but the temperature shortly after freezing started was 

maintained during the test. 

The brine temperature was originally established by 

mixing subcooled brine with warmer fluid having the same 

sodium chloride concentration. The cold chamber was set 

5 degrees below the brine temperature and due to the heat 

capacity of the test apparatus no difficulty was encoun

tered in maintaining the brine temperature at a constant 

value. 

Constant brine velocity was easily maintained except 

for those runs using the smallest orifice. In subcooled 

brine runs, ice dendrites grew from the walls at the base 

of the container. These formations would separate from 

the walls and plug the small orifice. It was necessary 

to manually dislodge these particles and the net effect 

was to render these runs invalid for computational pur

poses. The two lar~er orifices did not plug but it is 

possible that ice formed within the orifice, thereby 

reducing their overall size. 

23 

Three sphere having radii of 0.50, 0.75 and 1.00 inches 

were used in the test. 

In addition the following special runs were performed. 
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In Run 18 the brine temperature was greater than the 

equilibrium temperature. The equilibrium temperature was 

the temperature at which crystallization of the surrounding 

liquid began. Its specific value is a function of the brine 

concentration of the surrounding liquid. This run was 

terminated before the sample had completed its growth in 

order ' to determine the effect on concentration distribution. 

Runs 37, 40, 49 and 50 were melted rapidly to determine the 

effect of melting rate on the distribution of salt in the 

melted sample. The experimental program is tabulated in 

Table I. 

Experimental Procedure 

The experimental procedure was established by p.er

forming four preliminary runs in which data were collected 

while varying various operating conditions. These runs 

were not included as part of the experiment~l program. 

The following series of steps were found to yield the 

most consistent data. 

1. The potentiometer, cold junction, pumps and other 

instrumentation were installed. 

2. The brine temperature was established in the sump. 

The brine was left in the cold chamber overnight and was 

allowed to form a thin layer of ice. If a run with brine 

temperature equal to or greater than equilibrium was 

desired, brine, with the same concentration from outside 

the cold chamber, was added. 



TABLE I 

EXPERIMENTAL PROGRAM GROUPED BY RUN NUMBERS 

Run Numbers 
Pure Water 
Temperature Conditions 

te = tb 2, 35, 36, 41*, 45** 

te < tb 

te > tb 

Concentration, 0.58 - 0.75% 
Temperature Conditions 

. te = tb 

te < tb 

te >tb 

Concentration, 1.94 - 2.50% 
~emperature Conditions 

te = tb 

te < tb 

te > tb 

Concentration, 3.16 - 4.12% 
Temperature conditions 

te = tb. 

te < tb 

te > tb 

1 

5 

6, 37, 38 

46** 

42* 

,10, 43* 

40, 47** 

24, 28 

16, 17, 25, 30, 
48**, 49** 

15, 19, 24, 26, 
29, 31, 34, 

* Initial radius of sphere, 0.75 inches 

** Initial radius of sphere, 0.50 inches 

All non-asterisk numbers, initial radius of sphere, 

1.00 inches. 

44*, 

27, 
50* 

25 
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TABLE I (Continued) 

Velocity Runs 

Velocity range, ft/min 
0.00 0.59-0.75 

0.314 - 0.325 7 
0.748 - 0.779 3 8 
1 .001 

Run 23. 

Run 39. 

- 1.151 4 9 

Special Runs 

Velocity - 1.2715 ft/min 

Brine concentration - 2.74% 

Rapid mel-t runs - 37, 40, 49 and 50 

t 6 : Brine equilibrium temperature, °F 

tb: Brine temperature, °F 

Concentrations,% 
1.94-220 3 .16-4 .12 

13 20 
12, 24 21, 33 

11 22, 32 
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3. Two samples of brine were taken to det ermi ne 

the exact concentration. 

4. The temperature in the coolant sump was estab-

lished. 

5. The coolant flow through the sphere was started. 

6. The inside temperature of the sphere was set to 

an approximate value. 

7. The brine was introduced to the chamber from 

the bottom. 

8. For non-flow runs, the pump was shut down when 

brine reached overflow line. For flow runs, the brine flow 

was switched from the bottom to the top of the test chamber. 

9. Observati ons were made of the sphere surfa ce 

and when the first indications of ice formation appeared, 

time readings were started. 

10. Readings of temperatures and coolant flow 

rates were recorded at ten minute intervals. The flow 

rate was adjusted to maintain constant inside sp~ere 

temperature. 

11. Two intermediate samples of brine were taken. 

12. The final two brine samples were collected. 

13. When t .he run was completed the brine was returned 

to the sump and coolant was drained from the sphere . 

14. Radial measurements of ice sample .were taken. 

15. The temperature of cold room was decreased and 

sample was al lowed to drai n for twenty mi nutes. Act ually , 

drainage was completed in a few minutes but preparati ons 
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for the succeeding steps required extra time. 

16. Warm water was introduced to the chamber and the 

excess ice from the coolant supply lines was melted off. 

17. The warm water was withdrawn from the chamber and 

the melted sample collecting system was purged with fresh 

water. 

18. The cold chamber cooling system was turned off. 

19. For rapid melt runs the heater was turned on. 

20. Melt samples were collected and weighed immediatel~ 

21. As samples melted, the radius, elapsed time from 

start of melting and chamber temperatures were measured. 

22. After weighing, samples were placed in the oven 

for three hours at 125 oF. 

23. The oven was turned off and samples left overnight. 

24. The oven was heated to 200 °F and the samples 

heated for one hour. Typical samples are shown in Figures 

7 and 8. 

25. The samples were weighed. 

26. The watch glasses were washed, dried and returned 

to oven for one hour heating period. 

27. The brine concentration was altered as required 

for the next run and the cold box temperature was 'set at 

five degrees below the equilibrium temperature. 

Elapsed time of the average run, including mel t sample 

evaluation, was eight hours. 



(a ) 

(b) 

Figure 7. Solid Salt Sample Prei:,-ared for Weighing 
a. Original Brine Solution. Brine Sample 

Weight 11 Grams. Salt Concentration 3.5% 
b. Melt Sample. Brine Sample Weight 

11.5 Grams. Salt Concentration 2.2% 
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(a) 

(b) 

Figure 8. Solid Salt Sample Prepned f or Weighing 
a. Melt Sample. Brine Sample Weight 

12.1 Grams. Salt Concentration 0.8% 
b. Final Melt Sample. Brine Sample Weight 

12.2 Grams. Salt Concentration 0.03% 
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CHAPTER V 

REDUCTION OF DATA 

The purpose of this chapter is to outline a procedure 

for reducing the experimental data to a limited number of 

mathematical equations. 

The.procedure used to attain these equations is best 

shown by Figure g. The problem was divided into four 

steps which in combination permitted the calculation of the 

total quantity of ice formed~ the size of the ice sphere, 

the amount of a sample having a particular concentration 

and the amount of thermal energy required to freeze the 

sphere. These equations in turn are dependent only on such 

physical data as would normally be available as basic 

information, that isw the initial radius of the sphere, 

concentration of the brine, surface temperature of the 

sphere, temperature. of the b.rine fl velocity ·of the brine and 

time required for free.zing. 

As shown in Fig. 9 the steps required to present a 

complete solution wereg 

1.) An equation to establish the total weight 

of the final sample in terms of the initial radius 1 

and equilibrium temperature or concentration. 

The equation obtained was fou.n.d to be valid 
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( ALL RUNS) 

Wt = wt ( ro , rt , t e ) 

~ ~ 
te < tb . Vavg :;: 0 

rt = rt ( t b , te , to , ro ) rt = rt ( ro , tb, to , Vavg. ) 

I I 
- W = W ( C, Cb, r0 , Wt ) 

• J 

W=W(C,Cb,tb,to ,Vavg ,Wt) -

I I , 

te = tb te > tb 

rt = rt ( r O , te , to , 9) rt= rt(ro,tb,to,e> 

I I 

w = W(C ,Cb,ro,tb ,t0 ,Wt) 

I 
- Q = Q (tb,te) Q = Q(tb , te , Vavg) -

SYMBOLS ARE DEFINED IN APPENDIX J . 

Figure 9. Fl ow Sheet f or Reduction of Dat a Equations 
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for all runs regardless of time, velocity or temperature 

relationships. The difficulty with this equation is 

that the inclusion of the final radius represents 

the use of "after the fact" information. 

2.) To remove the difficulty inherent in step 1 

a series of equations was derived to obtain the 

value of the final radius from the input data. 

Four separate cases were considered. 

a.) The situation for which the temperature 

of the brine and the brine equilibrium temperature 

were equal. These equations were obtained from 

an analytical solution and exhibited an excellent 

degree of correlation between experimental and 

analytical techniques. 

b.) For the case where the brine temperature was 

greater than the equilibrium temperature, the 

quantity of ice formed was finite and growth 

terminated when the losses by convection and 

conduction from the ice surface were equal to 

the heat conducted through the frozen section. 

Due to the irregular nature of the surface and 

general lack of information on free convection 

from spheres this solution is limited to the use 

of known parameters with an empirical determination 

of the exponents and numerical constants required 

to present a final solution. 

c.) In the third case the brine temperature was 
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less than the equilibrium temperature. Since 

this is a sub-cooling problem, the growth will 

proceed indefinitely, as it will in case a. 

Difficulties in theoretical analysis are severe 

for this situation. The solution of this problem, 

when the process was purely diffusional in nature, 

will be presented and the controlling parameters 

will be applied to the present problem. This 

technique yielded a grouping of parameters whi ch 

aided in the development of empirical equations 

to predict the radius at a given time for this 

subcooled case. 

d.) The fourth case required the inclusion of 

the brine velocity. Experimental difficulties 

when using the smallest orifice resulted in data 

which were of no value. Even for the larger 

orifices the results were well below the quality 

of the preceding sections. 

The prediction of the final .radius proved 

to be the most critical part of the experiment. 

Small variations in computed radii from experi

mental radii resulted in large errors in the 

wei ght-concentration eqµations. 

3.) The solutions outlined in steps one and two per

mitted the calculation of the total weight of the f i nal 

sample. Once these data were available, a f ormula was 

derived to determine the weight of :the melt that had 
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a sodium chloride concentration less than any specific 

value. Only three different solutions were required 

since the cases for brine temperature equal to, and 

less than, the equilibrium temperature resulted in 

the same equation. 

The derivation of these equations for determining 

the weight-sodium chloride distribution Wf:LS strictly 

empirical in nature. However in their final form, 

the different cases yielded similar solutions. These 

equations correlated the data quite well and should 

prove to be quite useful for future work in this field 

of study. 

4.) The last set of equations relate the energy 

required to freeze a given sample to the equilibrium 

temperature and brine temperature. Only two equations 

were required, one for the velocity case and the other 

for the non-flow situation. 

The result of these four steps is a set of equations 

that make it possible to examine the effects of altering 

various parameters, and to predict sample sizes, concen

trations and energy requirements. 



CHAPTER VI 

SUMMARY OF DERIVED EQUATIONS 

The following equations are the results of the 

reduction of data. Fig. 10 is a flow diagram which 

indicates processes yielding large and small quantities 

of pure water. 

Total ~eigh't Equation. Equation .(37) 

Wt = ~-1382 (ri - r~~ + 0.001667 [ (ri - r~) 

~ 1 3 - 2.1500 (32 - te) · 
ro 

All symbols used in this dissertation are defined in 

Appendix J. Details of the derivation of this equation 

are presented in Appendix c. 

Final Radius Equations 

Case 1. Brine temperature equal to equilibrium temperature, 

tb = te. Equation (36) 

Case 2. Brine temperature greater than equilibrium tempera-

ture, tb > te. Equation (51) 
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VELOCITY RUNS 

EQUATION 89 

I 
I-
I 

RADIUS EQUATIONS 

te = tb te > ' t b 

tb > te 

EQUATION 51 

I 
I 
I 

I EQUATION 36 EQUATION 86 I I 
I 

VELOCITY RUNS 

EQUATION 104 

I 
I 
I 
I 
i,-

VELOCITY RUNS 

EQUATION 110 

TOTAL WEIG HT EQUATION 

EQUATION 37 

WEIGHT 
CONCENTRATION 

EQUATIONS 

t e = t b te > tb 

EQUATION lOO 

I 
I 

. I 

tb > te 

EQUATION 96 

te > tb 

EQUATION 109 

te < tb 

HEAT EQUATIONS 

---- LOW YIELD 
-- HIGH YIELD 

Figure 10. Reduction of Data Equations Flow Sheet 
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Case 3. Brine temperature less than the equilibrium temp-

erature, tb < te. Equation ( 86) 

rt - r 0 [ ( ~t 
t;JZ = 0.5711 loge 8.3467 ~ 

Case 4. Velocity runs. Equation (89) 

(At ) = 0.0200 V 
avg 

Details of the derivation of the final radius equations are 

presented in Appendix D. 

Weight-Concentration Equations 

Case 1. Brine te:rnperature greater than equilibrium 

temperature. Equation (96) 

w Ii (c JJ[c1/r0 ]1/3 w; =~·85 + 0.15 ~ Cb 

Case 2., Brine temperature equal to or less than the 

equilibrium temperature. Equation (100) 

w - = wt 

Case 3. Velocity equations. Equation (104) 

w 
~ = _j_ [ 1 + 0 •2 f_Q) 2J [ 0( 1 + o.209v avg)/2.39lx 

2.10 lcb . J 
1 

[~] 
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Details of the derivation of weight-concentration equations 

are presented in Appendix E. 

Energy Equations 

Non-velocity runs. Equation (109) 

I= 141 [1 + 0.0812 (tb - te)] 
t 

Velocity runs. Equation (110) 

j = 120 [ 1 + 1 • 5V J [ 1 + 0. 223 ( tb - te) J t · avg 

Details of the derivation of the energy equations are 

presented in Appendix F. 

Average Brine Concentration 

Equation (111) 

cavg = o.342cb 

Details of the derivation of the average brine concentration 

equation are presented in Appendix G. 

Range of Variables 

The range of the variables covered by the equations 

Final radius, rt, 1.150 to 2.025 inches 

Initial radius, r 0 , 0.50 to 1.00 inches 

are: 

..... 

Brine equilibrium temperature, te, 27.95 to 32.00 °F 

Brine temperature, tb, 27.1 to 33.7 °F 

Sphere surface temperature, t 0 , 10.1 to 28.6 °F 



Brine concentration, Cb, 0 to 4-1~ 

Total temperature· potential,~ t, 5.2 to 22. 5 °F 

Average velocity, Vavg' 0.00 to 1.27 ft/min 

Run time, 9, 0.83 to 4.00 hours 

Total sample weight, Wxt' 0.06 to 1.02 pounds. 

M~itude of Error 

The average magnitude of the percentage error for the 

equations yielding the greatest amount of pure water is: 

Final radius equation (36). tb = te, 1.26% 

Final radius equation (86). tb < te, 1 .21% 

Total weight for tb = te by Equation (37), 6.53% 

Total weight for tb < te by Equation (37), 4.69%. 

Predicted sample weights for various concentration. By 

Equation (100). 
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Concentration 
in percent 

3 2 1 • 1 .05 .01 

Percent 8.96 9.61 8.21 9.57 11.75 10.14 42.14 
Error 

Energy required per pound of ice. Equation (109), 3-45%. 

Mean concentration equation. Equatio~ (111), 10.25%. 



CHAPTER VII 

PREDICTED PERFORMANCE OF AN INDIRECT FREEZING 

DESALINATION PROCESS 

The purpose of this chapter is to show how the melt 

can be reprocessed to reduce overall energy requirements 

for the phase change. It is recognized that a major portion 

of the phase change . energy may be recovered by use of 

appropriate heat exchangers. This chapter deals only with 

energy requirements for the phase change, energy transferred 

between the ice interface and the surrounding brine, and 

energy transferred from the solid phase. Heat terms that 

have been omitted include heat required to maintain coolant 

temperature, heat required to maintain brine temperature, and 

heat that may be recovered by melting the frozen samples. 

Of these three terms, the .heat recovered by use of a 

regenerative cycle is believed to be the most important. 

The actual magnitude and interaction of these heat quantities 

will require a complete cycle analysis. This analysis 

will serve to determine the optimum number of stages for the 

freezing process and the optimum brine concentration for 

each stage. 

The first series of calculations assume that only 

the accumulated sample weight having a concentration 
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less than 0;05~ ·was :· the useful yield. 

Case 1. 

Sh f t tur t .20 Ou p ere sur ace empera . e, 0 = ~ 

Brine temperature, tb = 27.3 °r 
Brine concentration, Cb = 3.5~ 

Initi~l sphere radius, r 0 = 1.00 inch. 

The brine equilibrium temperatur~ may be calculated 

from Equation (11). 

te = 32.0 - 1.05cb = 28.3 °r 
Therefore tb < te a.nd Equation ( 86), may be applied 

to the solution of the probl~m. 

where 

. . ' 
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By di v i ding the Equation., ( 109) for Q/Wt by Equation ( 100) 
. I r ' • , 

f or W/Wt, Equation (3)'was obtained such that 

(3) 

so that time does n_ot effect the quantity of heat ·required 

per pound of yield. Fig. 11 was obtained by calculating 

the radius from Equation (86) and converting this to an 

approximate weight by means of Equation (9), or 
i . ~t 

rt= ro + 0.-5711 ~ J~oge <a.3467~ 

Wt= 0.1382 (r{ - r~). 
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From Fig. 11 the growth rate becomes linear with respect 

to time. ·Therefore a time 9 of 1 hour WEI.S assumed •hich 

gave a value for rt of 1.395 by means of Equation (86). 

Inserting the val.~e of rj and te }nto Equation 

wt= 0.1382 (rt - r~) +·L0.001667~ 

[ (r~ - r~') - 2 .1500]" 

(32 - te)1/3] . 
ro = 0.2332 lbs. 

From Equation (100) for C = 0.05~ 

(C.~t) 1/3 
C t =- 0. 2168 . 

b 

(37) yields 

Therefore the weight of a sample having a qoncentration 

less than C = 0.05% was 

w0 . 05 = (o.~168)(0.2332) = 0.0506 lbs. 
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To determine the quantity of energy required Equation (109) 

was used 

i = 141 [1 + 0.0872(tb - t 8 )] = 128.7 Btu/lb. 
t 

The energy required per pound of pure __ water was 

Q (Q/Wt) 128.7 
w = (w , /W) = 0. 216a = 581.6 Btu 

0.05 0.05 t 

which may be calculated directly by means . of Equation(~). 

Case 2. Case 2 is similar to Case 1, .except r O = 0. 50 

inch~ By use .of Equation (3) 



~w -

1 

(327 .1) [1+ 0.0872(tb - te)] (Cb)2 

[1 + 0.2(C/Cb) 2] -(C~_) ...... 2/ ...... 3~(,6~t)1/3 

which for C = 0.05%, gives 

Q - 1615 Btu/lb. 
wo.05 -

Case 3. Case 3 is the same as Case _1 except brine 

temperature, tb = 28.3 °F. Therefore 

tb = · te 

and 

6,t = (32 - tb) · + (32 - t 0 ) = 15.7. 
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Again using ·Equation (3) for C = 0.05% the energy required 

is 

. Q = 650.4 Btu/lb. 
W0.05 

Case 4. Case 4 is the same as Case 1 except brine 

temperature, tb, . is 29.3 °F and time must be sufficiently 

large to approximate steady-state conditions. 

Dividing Equation (109) by Equation (96) gives 

g_ [1 + o.0877(tb - te)J [cb]1/J . 
W = ( 141) (0.85 + 0. -1.5 C/Cb) _ C (4) 

and for C = 0.05%, the energy required is calculated to be 

Q - 728.6 Btu/lb. 
wo.05 -

Case 5. Case 5 is the same as Case 1 except Vavg = 

1 ft/min. Dividing Equation (110) by Equation (104) gives 

g_ _ (120)(1 + 1.5Vavg)[1 +0.233(tb-te)J Cb 

W - [ 1 o 2(C/C )2J( t.; ~ 0.209V )( 1 ) 1 
+ • b U 2.39 2.10 (6.t)2 

•' 

.. ' 

(5) 



and for C = 0.05%, the energy required is 1906 Btu/lb. 

It will be shown how a four-stage process, Fig. 12, 

may be used to reduce the phase change energy requirements. 

Since Case 1 has the lowest value of Q/w0 _05 it will 

be used for this analysis. Given the values of Wt= 0.2332 

lbs and4t = 16.68 °F, Wis evaluated for various values 

of C, Table II, by means of Equation (100). Th~ incremen

tal sample weight,4W, is evaluated by subtracting the 

adj~cent values of Win Table II. The value C6W was 

obtained by multiplying the values of6W by the average 

value of C, for the two steps used to determineAW. 

These terms are then summed, starting at C = 0.01%. 

All of the sample below C = 0.01% is assumed to have this 

concentration. This assumption tended to correct errors 
• 
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in the weight-concentration equations for salt concentration 

below 0.01%. 

The mean concentration is now evaluated for any 

sample by; fr J f,. .:, 
l.9AWJ 1- @~1i!J 2 c - ~---......,.,.,----.;;. 

avg - w1 - w2 
(6) 

For C = 0.05%, which determines the upper limit of W, 

cavt = 2:g~~~3 = Q.02Q%. 

Therefore, to obtain a sample having an average concentration 

of 0.05% an enriched portion of the melt may be added to the 

0.02% sample to give the desired average value. By inter

polating within Table II, for Cavg equals 0.05%, W equals 

0.0780 lbs rather than the 0.0506 lbs calculated by Equat i on 



TABLE II 

DATA FOR THE CALCULATION OF THE AVERAGE CONCENTRATION OF 
A MELT SAMPLE USING SAMPLE PROBLEM INFORMATION 

Concentration Weight Cavg6W 

3.2 0.2361 0.246858 
3. 1 0.2295 0.232053 
3.0 0.2270 0.172378 
2.5 0.2053 0.124903 
2.0 0.1842 0.087453 
1. 5 0.1628 0.060703 
1.0 0 .1396 0~038203 
0.5 0.1096 0.014203 
0.4 0.1014 0.010513 
0.3 0.0920 0.007223 
0.2 0.0803 0.004298 
0. 1 0.0639 0.001838 
0.09 0.0615 0.001610 
0.08 0.0591 0.001406 
0.07 0.0566 0.001218 
0.06 0.0537 0.001030 
0.05 0.0506 0.000860 
0.04 0.0469 0.000694 
0.03 0.0427 0.000547 
0.02 0.0373 0.000412 
0.01 0.0296 0.000296 
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(100). Q/Wt equals 128.7 Btu/lb as before, Wt equals 0.2332 

lbs and Q, equals 30.01 Btu. Therefore the energy required is 

t Q = ~~Oq~O = 385 Btu/lb 
0.05 - avg 

compared to the 581.6 Btu/lb obtained previously. 

The average concentration value for the remaining 

melt may be determined from the values in Table II by 

subs ti tu ting_ into Equation ( 6). The subscript 2 is 

evaluated for the point where W equals 0.0780 lbs and 

from Equation (6) 

C 0.241~ - o.ooa8 1 53t11.. 
avg= 0.233 - 0.07 0 = • ~· 

Since the -salt concentration of the remaining mel.t is less 

than the mother liquid, 1.53 ~o 3.5()<1,, the process will be 

repeated with the original concentration Cb= 1.53%. Some 

minor changes in data will be required; the brine equilibrium 

temperature from Equa~ion (11) will be: 

te = 32 - 1.0?(1.53) = 30.39 °F. 

To prevent large amounts of dendritic growth from excessive 

subcooling, the brine temperature will be increased to 

29.4 °F. Therefore, b.t becomes .14~6 °F. 

Using Equation (86) for rt and Equation (100) for 

W/Wt with the new values of the variables gives: 

wt = -0.1748 lbs. 

A table, similar to Table II, was constructed from this new 

data. The weight of a sample having an average concentra-, 

tion of 0.05% was found to be: 
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w0 •05 _avg= 0.0840 lbs. 

However, the amount of brine supp~ied was: 

wt2 = (0.2332 - 0.0780) = 0.1552 lbs 

which is the difference between the original sample and the 

amount removed after the first process. 

Therefore the yield of pure water for the second 

step·was: 
· wt2 

avg)2 = w(0.05 - avg) Wt 

= (0.0840) 8:~~i~ = 0.0746 lbs. 

The quantity of heat required for this step must 

also be reduced by a proportional amount for step 2, 

Q/Wt remains at 128.7 Btu/lb since (tb ~ te) is still 

1 °F. 

Q = (128.7)(Wt) Btu 

and Q2 is: . 
wt2 

Q2 = (128.7)(wt)1r = 128.7 wt2 = (128.7)(0.1553) 
t 

= 19.97 Btu. 

The results of steps 1 and 2 are 

Weight Pure Water, W Energy Required, Q 

Step 1 
Step 2 

0.0780 
0.0746 
0.1526 

and the energy per pound for the two steps 

~ = ~~ 5~~ = 321 Btu/lb. 

30.01 
19.97 
49.98 

The concentration of the sample residue is now 0.655%. 

Repeating all of the calculations again gives 0.0580 lbs 



of pure water w~en 10.37 Btu of energy are supplied. This 

results in a total weight of 0.2106 lbs of pure water and 

a total energy requirement of 60.35 Btu. Therefore, the 

energy required for the three steps is 

.Q 
w 

60.35 
0.2106 = 287 Btu/lb. 

The concentration of the remaining original melt, 

(0.2332 - 0.2106) = 0.0226 lbs, 

is 0.270'1/o. 

The fourth step reduced all of this material to a 

concentration ·less than 0.05%, requiring 2.91 Btu. The 

total sample weight is now 0.2332 lbs and the energy 

supplied was 63.26 _Btu or 

~ = ~~j~~ = 272 Btu/lb. 

The complete four step process is sh·own in Fig. ( 12) . 
·o Using the same data as Case 1 but with t 0 = 10 F, 
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the process required only two steps and resulted in a yield 

of 0.4731 lbs of potable water with an expenditure of 

101.0 Btu of energy. This resulte.d in a Q/W of 214 Btu/lb. 

This value of t 0 is out~ide the range for which the 
, . 

equations ·were derived so that the extrapolated results may 

be open to question, but it does indicate the improvement 

in performance with lowering sphere surface temperature. 

Instead of using fractional separation the average 

sample could be collected by melting off the entire sample 

and then refreezing. Using the same set of conditions 

as in Case 1, Cavg was calculated by Equation (111) such 



FEED SOLUTION 

'

3.5 % SALT 
r--_ __._c __ o __ N.;...aC""'iE NT RAT ION 

'QMELT-1 

o =30.01 n, Btu FREEZER 0.2332 n1 lbs MELTER 

------- STAGE I 
CONCENTRATED I 

RESIDUE 
0 .1552 n, lbs 

CAVG = 1.5 3% 

Q=l9.97n2Btu FREEZER 0.1552n2lbs 

STAGE 2 
CONCENTRATED I 

RESIDUE f 

0.0806 n2 lbs 

CAVG=0.66% 

Q= I0.37n3Btu FREEZER 0 .0806n3lbs 

STAGE 3 
CONCENTRATED l 

RESIDUE J 
0.0226 n3 lbs 

CAVG = 0. 27% 

MELTER 

MELTER 

0=2.91n4Btu FREEZER 0.0226n4lbs MELTER 

STAGE 4 
CONCENTRATED I 

RESIDUE f 
ni. = NUMBER OF SPHERES FROZEN IN STAGE i, 

0 .0780 n, lbs . 

CAVG =0.05% 

0.0746 n2 lbs 

CAVG = 0.05% 

0 .0580 n3 lbs 

CAVG = 0 .05% 

0 .0226 n41bs 

CAVG < 0 .05% 

Figure 12. Four-Stage Normal Freezing, Fract i onal 
Melting Desalination Process 
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that 

cavg = 0.342 Cb. 

The first step wo~ld require 30.0 Btu as would all of the 

succeeding steps. After the first freezing and melting 

the concentration would be 1.197%. The second would yield 

a concentration' of 0.409%, the third 0.140%, and the 

fourth 0.048%. Therefore, the total energy requirements 

are 120 Btu and Q/W would be 

i = o.;~~2 = 516.7 Btu/lbs. 

The results from the calculations presented in this 

chapter are shown in Table III. 

The calculations for the one step process are correct 
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and do not need to be modified but a recycle operation 

process consisting of two or more steps should be recomputed 

for the following reason. Each time a sample is frozen and 

removed, the non-fFozen liquid is enriched. For example, 

a 0.2332 lb, 3.5 per cent ·sample contains 0.00817 lbs of 

salt, the average concentration of the frozen sample would 

be, by means of Equation (111): 

cavg = . (o.342H3.5) = 1.20 

having a salt. content of 0.00280 lbs. Therefore the con

centration of the remaining liquid is increased by 0.00537 

lbs of salt. Since each freezing operation enriches the 

material left behind it would be necessary to discard the 

original solution when some particular concentration level 

is reached. The solutions in the 2nd, 3rd, etc., stages 



TABLE III 

SUMIVIARY OF SAMPLE PROBLEM CALCULATIONS 

Process 

Single Pass 
Single pass 
Single pass 
Single pass 
Single pass 

Single pass 
Two pass 
Three pass 
Four pass 
Four pass 

·· Brine Time Initial 
Temperature Hours Radius 

OF Inches 

. Concentratiorf•Less Than o.b5 Percent 

28.3 1.00 1·.00 
29.3 1.00 
27.3 1.00 1.00 
27.3 1.00 0.50 
27.3 1.00 1.00 

Average Concentration 0.05 Percent 

27.3 1.00 1.00 
27.3 1.00* 1.00 
27.3 1.00* 1.00 
27.3 1.00* 1.00 
(Entire sample melted and 
collected as a single 
batch.) 

* Time period one hour for all passes 
** Velocity of brine is 1 ft/min 

Q/Wo.05 

Btu/lb 

650 
729 

1906** 
1615 

582 

385 
321 
287 
272 

517 
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would also be enriched in salt content •. The determination 

of the optimum cycle would depend on evaluating all- of the· 

energy requirements and losses for the stage freezing 

process. 

The energy required to cool the original sample was 

als-6 omitted. If the melt from each step remains· at the 

equilibrium temperature and if the original fluid was 

supplied at 70 °Fit would require 

Q = mcp(6.t') = (0.2332)(1)(38) = 8.5 Btu 

to cool each 0.2332 lb sample. For the four step process 

this would. give an energy requirement of 

.Q. _ 63. 26 + 8. 5 _ 71 • 76 _ 3.09 Et. /lb . 
W - .2332 . - .2332 ~ u · • 

Omitted from the above calculations are the various 

energy losses in refrigeration equipment, pumping require

ments and other material handling aspects of the problem. 

However, with a basic energy requirement of 309 Btu/lbs 

for freezing as compared to a basic requirement of 1112 

Btu/lb for atmospheric boiling, with a supply temperature 

of 70 °F, the incentives for developing a feasible cycle 

are excellent. 



CHAPTER VIII 

SUMMARY AND CONCLUSIONS 

Before the investigation several facts were known 

about the application of a normal freezing process to sal t 

water conversion. It was known that separation of salt 

and water could be obtained but that previous efforts to 

obtain pure water in a one-stage process had fai led. The 

use of fractional melting was believed to be a possibility 

for obtaining a quantity of pure water in one step, but 

the amount that could be recovered by this technique was 

not known. Previous investigations i n this field have also 

neglected to evaluate the effects of the several vari ables 

on the quantity of pure water obtainable from a normal 

freez i ng process : 

A seri es of experiments were performed i n which pure 

water and saline solutions of various concentrations were 

frozen on the exterior surface of a sphere. Spheres 

having an external radius ,of 0.50, 0.75 and 1.00 i nches 

were used. The sodium chloride concentration was varied 

from 0.00 to 4.12 per cent. The inside surface of the 

sphere temperature ranged from 10.1 to 28.6 °F while t he 

surr ounding bri ne temperature had values from 27 . 1 t o 33.7 

°F. Velocity runs were also performed with a maximum 
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brine velocity of 1.27 feet per minute. The total ice 

frozen on the surface of the sphere had a total . weight 

which varied from 0.06 to 1.02 pounds. 
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The purpose of the experimental program was to eval

uate .the performance of a normal freezing process on a 

spherical surface. In addition, fractional melting of the 

incremental sample was utilized to determine whether the 

purity of the melt varied. Equations were derived to 

express the ·. effect of varying selected parameters. The 

results of these equations indicate the use of brine temp

eratures slightly below or equivalent to the equilibrium 

temperatures yield the greatest amount of pure water for the 

least energy expenditure. The equations and experiments 

establish that the use of smaller spheres and a moving 

brine solution serves to lower the percentage yield of 

pure water. Also in the case of velocity fields the energy 

requirements are increased. A sample problem was solved 

using the best configuration and values of the various 

parameters within the ranges tested in the experimental 

program. 

Therefore the results of this experiment were: 

1. The salt-concentration of a melted sample 

was less than the original solution when the normal freezing 

process was used to freeze the sample. 

2. Water with a salt-content less than 500 

ppm could not be obtained by normal freezing in a one 

stage process without fractional melting. 



3. When fractional melting was utilized, 

approximately 30~ of the sample could be recovered as 

water having a salt content less ,than 500 ppm. The 

energy required for the phase chan~e was 385 Btu/lb. 
\ 

4. A four-step process d'Onverted the entire 

original sample to potable water and the impurities were 

less than 500 ppm. The energy required for the phase 

change was 272 Btu/lb. 

5. The energy required for the phase change 

may be further improved by using lower inside sphere 

temperatures. 

6. Larger spheres will increase the yield. 

7. The use of brine velocities is not recom-

mended. 
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8. Low brine temperatures lead to the formation 

of dendrite plates on the sphere surface. 

g. The effect of these dendritic plates on 

sample purity was not established. 

From the above considerations it is possible to obtain 

a conversion from 3.5 per cent to 0.05 per cent sodium 

chloride concentrations with an expenditure of energy that 

is significantly less than the phase change energy require-

ments for a distillation process. From a practical stand-

point the advantages of the freezing process are consid-

erably reduced since distillation may be accomplished by 

a simple combustion or heat process. Freezing processes 

usually require the conversion of heat to work in a refrig-



eration cycle to cool the coolant, followed by an irrever

sible heat transfer to freeze the sample. 

The disadvantages of the above process include the 

complicated material handling procedures required in a 

four-stage process, the extended freezing and melting 

times, and the inherently higher cost of refrigeration 

equipment as compared to distillation equipment. However, 

with the considerable savings of energy in the normal 

freezing-fractional melting process, an efficient method 

for salt water purification has been obtained. Further 

study should yield a feasible plant design especially 

where small quantities of potable water are required. 

Possible fields of application would include small units 

to be used in marine operations, space-craft waste 

recovery systems, survival gear and operation in arid 

areas having brine aquifiers. 

58 



CHAPTER IX 

RECOMMENDATIONS FOR FUTURE STUDY 

This investigation has established that an efficient 

normal freezing-fractional melting solution to the problem 

of desalination exists. 

The operation of the experimental apparatus suggested 

that a modification should be made in the technique for 

handling the coolant. While the centrifugal pump used in 

this study proved to be a satisfactory method of supplying 

the sphere with coolant, lower temperature runs and larger 

test sections would require a more positive pumping action. 

For this reason it is recommended that the brine be mixed 

in an insulated container and pumped by air pressure into 

the test section. The balance of the apparatus performed 

satisfactorily and needs no modification. 

A sequence of future experimental programs is also 

recommended. First, the weight-concentration experiments 

and equations show an increase in the percentage yield 
. . 

of water having a salt concentration less than 0.05 

per cent when the inside sphere temperature was reduced. 

The use of lower coolant temperatures should therefore be 

attempted. Second, the yield also increased as the radii 

of the sphere increased. Therefore, the effect of using 
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larger spheres should also be studied. 

The spherical configuration leads to difficulties in 

coolant entrance and exit lines, besides being a difficult 

configuration to fabricate. It would increase the practi

cability of the process if a cylindrical system could be 

substituted for that of the sphere. Therefore a study of 

this process using a cylindrical surface is recommended. 
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The system of gravity draining is certainly the 

simplest method of fractionally melting the sample. The 

possibility exists that other separation techniques may 

result in larger and more rapid yields. The washing of the 

sphere with pure water may serve to increase the overall 

production of fresh water. This was found to be the case 

in large scale desalination plants when ice crystals formed 

by direct freezing were washed with pure water. 

Another separation technique that may prove useful, 

especially if the cylindrical configuration maintains the 

yields available from the spherical system, is to rotate 

the frozen section and discharge the melt by centrifugal 

action. Different rotational speeds should alter the shape 

of the weight-concentration curves by separating the en

trapped brine before extensive melting of the sample occurs. 

Finally, when the above investigations are complete, 

the most efficient cycle should be evaluated. This will 

require a comprehensive study to determine the optimum 

degree of concentration build-up in the various freezing 

stages, the most efficient number of stages to employ, the 



effect of various energy losses, and the best set of 

operating conditions to be used. 
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TABLE IV 

EXPERIMENTAL DATA 

RUN NUMBER 1 2 3 4 5 6 7 

TEMPERATURES, °F 
Sphere surface, t 0 25.1 26. 1 19.5 20.0 26.6 22.5 25.7 
Brine, tb 33.7 32.0 31 - f) .i 1 . 7 i1.4 32.3 31. 3 
Brine equilibrium, te 32.00 32.00 32.00 32.00 31.38 31.43 31 .36 
Coolant sump, t 20.4 15.9 18.5 18.j 18. 1 17.5 16.0 
Entering coolan~, tin 24.0 25.4 23.6 19.2 25.6 20.2 21.9 
Leaving coolant, t~ t 25.1 26.9 25.8 20.5 27.2 22.0 23.6 
Total potential, u 5.2 5.9 12.9 12.3 6.0 9.2 7.0 
Melting temperature 62.0 51.2 48.9 63.3 59.9 66.6 60.7 
Chamber 33.2 31.7 31 . 1 31. 5 31.2 32.0 30.9 

TIMES 
Time of run, G, hours 2.00 2.00 3.00 4.00 0.67 2.33* 2. 17 
Coolant flow, G~, seconds 47.8 37.8 55.6 43.2 36.6 70.2 54.2 
Melting time, h urs 1.03 2.32 2.21 1.32 0.78 1.33 1. 20 

RADII, inches 
Sphere, r 0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
Ice, rxt 1.400 1. 600 1.550 1.475 1. 300 1.500 1.450 

Total weight of sample 
W , grams 100.6 194.2 175.4 138.3 74.5 143.5 128.2 

Brifi~ concentration, C~% 0.00 0.00 0.00 o.oo 0.63 0.58 0.64 
Brine velocity, Vavg' 

0.000 0.779 1.135 0.000 0.000 0.325 feet per minute 0.000 
Coolant, N-Sodium chloride 

Ivl-Methanol N N N N N N N 

* Steady state time °' \J1 



RUN NUMBER 8 

TEMPERATURES 
Sphere surface 25.3 
Brine 31.4 
Brine equilibrium 31.36 
Coolant sump 10.8 
Entering coolant 23 .1 
Leaving coolant _ 25.4 
Total potential 7.3 
Melting temperature 58.8 
Chamber 30.9 

TIMES, 
Time of run 2:.25 . 
Coola.nt flow 113. 1 
Mel ting time 0.10 

RADII 
Sphere 1.00 
Ice 1 .275 

Total sample weight 67.3 
Brine concentration 0.64 
Brine velocity 0.753 
Type coolant N 

*Steady state time 

TABLE IV (Continued) 

9 10 11 12 

22.1 26.4 23.9 28.6 
29.9 31.4 JO.O 29.4 

31.28 29.94 29.96 30.00 
16.0 16.0 20.1 19.0 
20.2 24.2 24.2 23.2 
23.1 25.6 26.6 25.0 
12.0 6.2 10. 1 6.0 
64.9 60.3 68.3 48.3 
29.2 31.3 29.8 28.7 

1 ~ 58 1 .00* 2.33 1.67 
112.3 51 .8 106.9 108.4 
0.57 0.57 0.52 0.59 

1.00 1.00 1.00 1.00 
1.250 1.250 1.250 1.200 

58.9 57.8 56.7 43.4 
0.72 2.08 2.06 2.02 

- 1 • 106 0.000 1.001 0.748 
N N N N 

13 

25.2 
29.2 

29.84 
19.2 
23.8 
25.8 
9.6 

54.2 
29.0 

2.25 
122.4 
0.79 

1.00 
1.300 

74.7 
2 .18 

0.314 
N 

14 

25.5 
28.9 

29.82 
20.1 
23.6 
25 .1 
9.6 

49.7 
28.6 

1.50 
85.6 
0.97 

1.00 
1.300 

73.8 
2.20 

0.755 
N 

°' °' 



RUN NUMBER 15 

TEMPERATURES 
S-phere surface 22 .1 
Brine 27.8 
Brine equilibrium 28.43 
Coolant sump 19.0 
Entering coolant 21.4 
Leaving coolant 24.7 
Total potential 14. 1 
Melting temperature 60.4 
Chamber 27.2 

TIMES 
Time of run 1.90 
Coolant flow 129. 1 

· Mel ting_ time 1.28 

RADII 
Sphere 1.00 
Ice 1.425 

. Total sample weight 119.5 
- 'Brine concentration 3.48 

Brine velocity o.oo·o 
Type coolant N 

--
*Steady state time 
~*Short· run 

TABLE IV (Continued) 

16 17 18 19 

26.2 23.2 21.4 25.4 
31.5 29.5 28.3 27.7 

28.49 27.90 28 .12 28.26 
20.6 18.1 ---- 18.5 
25.0 22.3 ----· 24.2 
25.5 23.8 ---- 25.2 
6.3 11.3 ---- 10.9 

62.8 58.4 62.3 52.3 
31.5 29.4 27.8 26.9 

2.75* 2.00* 0.67** 1.58 
98.2 87.5 ---- 100 :.1 
0.26 0.77 0.35 0.48 

1.00 1.00 1.00 1 .oo 
1.150 1.300 1.175 1.200 

27.0 71.2 33 . .5 39.6 
3.47 3.93 3.76 3.64 

0.000 0.000 0.000 0.000 
N N N N 

20 

24.0 
28 .1 

28.08 
17.8 
22.5 
24.3 
11.9 
64.9 
27.8 

1.33 
63.1 
0.65 

1.00 
1.300 

71.6 
3.78 

0.314 
N 

21 

23.7 
28.2 

28.62 
18.0 
21.1 
24.7 
12. 1 
59.5 
28.0 

2 .17 
. 92 .1 
1.29 

1.00 
1.450 

127.5 
3.29 

0.768 
N 

O'I 
-.J 



RUN NUMBER 22 

TEMPERATURES 
Sphere surface 27 .1 
Brine 28 .1 
Brine equilibrium 28.43 
Coolant sump 15.7 
Entering coolant 27.3 
Leaving coolant 28.3 
·To:tal potential 8.8 
Melting temperature 60.0 
Chamber 28.2 

TIMES 
Time of run 2 .17 
Coolant flow 66.5 
Melting time 0.40 

RADII 
Sphere 1.00 
Ice 1.200 

Total sample weight 40.0 
Brine concentration 3.52 
Bri.ne velocity 1. 101 
Type coolant N 

*Steady state time 

TABLE IV (Continued) 

23 24 25 26 

23.3 24.9 24.6 20.2 
27.2 28.2 28.9 27 .1 

28.30 28.28 28.54 27.92 
15.5 19.5 19.6 9.9 
21.8 23.5 23.5 18.6 
23.8 24.8 24.8 20.7 
13.5 10.9 10.5 16.7 
57.2 62.8 60.7 57.2 
26.9 27 .9 28.6 26.7 

2.33 1.84 1.67* 1.50 
85.4 142.0 59.2 76.7 
0.76 0.37 0.85 1.14 

1.00 1.00 1.00 1.00 
1 .300 1 .200 1.350 1.400 

71 .9 38.3 84.5 107.5 
3.52 3.62 3.37 3.92 

1.2715 0.000 0.000 0.000 
N N N N 

27 

25.8 
27.2 

27.82 
22.0 
24.8 
25.8 
11.0 
65.4 
26.9 

1.67 
100.8 
0.41 

1.00 
1.200 

41.0 
3.98 

0.000 
N 

28 

21.4 
28.2 

28.23 
12.4 
17. 1 
22.0 
14.4 
61.1 
28.0 

1 .67 
53.4 
1 .87 

1.00 
1.575 

187.3 
3.66 

0.000 
N 

O"I 
CD 



RUN NUMBER 29 

TEl\lIPERATURES 
Sphere surface 14.7 
Brine 27.4 
Brine equilibrium. · 28 .46 
Coolant sump. 4.8 
Entering coolant 13.7 
Leaving coolant 16.5 
Total potential 21.9 
Melting temperature 53.7 
Chamber 27.4 

TIMES 
Time· of run 1. 50 
Coolant f'low 26.3 
Melting time 2.68 

RADII 
Spllere 1.00 
Ice 1 .675 

Total sample weight 237.3 
Brine concentration 3.45 
Brine velocity 0.000 
Type coolant lVI 

*Steady state time 

TABLE IV (Continued) 

30 31 32 33 

17. 1 24.5 14.0 24.0 
28. 1 28.2 27.9 28.0 

27.79 28.77 28.60 28.70 
8.4 21. 2 8.0 15.7 

13.7 24.4 13.3 22.1 
16.5 25.1 17.8 28.3 
18.8 11.3 22 .1 12.0 
65.7 62.7 58.7 59.1 
26.2 27.9 27. 5 28.6 

2.58* 0.83 2.58 2.50 
35.3. 52.8 37 .1 67 .1 
2 .14 0.28 1.82 1.98 

1.00 1.00 1. 00 1.00 
1. 650 · 1.150 1. 575 1.575 

226.0 26.8 183.7 187.2 
-4.12 3 .16 3.34 3.23 

0.000 0.000 . ·1.151· 0.782 
lVI N M M 

34 

12.8 
27.7 

28.28 
1.7 
9.4 

15.8 
23.5 
63.2 
27.2 

2.50 
47.2 
3.92 

1.00 
1.925 

405.8 
3.62 

_ 0.000 
lVI 

· 35 

20.0 
32.0 

32.00 
13.5 
19.2 
25.2 
12.0 
61.7 
32.0 

1.16 
33.6 
2.34 

1.00 
1.675 

231.8 
o.oo 

0.000 
M 

O'\ 
\.0 



RUN NillJIBER 36 

TEMPERATURES 
Sphere surface 18.6 
Brine 32.0 
Brine equilibrium 32.00 
Coolant sump 5.3 
Entering coolant 13.8 
Leaving coolant 19 D 1 
Total potential 13.4 
Melting temperature 67.7 
Chamber 31.9 

TIMES 
Time of run 2.50 
Coolant flow 40.8 
Melting flow 3.52 

RADII 
Sphere 1.00 
Ice 1.950 

Total sample weight 401.7 
Brine concentration 0.00 
Brine velocity 0.000 
Type coolant M 

*Steady state time 

TABLE IV (Continued) 

37 38 39 40 

10. 1 28.5 16.2 17.4 
31.4 31.8 ·29.5 29.3 

31.26 31 .34 29.21 29.49 
0.2 14.5 5.5 8.3 
8.5 25.8 15.3 16.0 

15.5 28 .1 19.8 19.0 
22.5 3.7 18.3 17.3 
99.2 55.2 59.8 107.4 
31.0 28.9 28.9 32.0 

3 .16* 1.16* 2 .16* 2.83 
53.6 95.6 45.6 39.9 
2.78 0.66 2.54 1.45 

1.00 1.00 1.00 1.00 
2.025 1.275 1. 700 1.700 

461.J 62.8 249.4 253.5 
0.75 0.67 2.74 2.48 

0.000 0.000 0.000 0.000 
M N M M 

41 

24.4 
32.0 

32.00 
-4.2 
17.8 
25.0 
7.6 

70.2 
31.1 

1. 50 
103.0 
1.68 

0.75 
1.325 

120.6 
0.00 

0.000 
M 

42 

23.0 
31.4 

31.42 
1.2 

20.4 
25.2 
9.6 

54.4 
30.5 

1.50 
66.5 
2.23 

0.75 
1.325 

119.4 
2.09 

0.000 
M 

-.:J 
0 



TABLE IV (Continued) 

RUN NUMBER 43 44 45 46 47 48 49 

TEMPERATURES 
Sphere surface 20.9 21.8 18.5 14.7 14.7 13.5 11.7 
Brine 30.4 29.3 - 32.0 30.7 29.5 29.0 28.2 
Brine equiliprium 29'~'9_2 28.62 32 : 00 31.42 30.08 26.68 27.96 
Coolant sump 6.9 10.0 10.5 8.4 7.8 9.7 5.9 
Entering coolant 18.3 18.0 16.1 14.3 15.2 12.3 10.2 
Leaving coolant 21.3 21.4 18.4 15.3 17. 1 15.5 13. 1 
Total potential 12.7 12.9 13.5 18.6 19.8 21.5 24 .1 
Melting. temperature 75.2 72.0 115.5 66.0 62.6 62.3 87.2 
Chamber 28.7 32.0 30.3 ~9-3 28.5 27.9 27.8 

TIMES 
Time· of run 1 .83* 1.16* 2.00 3 .18 3.50 3-25* 2.83* 
Coolant flow 49.0 . 52.0 . 44.4 28.4 49.4 87.8 61.9 
Mel ting time 1 .63 1.18 1. 26 2.76 3.28 2.68 2 .16 

RADII 
Sphere 0.75 0.75 0.50 0.50 0.50 0.50 0.50 
Ice 1.325 1.225 1L250 1.325 1.400 1.300 1.350 

Total Sample weight 118.6 84.2 114.2 139.1 165.8 127.0 147.3 
Brine concentration 2 .10 3.28 o.oo 0.58 1.94 3.43 3.88 
Brine velocity 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Type coolant M M M M M . M M 

*Steady state time 

-.J ...... 



RUN NUMBER 

TEMPERATURES 
Sphere surface 

- Brine 
Brine equilibrium 
Coolant sump 
Entering coolant 
Leaving coolant 
Total potential 
Melting temperature 
Chamber 

TilVlES· 
· Time of run 
Coolant flow 
Mel ting_ time 

RADII 
Sphere 
Ice 

To,tal sample weight 
Brine concentration 
Brine velocity 
Type coolant 

50 

18.8 
26.8 

27.95 
5.6 

16 ~ 1 
19. 1 

.1.8.4· 
116.2· 
24.3 

3 .17 
.90.6 
0.42 

0.50 
L325 

136.3 
3.89 

0.000 
M 

TABLE IV (Continued) 

-..J 
I\.) 



APPENDIX B 

SAMPLE WEIGHTS AND SALT CONCENTRATIONS 
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TABLE V 

EXPERIMENTAL DATA 
Sample weights and salt concentrations 

Sample Sample Accumulative Salt concentration 
number weight sample weight grams salt per gram 

grams grams, wx of brine, %., ex 
Run number 5 

1 • 12.4 74.5 0.658 
2. 9.6 62.1 0.437 
3. 9.7 52.5 0.310 
4. 10.2 42.8 0.161 
5. 10.9 32.6 0.073 
6. 11.4 21.7 0.018 
7. 6.5 10.3 0.007 
8. 3.8 3.8 0.000 

Run number 6 

1 • 10.8 143.5 0.848 
2. 7.5 132.7 0.639 
3. 10.6 125.2 0.432 
4. 8.0 114.6 0.357 
5. 11.1 106.6 0.307 
6. 10.3 95.5 0.215 
7. 14.9 85.2 0.175 
8. 13. 1 70.3 o. 112 
9. 9.6 57.2 0.057 

10. 10.2 47.6 0.038 
1 1 • 11. 7 37.4 0.014 
12. 9. 1 25.7 0.003 
13. 7.2 16.6 0.001 
14. 9.4 9 .4 · 0.000 
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TABLE V (Continued) 

Sample Sample Accumulative Salt concentration 
number weight sample weight grams salt per gram 

grams grams, Wx · of brine, %, ex 

Run number 7 

1 • 7.5 128.2 0.682 
2. 7.4 120.7 0.392 
3. 8~7 ·113.3 0.254 
4. 9.6 1·04. 6 0.187 
5. 6.6 95.0 0.127 
6. 8.7 88.4 0.106 
7. 9.3 79.7 0.085 
8. 7.9 70.4 0.062 
9. 8.2 62.5 0.041 

1 o. 9 .1 54.3 0.029 
1 1. 7.4 45.2 0.018 
12. 7.7 37.8 0.012 
13. 6.5 30.1 0.008 
14 •. · 7.7 2,3.6 0.003 
15. 9.6 15.9 0.000 
16. 6.3 6.3 0.000 

Run number 8 

1 • 10.9 67.3 0.662 
2. 9.0 56.4 0.591 
3. 10.6 47.4 0.522 
4. 12.3 39.9 0.210 
5. 14.5 27.6 0.106 
6. 4.4 13.1 0.050 
7. 3.6 8.7 0.022 
8. 5.1 .5. 1 0.000 

Run number.9 

1 • 6.6 58.9 0.682 
2. 6.6 52.3 0.437 
3. 7.6 45.7 0.216 
4. 9 .1 38.1 0.104 
5. 3.4 29.0 0.067 
6. .. 5.4 25.6 0.053 
7. 4.8 20 •. 2 . 0.045 
8. 6. 1 1.5-4 · 0.032 
9. 6.6 9.3 0·.016 

10. 2.7 2.7 0.000 
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.TABLE V ( Cont.i~ued) 

Sample Sample Accumulative Salt concentration 
number weight sample weight grams salt per gram 

grams grEµns, Wx of brine, %, ex 

Run number 10 

;) 1 • 2.9 57.8 2 .15 
': 2. 6.8 54.9 1.41 
3. 6.8 48.1 . 1.05 
4. 6.5 41.3 0.792 
5. 8.8 34.8 0.440 
6. 7.9 26.0 0.206 
7. 6.8 18. 1 0.060 
8. 4.0 11.3 0.017 
9. 3.9 7.3 0.007 

10. 3.4 3.4 0.000 

Rµn number 11 

1 • 4.8 56.7 1.83 
2. 4.5 51.9 1.47 
3. 6.6 47.4 1.17 
4. 6.0 40.8 0.897 
5. 6.5 34.8 0.676 
6. 5.8 28.3 0.448 
7. 3.8 22.5 0.244 
8. 5.6 18.7 0.155 
9. 3.4 13. 1 0.087 

10. 4.6 9.7 0.039 
11. 3.8 5. 1 0.011 
12. 1.3 1.3 0.000 

Run number 12 

1. 3.8 43.4 2 .10 
2. 5.4 39.6 1.85 
3. 4.7 34.2 1.63 
4. 5.2 29.5 1.51 
5. 1.7 24.3 1.06 
6 .• 4.6 22.6 0.762 
7. 4.8 18.0 0.561 
8. 5.8 13.2. 0.284 
9. 6.2 7.4 0.063 

10. 1.2 1.2 0.023 
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TABLE V (Continued) 

Sample Sample Accumulative Salt concentration 
number weight sample weight grams salt per gram 

grams grams, wx of brine,%, ex 
Run number 13 

1. 8.4 74.7 1.92 
2. 6. 1 66.3 1.79 
3. 6.6 ,60.2 1.49 
4. 5.8 53.6 1.27 
5. 6.3 47.8 0.924 
6. 5.5 41.5 0.653 
7. 3.9 36.0 0.481 
8. 5.8 32. 1 0.375 
9. 3.9 36.3 0.239 

10. 6.3 22.4 0 .154 
11 • 5.9 16. 1 0.075 
12. 7.9 10.2 0.024 
13. 2.3 2.3 0.000 

Run number 14 

1 . 9.2 73.8 2.32 
2. 5.8 64.6 1.91 
3. 8.8 58.8 1.40 
4. 9.4 50.0 1.01 
5. 7.7 40.6 0.692 
6. 8.6 32.9 0.432 
7. 7.8 24.3 0.218 
8. 6.6 16.5 0.092 
9. 7.2 9.9 0.028 

10. 2.7 2.7 0.008 
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TABLE V (Continued) 

Sample Sample Accumulative Salt concen_tration ·. 
number weight sample weight grams. ·salt per gram 

grams grams, Wx of brine, %, Ox · 

Run number 15 

1. 2.8 119.5 3.60 
2. 15.2 116.7 3.39 
3. 4.6 101.5 '2.92 
4. 4.6 96~:9 2.49 
5. 7.9 92.3 2.20 
6. 7.4 84.4 1.82 
7. 6.5 77.0 1.51 
8. 5.7 70.5 1.21 
9. 5.8 64.8 0.886 

10. 5.4 59.0 0.727 
11. 10.8 53.6 0.475 
12. 9.5 42.8 0.225 
13. 10.4 33.3 0.124 
14. 9.9 22.9 0.048 
15. 7.7 ·13.0 ·0.023 
16. 5.3 5.3 0.000 

Run number 16 

1 • 2.1 26.9 4.33 
2. 3.5 24-6 3.25 
3. 5.7 21 ~3 1.68 
4. 4.7 15.6 1.02 
5. 3.6 10.9 0.396 
6. 4.5 7.3 0.183 
7. 2.8 2.8 0.054 

Run number 17 
1. 1.7 71.2 4.00 
2. 4.8 69.5 3.66 
3. 6.3 64.7 3.09 
4. 5.4 58.4 2.48 
5. 4.5 53.0 2.00 
6. 5.3 48.5 1.65 
7. 5.2 43.2 1.24 
8. 6.2 38.0 0.902 
9. 7.7 31.8 0.532 

10. 5.5 24 .1 . 0.227 
11 • 4 ~ 1 18~6 0.115 
12. 4.8 14.5 0.-058 
13. 4.8 . 9.7 ,, ,· 0.032 
14. 2.9 4.9 · 0.009 
15. 2.0 2.0 0.000 

. -
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TABLE V (Continued) 

Sample Sample Accumulative Salt concentration 
number weight sample weight grams salt per gram 

grams grams, W:x. of brine, %, ex 
Run number 18 

1 • 2.5 33.5 3.58 
2. 2.4 31.0 3.80 
3. 1.5 28.6 4.20 
4. 1.2 27 .1 3.76 
5. 1.4 25.9 3.03 
6. 3.4 24.5 1.99 
7. 4.9 21.1 1.55 
8. 2.5 16.2 1.13 
9. 2.7 13.7 0.830 

10. 3.2 11.0 0.568 
11. 3.0 7.8 0.309 
12. 3.4 4.8 0.123 
13. 1.4 1.4 0.000 

Run number 19 

1 • 3.0 39.6 3.70 
2. 2.9 36.6 3.37 
3. 4.5 33.7 3.03 
4. 3.8 29.2 2.35 
5. 3.8 25.4 1.76 
6. 4. 1 21.6 1.15 
7. 3.7 17.5 0.617 
8. 3.4 13.8 0.365 
9. 3. 1 10.4 0 .186 

10. 3.2 7.3 0.090 
1 1 • 2.9 4. 1 0.015 
12. 1.2 1.2 0.023 
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TABLE V (Continued) 

Sample Sample Accumulative Salt concentration 
number weight sample weight grams salt ·per gram 

grams grams, wx · .. · of brine, %, ex 
0 Run number 20 

1. 3.4 71.6 3.86 
. 2. 3. 1 68.2 3.52 
3. 4.8 65.1 3.28 
4. 4.2 60.3 2.97 
5. 3.8 56. 1 2.73 
6. 4.5 52.3 2.39 
7. 3.9 47.8 2.05 
8. 4.4 43.9 1.71 
9. 3.6 39.5 1.42 

10. 5.6 35.9 1.14 
11. 4.9 30.3 0.706 
12. 5.5 25.4 0.473 
13. 6.4 19.9 0.273 
14. 6.9 13. 5 0.138 
15. 6.6 6.6 0.035 

Run number 21 

1 • 6.7 127.5 3.58 
2. 4.2 120.8 3.39 
3. 6.5 116. 6 3.11 
4. 6. 1 110 .'vJl· 2.85 
5. 9.0 104. o· 2.41 
6. 9.7 95.0 2.08 
7. 3.6 85.3 1 .96 
8. 4.3 81.7 1.65 
9. 4.7 77.4 1 .'48 

10. 3.5 72.7 1.30 
11. 4.4 69.2 1 .12 
12. 7.6 64.8 0.980 
13. 8.8 57.2 0.731 
14. 9 .. J. 48.4 0.495 
15. 9.·at 38.5 0.266 
16. 6.f .29.3 0.176 
17. 8.0 23.0 0 .109 
18. 11.6 15.0 0.046 
19. 3.4 3.4 0.018 
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TABLE V (Continued) 

Sample Sample Accumulative Salt concentration 
number weight sample weight grams salt per gram 

grams grams, wx . of brine, %, ex 
Run number 22 

l. 2.6 40.0 3.46 
2. 4.3 37.4 2.98 
3. 3.0 33.1 2.74 
4. 3.4 30.1 · 2.43 
5. 3.5 26.7 2.05 
6. 2.8 23.2 1 .67 
7. 2.4 20. 4- 1.38 
8. 4.4 18.0 1.06 
9. 3.0 13.6 0.647 

10. 3.9 10.6 0.363 
11. 4.8 6.7 0.148 
.12. 1.9 1. 9 0.011 

Run number 23 

1 • 4 .1 71.9 3.04 
2. 3.2 67.8 3.74 
3. 3.7 64.6 2.62 
4. 3.2 60.9 2.42 
5. 3.8 57.7 2.25 
6. 3.3 53.9 2.06 
7. 5.5 50.6 1.82 
8. 4.5 45. 1 1. 51 
9. 4.3 40.6 1.26 

10. 4.7 36.3 1.02 
11 • 4.6 31.'6 0.761 
12. 5.9 27.0 0.477 
13. 10.5 21.1 0.259 
14. 10.6 10.6 0.104 

<:·-': 

Run number .. 24 
1 • 2.8 38.3 3.64 
2. 2.5 35.5 3.43 
3. 2.7 33.0 3.30 
4. 2~4 30.3 2.59 
5. 3.2 27.9 2.24 
6. 3.0 24.7 1.82 
7. 3.4 21.7 1.43 
8. 2.9 18.3 1.00 
9. 2.8 15.4 0.648 

10. 3 .1 12.6 0.380 
1 1 • 4 .1 9.5 0.205 
12. 4.0 5.4· 0.072 
13. 1.4 1.4 0.006 
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TABLE V (Continued) 

Sample Sample Accumulative Salt concentration 
number weight sample weight grams salt per gram 

grams grams, wx of brine, %, ex 
Run number 25 

1 . 2.3 84.5 3.42 
2. 2.8 82.2 3.32 
3. 2.8 79.4 2.87 
4. 3. 1 76.6 2.66 
5. 3.4 73.5 2.45 
6. 4.0 70.1 2.23 
7. 4.6 66.1 1.99 
8. 3. 1 61.5 . 1. 71 
9. 6.2 58.4 1.39 

10. 4. 1 52 .2· 1.13 
11. 4.4 48 .1 0.921 
12. 4.8 43.7 0.632 
13. 6.2 38.9 o.·491 
14,. 7.5 32.7 . o. 287 
15. 7. 1 25.2 0 .157 
16. 9. 1 18 ~ 1 0 .. 067 
17. 9.0 9.0 0.012 

Run number 26 

1. 0.6 107.5 4.04 
2. 6.4 106.9 3.34 
3. 6.0 100.5 3.33 
4. 5.4 94.5 2.94 
5. 5.6 89. 1 2.67 
6. 6.8 83.5 2.43 
7. 7.0 76.7 2.08 
8. 6.0 69.7 1.68 
9. 4.7 63.7 1.40 

10. 4. 1 59.0 1.17 
11. 7.0 54.9 0.929 
12. 6.5 47.9 0.538 
13. 7.2 41.4 0.393 
14. 6.5 34.2 0.222 
15. 8.4 27.7 0.140 
16. 6. 1 19.3 0 .110 
17. 9.6 -13. 2 0.04·0 
18. 3.6 J.6 0.028 
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TABLE V (Continued) 

Sample Sample Accumulative . Salt concentration 
number weight sample weight grams· salt per gram 

grams ·. grams, Wx of brine,%, C · x 
Run number 27 

1. 0.5 · 41.0 4.01 
2. 1.6 40.5 3.83 
3. 2.8 38.9 3.60 
4. 3.8 36.1 3.20 
5. 6.7 32.3 2.83 
6. 4.9 25.6 1.74 
7. 5.8 20.7 1 .08 
8. 6. 1 14.9 0.227 
9. 4.6 8.8 0.062 

10. 4.2 4.2 0.005 

Run number. 28 

1. 9.5 187.3 3.60 
2. 8.4 177.8 3.43 
3. 7.8 169.4 . 3 .12 
4. 9.9 161.6 2.75 
5. 8.0 151.7 2.58 
6. 9.6 143.7 2.32 
7. 7.5 134 .1 2.02 
8. 6.8 126.6 · 1. 78 
9. 9.6 ·119. 8 1.51 

10. 8.5 11 o. 2 1.24 
11. 11.7 101.7 0.945 
12. . 12.1 90.0 0.654 
13. 10.9 77.9 0.398 
14. 9.8 67.0 0.245 
15. 9.0 57.2 0.158 
16. 9.6 48.2 0.092 
17. 9.3 . 38.6 0.060 
18. 9.7 29.3 0.022 
19. 9.8 19.6 0.009 
20. 9.8 9.8 0.000 
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TABLE V (Continued) 

Sample Sample Accumulative .Salt concentration 
number weight sample weight grams salt per gram 

grams grams, Wx of brine, o/o, ex 

Run number 29 

1 • 4.6 237.2 3.96 
2. 13.7 232. 6 '. 3.00 
3. 10.8 218.9 2.88 
4. 12. 1 208.1 2.61 
5. 11. 5 196.0 2.28 
6. 9.9 184.5 2.08 
7. 13.3 174.6 1.68 
8. 14.5 161.3 1.17 
9. 15.6 146.8 1.06 

10. 11.4 131.2 0.744 
11. 14.9 119.8 0.534 
12. 10.9 104.9 0.365 
13. 12.6 94.0 0.228 
14. 14.0 81.4 0.149 
15. 14.9 67.4 0.094 
16. 14. 1 52.5 0.044 
17. 15.5 38.4 0.028 
18. 13.4 22.9 0.005 
19. 9.5 9.5 0.000 

Run number 30 

1 • 14.8 226.0 3.83 
2. 15. 1 211.2.: 3.33 
3. 14.0 196.1 2.90 
4. 17.4 182.1 2.43 
5. 18.6 164.7 1.98 
6. 17.3 146.1 1.49 
7. 16~4 128.8 0.993 
8. 16.7 112 .4 0.645 
9. 16.0 95.7 0.417 

10. 18.7 79.7 0.247 
11. l9-9 61.0 0.110 
12. 18.7 41 .1 0.038 
13. 9;3 22.4 0.013 
14. 13.1 13.1 0.010 
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TABLE V (Continued) 

Sample Sample Accumulative Salt concentration 
number weight sample weight grams salt per gram 

grams grams, Wx of brine, 'fa, ex 

Run number 31 

1. 2.7 26.8 3.02 
2. 4. 1 24 .1 2.69 
3. 3.5 20.0 1.89 
4. 3.0 16.5 1.23 
5. 2.7 13.5 0. 748 · 
6. 2.5 10.8 0.407 
7. 2.7 8.3 0 .195 
8. 2.9 5.6 0.086 
9. 2.7 2.7 0.029 

Run number 32 

1 • 3.3 183.7 3.50 
2. 9.8 180.4 2.64 
3. 11.4 170.6 2.03 
4. 17.3 159.2 1.59 
5. 14.0 141.9 1.29 
6. 11.4 127.9 1.02 
7. 10.7 116.5 0.970 
8. 11.8 105.8 0.706 
9. 10.4 94.0 0.546 

10. 8.6 83.6 0.455 
11. 8.6 75.0 0.323 
12. 7.8 66.4 0.255 
13. 11.4 58.6 0.192 
14. 10.6 47.2 0 .118 
15. 8.9 36.3 0.073 
16. 7.5 27.7 0.065 
17. 9.2 20.2 0.035 
18. 11.0 11 • 0 0.028 
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TABLE V (Continued) 

Sample Sample Accumulative Salt concentration 
number weight sample weight grams salt per gram 

grams grams, Wx of brine, %, ex 

Run number 33 

1. 5.6 187.2 3 .19 
2. 14.7 181 . 6 2.95 
3. 14.9 166.9 2.54 
4. 12.6 152.0 2.25 
5. 16.0 139.4 1.93 
6. 15.0 123.4 1.54 
7. 11.6 108.4 1. 21 
8. 10.2 96.8 0.944 
9. 11. 2 86.6 0.74·1 

10. 16.2 75.4 0.535 
11. 11.2 59.2 0.295 
12. 14.8 48.0 0.212 
13. 10.7 33.2 0.087 
14. 9.0 22.5 0.036 
15. 7.3 13.5 0.025 
16. 6.2 6.2 0.012 

Run number 34 

1. 14.5 405.7 3.82 
2. 21.3 391.2 3.58 
3. 19.3 369.9 2.68 
4. 16.8 350.6 2.30 
5 •. 23.0 333.8 2.01 
6. 20.5 310.8 1.78 
7. 22.7 290.3 1. 51 
8. 24.2 267.6 1.15 
9. 23.2 243.4 0.834 

10. 21.7 220.2. 0.606 
11. 21.1 198.5 0.464 
12. 20.9 177.4 0.327 
13. 21.6 156.5 0.208 
14. 19. 1 134.9 0.127 
15. 21.0 115.8 0.086 
16. 20.1 94.8 0.048 
17. 20.5 74.7 0.035 . 
18. 14.8 54.2 0.011 
19. 19.3 39.4 0.007 
20. 14.3 20.1 0.003 
21. 5.8 5.8 0.000 
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TABLE V (Continued). 

Sample Sample Accumulative Salt concentration 
number weight sample weight grams salt per gram 

grams grams, Wx of brine,%, ex 

Run number 37 

1. 12.9 461.3 1.25 
2. 22.4 448.4 ./ o. 778 
3. 21.8 426.0 0.653 
4. 23.6 404.2 . 0.570 
5. 23.6 38.ft,.,6 0.410 
6. 22.8 .3~f1°: 0 0.357 
7. 20.3 334.2 0.310 
8. 23.1 313.9 0.300 
9. 21.5 290.8 0.215 

10. 22.5 269.3 0.185 
1 1 • 16.8 246.8 0.165 
12. 26.5 230.0 0.157 
13. 21.6 203.5 0.135 
14. 19.4 181.9 0.120 
15. 22.3 162.5 0.115 
16. 27.4 140.2 0.080 
17. 23.4 112 .8 0.052 
18. 23.4 . 89.4 0.037 
19. 24.7 66.0 0.008 
20. 24.6 41.3 0.001 
21. 16.7 16.7 0.000 

Run number 38 

1 • 6.7 62.8 0.638 
2. 6.4 56 .1 0.535 
3. 5.9 49.7 0.404 
4. 8.3 43.8 0.276 
5. 9.0 35.5 0.159 
6. 6.5 26.5 0 •. 083 
7. 7.4 20.0 0.042 
8. 6.2 12.6 0.015 
9. 6.4 6.4 0.012 
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TABLE V (Continued) 

Sample Sample Accumulative Salt concentration 
number weight sample weight grams salt per gram 

grams grams, Wx of brine,%, ex 

Run number 39 

1. 6. 1 249.4 3.65 
2. 12.2 243. 3 . 2.97 
3. 11.4 231.1 2.59 
4. 13.7 219.7 2. 19 
5. 15.6 206.0 1.97 
6. 14.8 190.4 1. 64 
7. 21.1 175.6 1.33 
8. 16. 1 154.5 0.947 
9. 16.9 138.4 0.703 

10. 19.5 121 . 5 · 0.468 
11. 18. 1 102.0 0.263 . 
12. 18.7 83.9 0 .138 
13. 17.3 65.2 0.075 
14. 12.1 47.9 0.038 
1 5 . 23.3 35.8 0.020 
16. 12.5 12.5 0.000 

Run number 40 

1. 16.6 253.5 2.68 
2. 17.8 236.9 1.92 
3. 19.8 219. 1 1. 58 
4. 18.4 199.3 1.27 
5. 21.3 180.9 1.02 
6. 21. 5 159.6 o.864 
7. 22.9 138.1 0.721 
8. 21.3 115.2 0.467 
9. 20.5 93.9 0.281 

10. 22.7 73.4 0.153 
1 1 • 23.0 50.7 0.124 
12. 18.6 27.7 0.061 
13. 9. 1 9. 1 0.042 
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TABLE V (Continued) 

Sample Sample Accumulative Salt concentration 
number weight sample weight grams salt per gram 

grams grams, Wx of brine,%, ex 

Run number 42 

1. 1.7 119.4 2 .17 
2. 9.9 117.7 2.07 
3. 11.6 107.8 1. 73 
4. 13.8 96.2 1.48 
5. 9.7 82.4 1.14 
6. 17.2 72.7 0.885 
7. 20.9 55.5 0.359 
8. 14.1 34.6 0.148 
9. 8.4 20.5 0.059 

10. 5.9 12. 1 0.023 
11 • 6.2 6.2 0.007 

Run number 43 

1. 1.3 118.6 2.02 
2. 9.9 117.3 1.80 
3. 11. 5 107.4 1.59 
4. 13.9 95.9 1.17 
5. 9.5 82.0 1.02 
6. 17. 1 72.5 0.795 
7. 20.8 55.4 0.371 
8. 14.2 34.6 0.163 
9. 8.3 20.4 0.057 

10. 5.9 12. 1 0.022 
11. 6.2 6.2 0.008 

Run number 44 

1. 7. 1 84.2 2.79 
2. 12.1 77 .1 2.51 
3. 11.9 65.0 1.74 
4. 7.0 53 .1 1. 23 
5. 9.9 46.1 0.933 
6. 20.0 36.2 0.521 
7. 9.9 16.2 0.061 
8. 6.3 6.3 0.037 
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TABLE V (Continued) 

Sample Sample Accumulative Salt concentration 
number weight sample weight grams salt per gram 

grams grams, Wx of brine,%, ex 

Run number 46 

1. 12.6 139. 1 0.522 
2. 14. 1 126.5 0.405 
3. 16.2 112.4 0.356 
4. 15.3 96.2 0.312 
5. 13. 1 80.9 0.248 
6. 15.7 67.8 0. 191 
7. 13.5 52. 1 0.097 
8. 10.7 38.6 0.069 
9. 12. 1 27.9 0.040 

10. 13.2 15.8 0.022 
11. 2.6 2.6 0.000 

Run number 47 

1. 4.0 165.8 2.00 
2. 10.0 161.8 1.20 
3. 13.0 151.8 1.02 
4. 8.6 138.8 0.893 
5. 10.6 130.2 0.827 
6. 9.2 119.6 0.734 
7. 16.0 110.4 0.652 
8. 12.9 94.4 0.571 
9. 15 .4 81. 5 0.440 

10. 29.9 66 .1 0.339 
11 • 21.9 36.2 0.099 
12. 10.6 14.3 0.025 
13. 3.7 3.7 0.010 

Run number 48 

1. 6.5 127.0 2.82 
2. 14.0 120.5 2.23 
3. 12.7 106.5 1.89 
4. 12. 1 93.8 1. 55 
5. 13.0 81.7 1.24 
6. 15.9 68.7 0.858 
7. 11. 9 52.8 0.533 
8. 11 . 6 40.9 0.352 
9. 10.7 29.3 0 .195 

10. 9.2 18.6 0.098 
11. 6. 1 9.4 0.052 
12. 3.3 3.3 0.000 
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TABLE V (Continued) 

Sample Sample Accumulative Salt concentration 
number weight sample weight . grams salt per gram 

grams grams, Wx of brine, 'lo, ex 

Run number 49 

1. 1.3 147.3 2.83 
2. 10.9 146.0 2.37 
3. 12.0 135.1 2.00 
4. 13.2 123. 1 1. 65 
5. 15.4 109.9 1.22 
6. 14.1 94.5 1.01 
7. 16.7 80.4 0.945 
8. 13.7 63.7 0.708 
9. 11.9 50.0 0.493 

10. 12.2 38 .1 0.337 
11. 10.6 25.9 0.132 
12. 9.4 15.3 0.076 
13. 5.9 5.9 0.019 

Run number 50 

1. 3.2 138.3 3.00 
2. 9.4 135.1 2.42 
3. 11. 9 125.7 2.02 
4. 9.4 113.8 1.50 
5. 30.5 104.4 1.30 
6. 11. 5 73.9 0.667 
7. 11 . 6 62.4 0.521 
8. 11 . 8 50.8 0.493 
9. 11.0 39.0 0.362 

10. 9.4 28.0 0.265 
11. 7.8 18.6 0 .152 
12. 8.0 10.8 0.103 
13. 2.8 2.8 0.070 



A:P'PENDIX C 

DERIVATION OF TOTAL SAMPLE WEIGHT EQUATIONS 

The purpose of this section is to develop an equation 

that may be used to calculate the final total sample weight. 

Assuming that the initial and final sphere radii are 

known as well as the experimental wei ght, the wei ght o f a 

pure ice sample, Wit' having the same final radius as the 

experimental sample may be calculated. The difference be

tween these two quantities 

6. w::. 'w'Lt - wxt 

was expressed in terms of the initial radius r 0 , final 

radius rxt' and the brine equilibrium temperature. The equa 

tion may now be expressed as 

Experimental values of r 0 , rxt' and te were inserted in the 

functional relationship for~W and the results were compared 

with the total experimental weight. 

Derivation of the Equation 

If the frozen sample were pure ice without air inclu

sions or entrapped liquid brine, the equation for the total 
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weight of the frozen specimen would be 

(7) 

in which f is the density of the frozen. material, lbs/ft3• 

For a density of 57.0 lbs/ft3 , Equation (7) reduces to 

(8) 

The results of runs involving pure water are shown in 

Table VIo The experimental radius and total sample weight, 

rxt and Wxt' were taken directly from the test data, Appen

dix A. The calculated weight was obtained from: 

(9) 

where Wit is the weight of a sample frozen from water having 

radius rxto The difference column was 

while the density, fX, was calculated from 

f'x = (17 2 B)( t )(Wxt) ___,..__,I _ ___, 
TT( 'txf- Vo!i) 

(10) 

The equilibrium. temperature may be calculated by means of 

the equation 

(11) 

or by use of Fig. 13 from the ASHRAE Guide (10) or the Hand

book of Chemistry by Lange (11) where Cb is the percentage 

salt concentration, pounds of salt per pound of brine, of 
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TABLE VI 

DENSITY AND SAMPLE WEIGHT DATA FOR PURE WATER RUNS 

Run Experimental Calculated Diff. Density Equilibrium 
Number Radius Weight Weight Temperature 

1 1 .400 0.2218 0.2410 +0.0192 52.4 32.00 
45 1. 250 0.2518 0.2526 +0.0008 56.8 32.00 
36 h950 0.8858 0.8863 +0.0005 56.9 32.00 

4 1.475 0.3050 0.3052 +0.0002 56.9 32.00 
35 1. 675 0.5111 0.5112 +O. 0001 57.0 32.00 

2 1.600 0.4282 0.4278 -0.0004 57. 1 32.00 
41 1. 325 0.2659 0.2631 -0.0028 57°6 32.00 

3 1.550 0.3868 0.3764 -0.0104 58.6 32.00 
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the liquid. 

The initial radius, r 0 , is equal to 1.00 inches for 

runs 1 through 40, 0.75 inches for runs 41 through 44 and 

a.so inches for runs 45 through so. 
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As shown by Table VI the difference between the experi-

mental and calculated values of ice frozen were small. Run 1 

had a positive error of 7.8% while run 3 had a negative 

error of 2.8%. The standard deviation of the weight differ

ence column was 0.0050 lbs. All other runs were between 

these values. This was to be expected since the measurements 

were quite simple but the correlation did establish the accu

racy of the radial measurements and sample collecting tech-

nique. 

Table VII is similar to Table VI except the liquid in 

the test chamqer was a saline solution. The table has been 

arranged in order of increasing density and several trends 

are noted. First, the samples having the lower final radius 

have the lower densities and secondly for a given radius an 

increase in sodium chloride concentration results in an in-

crease in the difference between the calculated and experi-

mental weight terms. The calculated weights were determined 

by means of Equation (9) for pure water. 

Fig. 14 shows a plot of data resulting from tests con

ducted using a sphere of radius r 0 = 1.00 inch and values of 

te between 27.4 and 28.2 °F. The linear relationship best 

fitting these points is given by 
3 3 

ll.W= WLt-Wxt = -o. o 1104-Crxt - ro) +- O, oz 4q I 
(12) 
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TABLE VII 

DENSITY AND SAMPLE WEIGHT DATA 

Run Experimental Calculated Diff. Density Equilibrium 
number radius weight weight Temperature 

31 1 • 150 0.0591 0.0720 +0.0129 46.8 28.77 
16 1.150 0.0595 0.0720 +0.0125 47.2 28.49 
24 1. 200 0.0844 0. 1006 +0.0162 47.8 28.28 
18 1.175 0.0739 0.0860 +0.0121 48.9 28 .12 
19 1.200 0.0873 0. 1006 +0.0133 49.5 28.26 
22 1.200 0.0882 0. 1006 +0.0124 50.0 28.43 
27 1.200 0.0904 0. 1006 +0.0102 51.2 27.82 
25 1.350 0. 1863 0.2018 +0.0155 52.6 28.54 
38 1. 275 0.1385 0. 1482 +0.0097 53.2 31.34 
11 1.250 0.1250 0.1317 +0.0062 54. 1 29.96 
17 1.300 0. 1570 0 .1654 +0.0084 54 .1 27.90 
44 · 1 • 225 0. 1857 0. 1957 +0.0100 54. 1 28.62 
12 1.200 0.0957 0. 1006 +0.0049 54.2 30.00 
20 1.300 0.1579 0 .1654 +0.0075 54.4 28.08 
23 1.300 0.1585 0. 1654 +0.0069 54.6 28.30 

6 1.500 0.3164 0.3282 +0.0118 55.0 31. 43 
10 1. 250 0.1274 0.1317 +0.0043 55.2 29.94 
48 1.300 0.2800 0.2863 +0.0063 55.8 28.68 
14 1.300 0. 1627 0. 1654 +0.0027 56. 1 29.82 
26 1 .400 0.2370 0.2410 +0.0040 56. 1 27.92 

9 1.250 0.1299 0.1317 +0.0018 56.2 31.28 
21 1 .450 0.2811 0.2831 +0.0020 56.6 28.62 
43 1.325 0.2615 0.2631 +0.0016 56.6 29.92 

5 1.300 0. 1643 . 0. 1654 +0.0011 56.6 31.38 
13 1. 300 0.1647 0. 1654 +0.0007 56.8 29.84 
7 1 .450 0.2827 0.2831 +0.0004 56.9 31.36 

42 1.325 0.2633 0.2631 -0.0002 57.0 31 .42 
8 1. 275 0. 1484 0. 1482 -0.0002 57. 1 31.36 

50 1.325 0.3050 0.3041 -0.0009 57 .1 27.95 
15 1. 425 0.2635 0.2617 -0.0018 57.4 28.43 
37 2.025 1 • 0172 1. 0092 -0.0080 57.4 .31.26 
49 1.350 0.3248 0.3227 -0.0021 57.4 27.96 
47 1 .400 0.3656 0.3619 -0.0037 57.6 30.08 
29 1. 675 0.5232 0.5112 -0.0121 58.3 28.46 
28 1 . 575 0.4130 6.4017 -0.0113 58.6 28.23 
33 1. 575 0.4128 0.4017 -0.0111 58.6 28.70 
30 1.650 0.4983 0.4825 -0.0158 58.8 27.79 
40 1. 700 0.5590 0.5406 -0.0184 58.9 29.49 
39 1. 700 0.5499 0.5407 -0.0092 59.5 29.21 
34 1. 925 0.8946 0.8474 -0.0472 60.2 28.28 
46 1.325 0.3067 0.3041 -0.0026 62.8 31.42 
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or 

AW::. -o. 01104[(~!-'(;J- 2, 2 5~~ (13) 

This established the point at which the difference between 

the calculated and experimental values change signs. Similar 

calculations for other solution concentrations give approxi-

mately the same value however the value 0 . 011043 was not 

constant but tended to increase with increasing concentra-

tions or decreasing te• 

Therefore 

or 

(14) 

( 15) 

Fig. 15 indicates that f(te) may be expressed as an 

exponential function; however, since the difference between 

Wit and Wxt is theoretically zero for pure water, f(te) 

should be expressed as (32 - te)B. Evaluating the slope of 

the line in Fig. 15, gives B = 1.21. 

The equation for 11 W is now of the form 

(16) 

Next, the effect of varying r 0 is to be ascertained , 

again assuming an exponential form 

p 3 3)!). W ~~ ~7.27::: Az(V-o)D 
( Y,ct - ro -Z,2560 32-te (17) 
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Rather than using a graph to determine D, the data was grouped 

according to the value of r 0 • The constant A2 was eliminated 

for the three values of r 0 and the average value of D was 

computed as - 1.086~ 

The value of the constant A2 was obtained by evaluating 

.3 3 ,1[ 1,2, -/,086 
~W=- A:z.~t;tt-Yo)-2.2s,0J 32-t~ [ro] c1a) 

for all of the runs and averaging the resultant A2•s which 

gave 

and 

or 

where 

· 3 3) WLt = o,13s2.(ri<,t- ro . (21) 

Now let Wjt be the values obtained by inserting experimental 

values of rxt and te into Equation (20), so that 

,.1.1 -,.oa, 
Wjt=O,l3B2(r;!- rlJ+oao2!5.3~r;c\-ro3)-2.2s,~~2-td [~ 

. (22) 
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and evaluate the difference betwe.en W jt and the experimental 

value Wxt• The differences were squared and then summed to 

determine the magnitude of the error. By trial and error 

the squared error is considerably reduced by using 

Table VIII, indicates the difference between the experimen

tal values of the total weight and the calculated values. 

Table IX is the data applied to the velocity runs. The per-

centage error column was determined from 

[\..vj-r. - W')(t l x IOO 
WJt j 

(24) 

Discussion of the Total Weight Equations 

Equation (23), which applies to all the runs, was plot

ted in terms of the density, as determined from Equation ( 10), 

using Wjt as the sample weight, for various values of (32 -

te), in Fig. 16. To explain this curve, recourse must be 

made to visual observations of the manner in which the ice 

formed on the sphere. In the pure water runs the ice form-

ation was practically transparent except fo~ rapid growth 

runs in which radial air inclusions were present. For saline 

runs the formation was opaque and consisted of a radial 

needle-like formation extending from the surface of the 

sphere. As the run was allowed to proceed, the structure 

adjacent to the surface of the sphere became more compact 
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TABLE VIII 

CALCULATED AND EXPERIMENTAL TOTAL WEIGHT DATA 

Run Calculated Experimental Difference Per cent 
number weight, wjt weight, wxt wjt - wxt error 

1 0.2410 0.2218 +0.0192 +7.69 
? 0.4278 0.4282 -0.0004 -0.09 
5 0.1645 0.1643 +0.0002 +0.12 
6 0.3283 0.3164 +0.0119 +3.62 

10 0. 1266 0.1274 -0.0008 -0.63 
15 0.2595 0.2635 -0.0040 -1.52 
16 0.0581 0.0595 -0.0014 -2.41 
17 0 .1655 0. 1570 +0.0085 +5.1~ 
18 0.0712 0.0739 -0.0027 -J.79 
19 0.0874 0.0873 +0.0001 +0.12 
24 0.0875 0.0844 · - +O. 0031 +3-54 
25 0.1960 0. 1863 +0.0097 +4.95 
26 0.2368 0.2370 -0.0002 -0.01 
27 0.0854 0.0904 -0.0050 -5.85 
28 0.4088 0.4130 -0.0042 -1.32 
29 0.5246 0.5232 +0.0014 +0.27 
30 0.4970 0.4983 -0.0013 -0.26 
31 0.0595 0.0591 +0.0004 +0.67 
34 0.8841 0.8946 -0.0105 -1 .18 
35 0.5112 0.5111 +0.0001 -0.02 
36 0.8864 0.8858 +0 .• 0006 +0.07 
37 1.0156 1. 0172 -0.0016 -0.16 
38 0.1470 0.1385 +0.0085 . +5.78-
39 0.5519 0.5499 +0.0020 +0.36 
40 0.5504 0.5590 -0.0086 -1.56 
41 0.2631 0.2659 -0.0028 -1.06 
42 0.2628 0.2633' -0.0005 -0.19 
43 0.2646 0.2615 +0.0031 +1.17 
44 0.1877 0. 1857 +0.0020 +1.06 
45 0.2526 0.2518 +0.0008 +0.32 
46 0.3052 0.}067 -0.0015 -0.49 
47 0.3655 0.3656 -0.0001 -0.03 
48 0.2851 0.2800 +0.0051 +1.82 
49 0.3241 0.3248 -0.0007 -0.22 
50 0.3051 0.3050 +0.0001 +0.03 
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TABLE IX 

CALCULATED AND EXPERIMENTAL TOTAL WEIGHT DATA 
VELOCITY RUNS 

Run Calculated Experimental Difference Per cent 
number w'eight, w 't .J 

weight, Wxt wjt.- wxt error 

3 . 0.3763 0.3868 -0.0105 -2.76 
4 0.3052 0.3050 +0.0002 +0.09 
7 0.2831 0.2827 +0.0004 +0.14 
8 0.1472 0.1484 -0.0012 -0.81 
9 0 .1304 0 .1299 +0.0005 +0.38 

11 0.1266 0. 1250 +0.0016 +1.24 
- 12 0.0948 0.0957 -0.0008 -0.84 

13 0.1611 0 .164 7 -0.0036 -2.20 
14 0.1610 0 .1627 -0.0017 -1.09 
20 0.1564 0.1579 -0.0015 -0.95 
21 0.2822 0.2811 +0.0011 +0.39 
22 0.0882 0.0882 ---0.0000 0.00 
23 0.1569 0 .1585 -0.0016 -1.03 
32 0.4078 0.4051 +0.0026 +0.68 
33 0.4076 0.4128 -0.0052 -1.27 
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but the outer surface always exhibited a needle-like appear

ance. For large amounts of radial growth the specimen there

fore consisted of a solid core surrounded by a sponge like 

mass of needle growth. If the surrounding fluid temperature 

was sufficiently low, dendrite plates, having a random orien

tation, would appear at the surface and in some cases ex

tended to the chamber wall. These formations were quite 

delicate, being fern like in appearance and very thin. They 

had no appreciable effect on the results of the experiment 

since drawing the fluid from the chamber invariably dislodged 

the plates. Therefore they did not influence the total 

weight calculations. Figures 5 and 6 are photographs of the 

ice samples formed in pure and saline water. 

From the above visual description of the sample morpho

logy, the increase in density may be explained by either one 

of two hypotheses: 

1. The pores in the spherical section were inter

connected and the brine was held in place by capillary forceso 

2. The pores were not interconnected, and the 

sample must be melted in order to permit entrapped brine to 

escape. 

In either case, large spherical sections will contain 

larger amounts of high density brine. Therefore, the density 

will increase with increasing radii. 

As the density of the brine solution increases the den

sity of the entrapped brine must also increase. Therefore, 

as the concentration increases, or as the equilibrium 



temperature decreases the apparent density of the spheri

cal section must increaseo 
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Decreasing the initial radius serves to magnify these 

effects so that small radial samples retain less brine and 

large-samples retain proportionally more brineo For inter

connected pores this is valid if·the percentage of void 

spaces is proportionally larger when using a small starting 

radius. For pores which are not interconnected it means 

that starting with a small radii permits easier brine loss 

for small growth weight while larger samples retain more 

brine. 



APPENDIX D 

DEVIATION OF FINAL RADIUS EQUATIONS 

The total weight equations permit the calculation of 

the final weight of entrapped brine and ice when the brine 

concentration, initial sphere size and final sphere radius 

are known. These equations, however, are of little value 

since no method has yet been presented to calculate the 

final radius of the sphere. Morphological aspects of this 

problem require that four separate cases be considered: 

1. brine temperature equal to equilibrium 

temperature, 

2. brine temperature greater than equilibrium 

temperature, 

3. brine temperature less than equilibrium 

temperature, and 

4. brine has velocity, V , brine temperature avg 
less than or equal to equilibrium temperature. 

Derivations of Equations to Evaluate Final Radius 
of Ice Sample When the Brine Temperature 

Equals the Equilibrium Temperature 

The first of these in which the brine temperature and 

equilibrium temperature are equal may be analyzed by use of 

equations derived by London and Seban (12). 
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The solution of London and Seban is as follows: 

surface of 

where 

The heat transferred by conduction from the inner 

sphere to the outer ice 

q = 4Tfk i:e - r.oj 
I f I - --Va r-

surface is 

q1 = Heat transfer by conduction, Btu/hr. 

k = Thermal conductivity of frozen material, 

Btu/ (fr ft °F), 

(25) 

t = Temperature of inside spherical surface °F. 
0 

te = Equilibrium temperature of surrounding 

liquid, °F. 

Assuming zero heat capacity effects in the frozen section, 

all of the heat transferred through the frozen material 
I 

must be used to form new ice. Therefore 

where 

Since 

or 

9.i = fL Ji1 

q2 = Heat avaiiable to f~rm new ice, Btu/hr 

P = Density of frozen material, lbs/ft3 

v1 = Volume, ft3 

L = Latent heat of fusion, Btu/lb. 

Equations (25) and (26) may be equated to yield 

k tt-;~t0 Jie = tfo' - r }1-r 

(26) 

(27) 

(28) 

(29) 



Applying the boundary conditions 

Q = 0 

and 

Q = Q 

r = r 
0 

r = r. 

Equation (29) may be integrated to yield 
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Kt\-;:_ toje= ~ t3- r,;j- f ((- ro'.:J (30) 

which may be simplified to 

1<. rt. _ t 1 e = J_ 1 Lr:l _ ,J - 1. rt.r{ - ,J ( 31 ) 
f> L r;,Z Le ~ 3 Llrcl Z ~ ro1 

Introducing the dimensionless terms Q* and r*, where 

and 

gives 

e*= I< 
f>L r;/ .. 

e* = ~ [r~3- D - tr~:_ IJ 
introducing the physical properties of pure ice 

r/{- (/. 34-)(1+4-)(t-e -to)8 
- (s7. 0)(14-3, 4-)(r0 2 ) 

(32) 

(33) 

(34) 

_ o. 025(p I (te -it>) 8 
to2 (r0 in inches). (35) 

Table 4 presents the results obtained from applying 

the experimental data to Equations (34) and (35). These 

results are also plotted in Fig. 17~ Equation (34} was 

modified to give a better data correlation. This resulted 

in a decrease in the calculated radius, rct' so that 

e*::: 11/43 [~ r~3-ll - l [r"'t..- ]] (36) 

Table XI shows the results of this modification. The 

values of rct are used to estimate the total weight of the 
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Run 
Number 

2 
35 
36 
41 

32.00 
32.00 
32.00 
32.00 

TABLE X 

EXPERIMENTAL AND CALCULATED VALUES 
OF THE FINAL RADIUS 

FOR tb ··=: t 9 :~y- ~QUATIOlf :34 

1.11 

to Q rxt rct rct - rxt {rct~rxt,100 

\ rct } 

26.1 2.00 1.600 1 .627 .+0.027 + 1 .66 
20.0 1.16 1.675 1.674 -0.001 -0.06 
18.6 2.50 1.950 1.979 +0.029 +1 .46 
24.4 1.50 1.325 1.344 +0.019 +1.40 

45 . 32.00 18.5 2.00 1.250 ·1.288 +0.038 +2.98 
5 31.38 26.6 0~67 1.300 1.351 +0.051 +3°77 

28 28.23 21.4 1.67 1.575 1.617 +0.042 +2.60 
42 31.42 23.0 1.50 1.325 1.371 +0.046 +3.23 

TABLE XI 

MODIFIED VALUES OF THE FINAL RADIUS 
FOR·,tn'=i te -·~y-~QUATIO~ 36 

Run te to Q rxt rct rot - rxt(rct~rx~OO Number 
rct 

2 32 .. 00 26 .1 2.00 1 .600 1.593 -0.007 -0.44 
35 32.00 20.0 1.16 1.675 1.638 -0.037 -2.26 
36 32.00 18.6 2.50 1. 950 1.919 -0.041 -1.62 
41 32.00 24.4 1.50 1.325 1.312 -0.013 -0.97 
45 32.00 18.5 2.00 1.250 1.250 0.000 o.oo 

5 31.38 · 26.6 0.67 1.300 1.331 +0.031 +2.33 
28 28 ,23 · 21.4 1.67 1.575 1.584 +0.009 +0.57 
42 31.·42 23.0 1.50 1.325 1.337 +0.012 +Q.99 

. •,; .· ... 
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sample from 
/,'3 

Wc-t = o .. 1382(~:-rt)- (o~O~t-l'o3J-2.IS~g~2-t~ [-k] (37) 

The results of these calculations are shown in Table 

XII. 

The required steps to determine the total sample were 

therefore 

1. G* was calculated by substituting experim-en-

tal values of t e' to, r and Q into Equation (35). 

2. r* was calculated by means of Equation (36), 

or by use of Fig. 17. 

3. 

4. 

rct 

wet 

was 

was 

calculated from 

calculated from 

r* = rctfro. 

Equation (37). 

Discussion of Final Radius Equation for Equal 
Brine and Equilibrium Temperatures 

The major approximation introduced in the preceding 

derivations results from neglecting the thermal capacity of 

the frozen solid. As stated by London and Seban and more 

specifically by Cochran (13) the omission of the capacity 

should not result in an error larger than five percent when 

water is the material to be frozen. Cochran's paper includes 

an error curve with L* as the parameter that establishes the 

degree of the error, Fig. 18. The smallest value of L* in 

this experiment would be l5 for a t 0 of 12°F; therefore, the 

error is probably of the order of 3 to 5%. 

From Table X the error was found to be well within 

these limits. It is noted that the saline solution runs, 
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TABLE XII 

EXPERIMENTAL AND CALCULATED TOTAL SAMPLE 
WEIGHTS FOR tN = tb 

BY EQUATIO. 37 

Run r wet w . w -w ( wet - wxtf 1 oo 
Number ct xt ct xt 

wet 

2 1.593 0.4203 0.4282 -0.0079 - 1.88 
35 1.638 0.4691 0.5111 -0.0420 - 8.95 
36 1.919 0.8382 0.8858 -0.0476 - 5.68 
41 1.312 0.2537 0.2659 -0.0122 - 4.81 
45 1.250 0.2525 0.2518 +0.0007 + 0.27 

5 1.331 0.1869 0.1643 . +0.0226 +12.09 
28 1.584 0.4187 0.4130 +0.0057 + 1.36 
42 1.337 0.2699 0.2633 +0.0066 + 2.45 
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numbers 5, 28, and 42 result in the largest errors, though 

these values are still less than four percent. Since the 

values for the physical properties used in Equation {35) 

were those of pure water, this represents an obvious source 

of errors. Finally, in saline solution runs the surface 

salt concentration of the sphere is not equivalent to the 

surrounding liquid salt concentration. Therefore the temper

ature at the ice interface was not equal to the temperature 

of the surrounding liquid. This was a basic assumption in 

the derivation of Equation {34). 

The sign of the error was also correct since neglecting 

the heat capacity would result in a value of the final 

calculated radius larger than the experimental value. 

The results of applying these equations were very satisfactory 

in terms of the resultant radial errors; however, relatively 

small errors in the radial values result in large errors in 

weight values which are calculated by Equation {37). For 

example, as shown in Table XII, run 35 has a - 2.26% radial 

error resulting in a - S.95% weight error, while run 5 has 

a+ 12.09% weight error. With the exception of these two 

runs the total weight error for the remaining six experiments 

was less than 6% in every case. 

Derivation of Final Radius Equations 
for Brine Temperature Greater 

Than Equilibrium Temperature 

When the brine temperature was higher than the equili-

brium temperature, the sample grew to a finite size at which 
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time steady-state conditions are attained. This means that 

the heat conducted through the sample was equivalent to 

the heat transferred at the surface, or mathematically 

stated: 

9_= 41Tk[1°_~_-1°J: hA(tb-te) 
L~ ~ J 2 

his the conve.ctive coefficient, Btu/(hr ft where OF) 

and A the surface area of the spherical ice layer. 

(3g) 

For the free convection problem the general expression 

relating the convection coefficient to the physical varia

bles involved in the Nusselt, Grashof and Prandtl numbers is 

(39) 

where 
hD 

Nu= (Nusselt number)=~ 

Sf/D.5(-f:b-te ),S 
Gr= (Grashof number)= ;µ..! 

Pr = ( Prandtl number) = r 
neglecting inertia effects Equation (39) may be reduced to 

1V IA.. == /V(.,L, ( G r Pr-) (40) 

Assuming a logarithmic relationship for the functional 

relationship between the various groups, the following 

equation is obtained 

(41) 

Since the maximum temperature difference is only 1.5 °F, 

it is reasonable t-0 assume that. the physical properties 

remain constant. This is fortunate since the properties are 

not well established in this region. 
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Therefore, the equation for h may be reduced to 
. n, 3n1 

h = /Cz f;Jf b-t~ [~] (42) 

Due to the needle-like surface present in the saline 

runs the surface area is considerably greater than 4rrr2 . 

Due to the irregular nature of the surface the following 

equation will be used to relate the radius and surface area 

Therefore, Equation (3g) may be expressed as 

or 

and letting 

So that 

J_ = 

(te-to)L fo J:oll't~(i;b-te)b 
Lt"t-tc) 

The data was arranged with ascending values of 
r 

(43} 

(46} 

(47) 

(48} 

(49} 

(t - t ) ( 0 ) • The data was then divided into three e o r _ r 
t O 
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groups and the values of a, b, and d were determined such 

that a.: 2.+S' b= o. 272.. cl.= 3/00 

(t e - t 0 ) = :3 IDO [ft_ ;i (r; )'2,45 
(tb - te )o,ztz L~ '..I t 

or 
(50) 

Expressing r in inches and modifying the constants to obtain 

the best correlation with the experimental data gave 

( te -to) :. 7-11 rrt _ ~ (r.; )2•3!~ 
( tb -te)0,25 era ~ t 

(51) 

Figure 19 is plotted with the experimental points 

included, while Figure 20 presents the data in a convenient 

form for determining the radius rt. Table XIII compares 

the calculated and experimental values of the final radius, 

while Table XIV compares the calculated and experimental 

total weights. 

Discussion of Final Radius Equa~ion for 
Brine Temperature Greater Than 

Equilibrium Temperature 

The accuracy of the equation is typical of that found 

in non-flow freezing runs performed during this experiment. 

Since the variables involved are inherently stable in nature 

and easily measured, the results are reasonable. For this 

case the critical measurement was the value of tb - te. 

However, the effect of this variable was greatly suppressed 

by tpe exponential power used in Equation (51). This is 

apparent since the value of tb - te varies from 0.1 to 1.7, 

( t ) 0.25 6 or a factor of 17, while tb - e varies from O. 5 ·· to 

1.14, a factor of 2. 
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TABLE XIII 

EXPERIMENTAL .AND CALCULATED FINAL RADII VALUES 
OF THE FINAL RADIUS FOR tb > t~ BY EQUATION 51 

-;\e 

Run t - t tb - te rxt rot tct - rxt]1oo Number e o 
rct 

38 2.8 0.5 1.275 1.268 -0.58 
25 3.9 0.4 1.350 1.368 +1.29 
10 3.5 1.5 1.250 1.259 +0.69 
16 2.3 3.0 1.150 1.169 +1.63 
17 4.7 1.6 1.300 1.311 +0.86 
30 10.7 0.3 1.650 1.636 -0.86 
1 6.9 1.7 1.400 1.392 -0.57 
6 8.9 0.9 1.500 1.499 -0.06 

39 13.0 0.3 1.700 1.708 +0.46 
37 21.2 0.1 2.025 2.023 -0.10 
43 9.0 0.5 1.325 1.329 +0.30 
44 6.8 0.7 1.225 1.231 +0.46 
49 16.3 0.2 . 1.350 1.347 -0,.23 
48 15.2 0.3 1.300 1.295 ;..Q.36 

TABLE XIV 

EXPERIMENTAL .AND CALCULATED TOTAL SAMPLE 
WEIGHTS . FOR tb > t 6 BY EQUATION 37 

Run rct wet wxt wet - wxt [et -wxt}oo Number 
wet 

38 1.268 0.1421 0.1385 +0.0036 + 2.53 
25 1.368 0.2102 0.1863 +0.0239 +11.37 
10 1.259 0.1325 0.1274 +0.0051 + 3.85 
16 1.169 0.0689 0.0595 +0.0094 +13.64 
17 1.311 0.1640 0.1570 +0.0070 + 4.27 
30 1.636 0.4800 0.4983 -0.0183 - 3.81 
1 1.392 0.2346 0.2218 +0~0128 + 5.46 
6 1.499 0.3278 0.3164 +0.0114 + 3.48 

39 1.708 0.5618 0.5499 +0.0119 + 2 .12 
37 2.023 1.0058 1.0172 -0.0llLI. - 1.13 
43 1.329 0.2531 0.2615 -0.0084 - 3.32 
44 1.231 0.1915 0.1857 +0.0058 + 3.03 
49 1.347 0.3189 0.3248 -0.0059 I - 1.85 
48 1.295 0.2814 0.2800 +0.0014 + 0.50 



By means of Equations (47) and (4e) n1 and n2 were 

evaluated, and were found to be 

n, == - o. 75" 
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(52) 

(53) 

For free convection calculations the value of n1 is 

typically of the order+ 0.25. As noted by Dunmore, Merk 

and Prins (14) and as shown in Fig.21, the inversion point 

of water causes a marked change in the shape of the Nusselt 

number, surrounding-temperature curve. From 3 °C to 5°C 

an1 increase ,in tb. -· te:..would cause :·a.:drop~ in-~the Nusselt 

number which would require a negative power since tb - t . e 

is greater than unity. The article by Dunmore serves to 

explain this difficulty and returns the expression to the 

form 

I 

Nu_= Q.~(P...-Gr)+ (54) 

by correcting the thermal expansion coefficient,~. 

However, the range of values of tb -·te encountered in this 

experiment were to the left of the inversion point which 

requires a positive exponent. Within the narrow range of 

values used in this study, it was impossible to explain th:e 

divergence of values. Further study of the convection 

mechanism and its stability near the inversion point would 

be required. As will be shown later, in an investigation 

devoted primarily to the desalination process the case of 
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brine temperature greater than the equilibrium temperature 

was an inferior configuration both f'rom an ec_onomic and salt 

separation standpoint. 

The exponent, n2 , value of 6.58 rather than 2 is quite 

reasonable since the needle like surface has an exposed 

area considerably greater than that of a smooth surface. 

The use of calculated values of the final radius to 

evaluate the total weight again illustrates the necessity of 

accurate temperature measurements. Runs 16 and 25 do not 

appear to have excessive radial measurement errors. However 

these values result in large calculated and experimental 

total weight differences. 

·Derivation of Final Radius Equation for 
Brine Temperature Less Than the 

Equilibrium Temperature 

When the brine temperature is less than the equilibrium 

temperature the ice sample will grow indefinitely, and at 

a rate proportional to the degree of subcooling and to the 

inside temperature of the sphere. Frank {15) presents a 

solution to the problem of diffusionally controlled spher

ical growth starting from zero radius in a uniform medium. 

This solution, presented below, neglects convective effects 

and dendritic-type growth so that the times required to 

form a particular size sample are much greater than those 

obtained in the actual experiment. Since Frank's solution 

does not allow for these effects it ca.n not be used to predict 

the results of this experimental work. However, this solution 



125 

proved to be useful in selecting parameters for correlating 

data. 

Essentially Frank's solution is a similarity transfor

mation by means of a dimensionless reduced radius s where 

into the diffusion equation 

where 

r is the radius, ft. 

Dt is the thermal diffusivity, ft 2/hr 

Q is the time, hours 

tis the temperature, °F. 

(55) 

(56) 

Taking the partial derivatives of s, the diffusion equation 

is reduced to 

(57) 

and apply the boundary condition 

t = t QC) when s = 00 

gives 

(58) 

where 

(59) 

To evaluate the constant A the conditions at the growth 



surface are applied and for a sphere of radius R 

R= snte'lz 
the surface conditions are 

-4irR\!;)r=R = (- tTT--0.2)( 0%)( €> 'lz)( ~1)4=S 

. = ( 4 IT A) ( D 312 )( e 112-) [exp (- f J] 
This term represents the quantity of heat crossing the 

spherical surface at radius R. 

Equating the diffusing heat at the boundary of the 

growing phase to the amount of new material formed gives 

or 

Substituting the value of A into Equation (5S) gives 
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(60) 

(61) 

(63) 

ts = s,.,,.'(' .Po-ce ( 64 ) 
cemp@ra..'/:u.r~ "F. 

or 

(65) 

where 

.3 '2. 

f(S)-=- f ~xp (f fl F(S) (66) 

The same derivation may be used for the diffusion of 

material across the boundary. 

The equations to be solved simultaneo-qsly are 
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t5 - t_ = .'.:c_ f ( St) (67) 

C5 - C. co =- C .s f ( Sc.) (68) 

ij=tm--l<Cs (69) 

'lz. l/2. 

St Dt =Sc.De. (70) 

Equations (67) and (68) are the result of solving the 

thermal and material diffusion equation, where C is the con

centration. Equation (69) is the depression of the melting 

point from its value tm in a pure solute. Equation (70) 

is the result of assuming that the thermal diffusivity, Dt, 

and the material diffusivity, De, are independent constants 

and secondary coupling effects may be neglected. This 

equation was obtained by solving Equation (60) for RQi 

and equating the heat and material diffusion coefficients. 

Eliminating ts and Cs from Equations (67}, (68), (69) 

and (70) gave 

f (St)=- f (-tl'r"l -t~) - KCl).D (71) 
I - f(Sc.) 

For sodium chloride solutions, from Equation (11),. 

(72) 

or K = 1.05 in the range of concentrations from zero to four 

percent. 
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Finally 

I<. - -3 '"/ pt = f>IC.. = :, • 3() X JC) ) f-t I/, r, (73} 

and D, the material diffusivity, as given by Richardson (16} 
c 

may be estimated as 
- o 2 -5 2 I ( 7 4} 

Dc.=l·'3~XID .-c.m/~=5,30X/0 f-l1/vi.., 

and from Equation (70) 

Sc.= I05t 
Richardson's paper, presented in 1964, serves to 

illustrate the difficulty of obtaining material diffusion 

properties and the above estimate represents the best 

available value. 

By substituting the values for sodium chloride into 

Equation (71) the following expression was obtained: 

/.CJ5 Coo ] 
J - -f( ID St) 

(75) 

To determine the magnitude of time required to freeze an 

ice sphere of a given radius for a purely diffusional 

process, let C = 4.0% and tlllO= 20 °F. By means of Fig. 22, 

Equation (75) becomes 

29S f(St) + 
4.zo _ 12 

I -f(JD5t) -
(76) 

and solve for St, from which a value of 0.183 is obtained. 

Substituting this value of St into the following equation 

gave 

~2. 'lz ~ 
R = st: nt e = o. 013 3 e 2 R~ feet, (77) 



To grow a sphere having a radius of 2 inches requires 

156 hours. However, assuming a starting radius of 1 inch 

the time required to grow a sample to a final radius of 2 

inches was 116 hours. In the experimental runs the time 

required to grow a sample of this thickness was of the 
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order of 2 hours. From the above analysis it is apparent 

that the problem was convectively controlled and the shorter 

times indicated that brine was entrapped. 

As stated by Frank it is permissible to shift the time 

zero to account for initial growth but the above analysis 

is not valid when heat is being conducted across the ice 

formation. The potential for ice formation consists of two 

parts. These two parts were the degree of subcooling of the 

surrounding brine and the difference between the inside 

surface temperature of the sphere and the ice surface. The 

assumption of t 00 equal to 20 °F was intended to approximate 

these conditions and to give a rough evaluation of the time 

required for freezing the 2 inch sphere. A strict analy

tical solution to this problem is not available for pure 

water or saline solution. 

Even though the sphere growth was much too rapid for a 

diffusionally controlled process, it was possible that the 

inner core which produced the potable water was diffusionally 

controlled. For a two inch sample grown on a sphere of one 

inch radius the total sample weight was approximately one 

pound. As will be shown later, about twenty-five percent of 

a given sample is essentially pure water. If this pure 
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water was generated by the hard inner core, it must have had 

a radius of 1.41 inches for an initial sphere radius of 1 

inch. The above calculations indicate it would require 40 

hours to fonn such a sample by diffusional means alone. 

Therefore, the growth of the inner core was not diffusionally 

controlled. 

Visual observations also verified that the growth was 

not diffusional in nature, but the above analysis does 

indicate the parameters that should be used in correlating 

the experimental data. Since 

1. 
the parameter r/Q2 should be included in the solution as 

well as 32 - tb. Also the inside sphere temperature must 

be included as a variable. Since tb was related to the pure 

solute temperature in order to give one potential for ice 

f'onnation, 32 - t 0 was assumed to be another variable. 

Lastly, the concentration Cb should be included to give an 

equation of the fonn 

Y-t. - ro = f' r(3z.-t ) (32- t ) c J e 'lz. ~ b ) o') ~ (79} 

The group (rt - r 0 }/Q! was plotted on cartesian and 

semi-log paper, Figures 23 and 24. These plots gave an 

excellent correlation of data when the groups (32 - tb} and 

(32 - t 0 } were added to form 

($0} 
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When these groupings were used, the variation in the concen

tration did not have any apparent effect on the data correla

tion. This was due to the narrow range of concentration 

values present in the test. From the semi-log plot the form 

of the equation for this case, where tb< te, should be of 

the form 

(81) 

or 

io9 (b.t) = (J2.09 A)+ BSJiiVo) (82) 

yt\f ~ Yo = .i.o\(6-t.) - £.w A = C + .P.oJ (6t) ( 83) 

Grouping and solving for the constants C and D gives 

r~ = -J. 2118 + 0,~71 I .£03e (6t) (84) 

where the constants were evaluated for natural logarithms 

and 

(85} 

(86) 

The validity of the application of the parameters suggested 

by the analytical study to determine the final radius is 

shown in Table XV. For the determination of the total 

weight, Equation (37) was used and the results are expressed 

in Table XVI . 
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TABLE XV 

EXPERIMENTAL .AND CALCULATED VALUES OF THE FINAL 
RADIUS rt FOR tb < t 8 BY EQUATION 86 

Run 6t G ret rxt ret - rxt (re t -1xt) 100 Number 
r.et 

19 10.9 1.58 1.192 1.200 -0.008 -0.67 
24 10.9 1.84 1.207 1.200 +0.007 +0.16 
27 11.0 1.67 1.204 1.200 +0.004 +0.33 
31 11.3 0.83 1.158 1.150 +0.008 +0.69 
15 14.1 1.90 1.413 1 . 425 -0.012 -0.85 
26 16.7 1.50 1.511 1.400 +0.111 +7.35 
40 17.3 2.83 1.700 1.700 0 . 000 o.oo 
50 18.4 3.17 1.304 1.325 -0.021 -1.61 
46 18.6 3.18 1 . 316 1 . 325 -0.009 -0.68 
47 19.8 3.50 1.423 1.400 +0.023 +1.62 
29 21.9 1.50 1.674 1 . 675 -0.001 -0.06 
34 23.5 2.50 1.934 1 . 925 +0 . 009 +0.47 

TABLE XVI 

EXPERIMENTAL AND CALCULATED TOTAL SAMPLE 
WEIGHTS FOR tb < t 8 BY EQUATION 37 

Run ret wet wxt wet - wxt t -w l Number 10 ctwct xj 

19 1.192 0.0823 0.0873 -0.0050 - 6.08 
24 1.207 0.0920 0.0844 +0.0076 + 8.26 
27 1.204 0.0880 0.0904 -0.0024 - 2.73 
31 1.1 58 0.0642 0.0591 +0.0051 + 7 .94 
15 1,413 0.2488 0.2635 -0.0147 - 5.91 
26 1.511 0.3415 0.2370 +0.1045 +30.60 
40 1.700 0.5503 0.5590 -0.0087 - 1.58 
50 1.304 0.2879 0.3050 -0.0171 - 5.94 
46 1.316 0.2976 0.3067 -0.0091 - 3.06 
47 1.423 0.3857 0.3656 +0.0201 + 5.21 
29 1.674 0.5233 0.5232 +0.0001 + 0.02 
34 1.934 0.9035 0.8946 +0.0089 + 0.99 



Discussion of Final Radius Equation for 
Brine Temperature Less Than the 

Equilibrium Temperature 

The final radius equation for the case of the brine 
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temperature less than the equilibrium temperature produces 

accurate results wit·h the exception of Run 26. The source 

of this error is probably due to an error in measuring the 

inside sphere surface temperature. From Appendix A this 

temperature appears to be too high for the sump tempera-

ture present during this run. 

The arrangement of the various parameters is qualita

tively correct. An increase in the total potential will 

result in a larger final radius fo r a given freezing period. 

The sample will also increase without bound as the time 

increases. 

Derivation of Final Radius Equation 
When Brine Has a Velocity 

The final case involves the calculation of the total 

radius in the presence of a brine velocity field. To 

account for the fact that the test chamber has a finite 

cross sectional area, the velocity was corrected for the 

presence of the sphere at the start of a run anq t he presence 

of the spher e plus the ice at the termination of the run. 

The volume flows for the four orifices used during the test 

were 

Q1 = 0.05612 ft3/min 

Q2 = 0.1327 ft3/min 



Q3 = o·.1953 ft3 /min 

Q4 • 0.2234 ft3/min. 
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The cross-section area of the test chamber was 0.1918 ft2 

so that the four velocities were 

v1 = 0.2926 ft/min 

v2 = o.6919 ft/min 

v3 = 1.0182 ft/min 

V4 = 1.1648 ft/min. 

The velocity, Vi' was determined by deducting the cross

sectional area of the sphere,7Tr~, from the chamber cross

sectional area; the velocity, Vf, was evaluated in the same 

manner except the cross-sectional area of the ice sample 

was deducted from the chamber. The average velocity was 

then determ~ned by 

\../ _ V"'l + VL+Vf 
Vo..v9 - 2 4 n=- 1, 2, ~) 4 (87) 

where n designates the orifice used. The actual effect of 

these corrections results in an average 3% increase in the 

velocity term. 

The experimental data for the brine velocity experiment 

are plotted in Fig. 25. This curve shows that the data may 

be correlated by means of the equation 

(88) 

This expression may not be extended to non-flow runs. 

The temperature exponent c was evaluated by determining 

the slope of the curves in Fig. 25 which gave a value for c 
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of 1.0. The velocity exponent b was approximated in the 

same manner from Fig. 26 giving a value for b of - 1.0. 

From Fig. 26 it is also apparent that the lowest velocity 

runs are of no practical value. The constant (a) was 

evaluated by repeated solutions of Equation (88) and 

averaging the resultant values. The final result is 
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I 6-t 
so Vo..v.9. 

(89) 

Equation (89) is plotted in Fig. 27 to illustrate the effect 

of the variables6t and V Calculated values of the final avg 
radius and total weight are presented in Tables XVII and 

XVIII. 

Discussion of the Velocity Equations 

The series of velocity runs resulted in the largest 

radial and weight errors. This was expected in the case of 

the lowest velocities because the small orifice had a 

tendency to plug during the experimental runs and it was 

necessary to clear the orifices manually several times. By 

visual observation of the larger orifices the discharge 

appeared to be uniform. Since the non-velocity runs illus

trated a high degree of radial and weight accuracy it ±s 

reasonable to assume that the difficulties encountered in 

these tests were due either to velocity measurement error or 

to the fact that the velocity runs produced samples that were 

not spherical in shape, as observed in Runs number 21 and 23. 
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TABLE XVII 

EXPERIMENTAL AND CALCULATED VALUES OF THE FINAL 
RADIUS rt FOR BRINE VELOCITY RUNS BY EQUATION 89 

Run vavg 6,t g rct rxt r - r 
Number ( ct xt) 100 

rct 

13 0.3144 9.6 2.25 1. 501 1.300 +13 .40 
20 0.3144 11.9 1.33 1.873 1.300 +30.59 
7 0.3250 7.0 2.17 1.634 1.450 +11.29 

12 0.7480 6.0 1.67 1.207 1.200 + 0.60 
8 0.7534 7.3 2.25 1.290 1.275 + 1.22 

14 0.7552 9.6 1.50 1.311 1.300 + 0.86 
21 0.7684 12.1 2.17 . 1.374 1.450 - 5.64 
33 0.7820 12.0 2.50 1.485 1.575 - 6.04 

3 0.7790 12.9 3.00 1.574 1.550 + 1.50 
22 1.1007 8.8 2.17 1.236 1.200 + 2.87 
11 1.1001 10.1 2.33 1.280 1.250 + 2.37 

9 1.1059 12.0 1.58 1.273 1.250 + 1.79 
32 1.1509 22.1 2.58 1.617 1.575 + 2.59 

4 1.1346 12.3 4.00 1.432 1.475 - 3.00 
23 1.2715 13.. 5 2.33 1.350 1.300 + 3.72 

TABLE XVIII 

EXPERIMENTAL AND CALCULATED TOTAL SAMPLE 
WEIGH'IBFOR BRINE VELOCITY RUNS BY EQUATION 37 

Run rct wet wxt wet - wxt w - w 
Number ( ct xt) 100 

wet 

13 1.501 0.3300 0.1647 +0.1653 +50.09 
20 1.873 0.8021 0.1579 +0.6442 +80.31 
7 1.634 0.4662 0.2827 +0.1835 +39.36 

12 1.207 0.0993 0.0957 -0.0036 - 3.62 
8 1.290 0.1580 0.1484 +0.0096 + 6.08 

14 1.311 0.1693 0.1627 +0.0066 + 3.90 
21 1.374 0.2162 0.2811 -0.0649 -29.40 
33 1.485 0.3129 0.4128 -0.0999 -31.93 

3 1.574 0.4002 0.3868 -0.0134 - 3.34 
22 1.236 0.1114 0.0882 +0.0232 +20.82 
11 1.250 0.1474 0.1250 +0.0224 +15 .19 

9 1.273 0.1455 0.1299 +0.0156 +10. 72· 
-32 1.617 0.4i70 0.4051 +0.0319 + 7.30 
2j 1:j5~ 8:f 68 8:iggg :;8:8~~~ :;~1:6~ 



APPENDIX E 

DERIVATION OF WEIGHT-CONCENTRATION EQUATIONS 

The preceding two sections present methods to calcu

late, first the final radius of the sphere, and second, the 

final sample weighto The next requirement would be the 

determination of the relationship between the accumulative 

sample weight and the salt concentration. The accumula

tive sample weight was adopted as a logical result of the 

manner in which the data was collected. Also the data 

correlation was considerably improved when this method was 

used. As the sample melted, incremental weights were 

collected and their concentration measured. This process 

was continued until the sample had completely melted. The 

incremental weights were then summed, starting with the 

sample that melted first, and the running total of these 

weights equaled the accumulated weight. The final value 

of the accumulated sample weight was also the total sample 

weight. It was observed that the salt concentration of 

the incremental weights decreased steadily as the ice 

sample was melted. 

The zone refining and normal slab freezing processes 

are the closest approximations to the process used in this 

experiment. From the zone and normal freezing processes, 
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methods have been developed to predict the effect of 

changing the parameters for the slab configuration. 'nle 

significant variables in this problem were: concentration 

of the original brine solution, initial radius of the 

sphere, rate at which ice was formed, and brine velocity. 

The concentration of the original brine solution 

obviously effected the weight-concentration distribution. 
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As the sodium chloride concentration of the mother solution 

increases the weight fraction of the total sample having a 

concentration less than any prescribed amount must decrease. 

Experimentally, this was found to be true for all of. the 

runs in this study. 

The effect of the sphere radius has two effects on the 

weight-concentration relationship. As the initial sphere 

size increases there is an increased surface area available 

on which the freezing process may take place. 'nlis means 

that the sample next to the sphere surface occupies a larger 

volume for a given radial growth. Therefore the quantity of 

highly purified solid should increase. Assuming the initial 

frozen ice contains less entrapped brine that the adjacent 

liquid, the other line of reasoning states that the sodium 

chloride concentration of the liquid next to the freezing 

interface is high. A smaller starting radius will therefore 

permit a more rapid dilution of this liquid. For finite 

freezing periods it was found that the larger spheres, with 

their greater heat transfer surface, produced more potable 

water than the smaller spheres. 



144 

The effect of freezing rate was discussed previously 

for a slab configuration. For a slab, increasing the freez

ing rate increased the impurities in the solid phase, Equa

tion (2). For a sphere, it was observed that increasing the 

freezing rate decreased the impurities in the solid phase. 

It was expected that the introduction of a velocity 

field would improve the purification process by removing the 

highly concentratied liquid layero The experimental runs 

associated with a velocity field resulted in less separation 

of salt and water than was obtained in comparable non-

velocity runs. 

Derivation of weight-concentration equations required 

the consideration of three separate cases: 

lo brine temperature greater than the equili -

brium temperature. 

2. brine temperature equal to or less than the 

equilibrium temperature. (Equations for these two cases 

were originally derived separately but the exponents and 

constants were essentially the same so that one equation 

was found to offer a satisfactory solution.) 

3. brine velocity runs. 

Weight-Concentration Equation for Brine Temperature 
Greater than the Equilibrium Temperature 

Fig. 28 is a plot of selected runs for the case, te<:tb. 

These curves indicate that the slope is not a function of 

the temperature or original concentration~ but is affected 

by the initial sphere size. The weight-concentration 
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equation was therefore assumed to be 

(90) 

The slopes, n1 , of these curves were evaluated for all of 

the runs which resulted in the following average valueso 

ro = 1.00 inch 

ro = 0.75 inch 
. r''. ~ ~-

ro = 0.50 inch 

Evaluating the term nlro: 

ro = l.,00 inch 

ro = Oo75 inch 

ro = Oo50 inch 

Slope nl = 0 .. 362 

Slope n1 = 00503 
~'I ·; 

, 

Slope n1 = .Oo599 

n1r0 = 0 .. 362 

n1r 0 = 0"377 

n 1r 0 = 0 .. 300 

To determine the effect of the total temperature 

potential the equation was re-written as 

W . ().3/.ffo V12 

wx = Az[C~~ [_6"1;j 
xt 

(91) 

Runs 16, 25, 44 and 48 have approximately the same original 

sodium chloride concentrations .. By evaluating Wx/Wxt for a 

melt concentration of Cx = 0 .. 1, for these runs, the effect 

of varying6t on the abscissa intersection defined by 

ex= 0.1 may be determined. The value obtained for n2 was 

approximately zero .. This indicates that for the steady 

state runs the rate of ice formation did not have a signi-

ficant effect on the weight-concentration curveso 
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The same procedure was followed for evaluating n3 from 

the equation 

0.34', t'1.3 

Wx :: A3 [Cx1 Yo [ c.b] 
Wxt ~ (92) 

Since the temperature proved to have no effect, high concen

tration runs (16, 17, 25, 30) and low concentration runs 

(6, 38) were used to evaluate n3. The value of n3 was found 

to be - 0.338. 

The constant A3 was evaluated by use of Equation (92). 

The values of Wx/Wxt at ex= O.l were inserted in the above 

equation and the average value of A3 was obtained. Therefore 

Equation (92) becomes 

(93) 

Since the exponents .346 and .338 are nearly the same, an 

accurate data correlation was obtained by 

(1/rc,) .L 
Wx = 0, 88 I t C. ><, j.3 

Wxf:. Cb 
(94) 

When this equation was applied to the experimental data the 

results were satisfactory for all values of Wx/Wxt except 

for those values of Wx/Wxt from 0.8 to 1.0. As noted in 

Fig. 28 the experimental values show a definite curvature 

at these values of Wx/Wxt• Here Equation (94) was modified 

by the substitution of 

[ 0, 85 +0, /5(z-b)J (95) 
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for the constant 0.88, thu• obtat.ning 

.:!!... : [a.SS-tO,IS(~ )1[ d''~J* 
Wt ~D Cb 

(96) 

Thi• term reduce• the value -of the concentration for higher 

value• of e but droP9 out of the waluation a• e decree•••· 

To _determine the accuracy of lquatlon (96), experimental 

values of W1/Wxt were •ub•tltuted for W/Wt• By ualng the 

ex~lmental value• of Cb and r 0 , the calculated concentra• 

tlon Cj was obtained. ej wa• then compared to the experimen

tal sodium chloride concutration ex• Values of ex and ej 

for selected run• are pr••ented ln Table XIX. The values 

for th• remainder of the rune are available ln Appendix R. 

To apply Equation (96) values of Wet were obtained from 

Table XIV for the case of tb > t•• Subati~tlng this value 

for Wt in Equation (9.6), th• value of Wc was obtained for 

particular values o~ the c~e:entratlon e. Values of We for: 

selected runs are presented ln Table XX. The remaining runs 

are presented in Appendix 1. 

The (Wx/Wxt> and (We/Wet> columns are included in 

Table XX .to indicate the accuracy of Equation (96). The 

percentage error was calculated from ~Wc - wx>!Wc]x 100 and 

la tabulated for selected runs in Table XX. The values for 

the remainder of the runs ls presented in Appendix 1. Values 

of the percentage error for all of the runs, at selected 

values of the concentration, are shown ln Table XXI. 



TABLE XIX 

EXPERIMENTAL AND CALCULATED VALUES OF EXPERIMENTAL 
CONCENTRATION AND CALCULATED CONCENTRATION 

BY MEANS OF EQUATION 96 

Run Number 10 

Sample 
Number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

w· x 

0.1274 · 2.15 
0.1210 • 1.41 
0.1061 1.05 
0.0911 .0.792 
0. 0767 0 .440 
0.0573 .0.206 
0.0399 0.060 
0.0250 0.017 
0.0161 0.001 
0.0075 0.000 

tb > te 

2.08 
1.65 
1.09 
0.830 
0.,510 
0.239 
0.082 
0.022 
0.007 
0.000 

Run Number 17 

Sample .Wx 
Number 

c . 
x 

l 0.1570 4.00 
2 0.1532 3.66 
3 0.1427 3.09 
4 0.1288 2.48 
5 0.1169 2.00 
6 0.1069 1.65 
7 . 0~0952 1.24 
8 0.0838 0.902 
9 0.0701 0.532 

·10 0.0531 0.227 
11 0.0410 0.115 
12 0.03~0. 0.058 
~3 0.0214 · 0.032 
14 0~0108 0.009 
15 0.0044 0.000 
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c. 
J 

3.93 
3.78 
3.24 
2.52 
2.00 
1.62 
1.16 
0.838 
0.500 
0.236 
0.112 
0.054 
0.016 
0.002 
0.000 
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TABLE XIX (Continued) 

Run Number 37 (Rapid Melt) nun Number 43 

Sample w ex c. Sample w ex cj 
Number x J Number x 

1 1.0172 1.25 0.750 1 0.2615 2.02 1.89 
2 0.9887 0.778 0.713 2 0.2586 1.80 1.84 
3 0.9393 0.653 0.643 3 0 •. 2368 1.59 1.53 
4 0.8913 0.570 0.567 4 0.2115 1.17 · 1.00 
5 0.8392 0.410 0.510 5 0.1808 1.02 0.924 
6 o. 7872·' 0.357 0.422 6 0.1599 0.795 0.727 
7 0.7359· 0.310 0.360 7. 0.1222 0.371 0.423 
8 .-.0.6921 0.300 0.306 8 0.0763 0.163 0.152 
9 0.6412 0.215 ·0.247 9 0.0452 .. 0.057 0.050 

10 0.5938 ·0.185 0.199 10 Q.0267 0.022 · 0.015 
11 0.5442 0.165 0.159 11 0.0137 0.008 0.001 
12 0.5072 0.157 0.133 
13 0.4487 0.135 0.094 
14 0.4011 0.120 0.064J 
15 0.3583 0.115 0.053 
16 0.3091 0.080 0.033 
17 0.2487 0.052 0.018 
18 0.1972 0.037 0.009 
19 0.1455 Q.008 0 •. 004 
20· 0.0911. 0.001 0.001 
21 0.0368 . 0.000 0.000 
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TABLE XX 

EXPERIMENTAL AND CALCULATED VALUES FROM 
WEIGHT-CONCENTRATION DATA tb > t e 

Run Number 10 

c wx WC w - w c x % Error w wt _1£ 

wxt wet 

2.00 0.1261 0.1315 +0.0054 + 4.1 0.990 0.992 
1.00 0.1032 0.0958 -0.-0074 - .7.7 0.810 0.723 
0.50 0.0784 0.0730 -0.0054 - 7.4 0.615 0.551 
0.10 0.0450 0 . 0413 -0.0037 - 9.0 0.353 0.312 
0.05 0.0361 0.0327 -0.0034 - 9.4 0.283 0.247 
0.01 0.0187 0.0190 +0.0003 + 1.6 0.146 0.143 

Run Number 17 

3.00 0.1407 0.1446 +0.0039 + 2.7 0.896 0.881 
2.00 0.1169 0.1212 +0.0043 + .3. 5 0.745 0.739 
1.00 0.0871 0.0942 +0.0071 + 7.5 0.555 0.574 
0.50 0.0697 0.0717 +o.0·040 + 5.6 0.431 0.437 
0.10 0.0403 0.0412 +0.0009 + 2.2 0.257 0.251 
0.05 0.0295 0.0326 +0.0031 + 9.6 0.188 0.199 
0.01 0.0114 0.0190 +0 . 0076 +40.0 0.073 0.116 

Run Number 37 

0.50 0.8690 0.8404 +0.0286 - 3.4 0.854 0.830 
0.10 0.3374 0.4503 +0.1129 +25.1 0.332 0.425 
0.01 0.1031 0.2043 +0.1012 +49-5 0.101 0.202 

Run Number 43 

1.00 0.2009 0.1820 -0.0189 -10.4 0.768 0.719 
0.50 0.1337 0.1278 -0.0059 - 4.6 0.511 0.508 
0.10 0.0578 0.0609 +0.0031 + 5.1 0.221 0.241 
0.05 0.0412 0.0445 +0.0033 + 7.4 0.157 0.176 
0.01 0.0154 0.0217 +0.0063 +29.0 0.059 0.086 
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TABLE :XXI 

PERCENTAGE ERROR FROM EXPERIMENTAL AND CALCULATED 
WEIGHT CALCULATIONS FOR VARIOUS VALUES OF THE 

SALT CONCENTRATION IN THE MELT SAMPLE 

Concentrations 

Run 3.00 2.00 1.00 0.50 0.10 0.05 0 .. 01 
Number 

6 ----- ----- ----- + 8.3 + 5.6 + 5.4 - 1.0 
10 ----- + 4.1 - 7.7 - 7.4 - 9.0 - 9.4 + 1.6 
16 +16.8 + 9.2 +15.8 +17.6 +46.1 +60.1 +86.7 
17 + 2.7 + 3.5 + 7.5 + 5.6 + 2.2 + 9.6 +40.0 
25 +11.0 +12.0 +12.7 +10~4 + 2.0 +23.4 +37-7 
30 - 2.7 - 2.2 - 4.5 - 5.8 - 5.2 - 1.4 +48.3 
38 ----- ..... ---- ----- + 2.5 + 3.7 + 8.6 - 7.5 
43 ----- ----- """.10.4 - 4.6 + 5.1 + 7.4 +29.0 
44 ----- + 7.8 + 8.8 + 8.0 + 0.2 +11.0 +73°9 
48 ----- +11.8 + 3.0 - 7.8 -19.5 + 7.9 +45.9 
37 ----- ----- ----- - 3.4 +25.1 +31.4 +49-5 
49 ----- + 0.3 -12.6 + 4.3 -46.8 -40.0 -62.5 



Discussion of Weight-Concentration Equation for 
Brine Temperature Gr.eater than the 

Equilibrium Temperature 

As shown in Fig. 29 as Cb increases the percentage 

yield, Wx/Wxt' at any sodium chloride concentration, is 

reduced. 
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The effects of initial sphere radius were indicated by 

runs having the same original salt concentration but dif

ferent starting radii. Values of Wx/Wxt and We/Wet for the 

runs are 

Run r Cb Wx/Wxt We/Wet 
Number 0 

25 1.00 3.37 18.1 20.9 
44 0.75 3.28 13.9 15.1 
48 a.so 3.43 7.1 7.7 

for a concentration C = 0.05%. Therefore, as r 0 decreases, 

the percentage yield from the melted sample having a con

centration less than 0.05% decreases. 

In runs 37 and 49 a different melting technique was 

adopted. Instead of letting the chamber reach its own equi

librium temperature of approximately 60 °F, a heater was 

used to attain temperatures of 99 °F and 87 °F respectively . 

Since the melt down procedure at 60 °F was tedious, requir 

ing from one to four hours depending on the sample size, the 

effects of more rapid melting were explored. The melting 

time for Run 49 was 0.42 hours while a comparable sized 

sample, in Run 6, required 1.33 hours. However, higher 

melting rates tended to average the salt distribution in 
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the melt sample. This resulted in decreased quantities of 

water having a sodium chloride concentration of less than 

0.05 percent. This was due to non-spherical sample melting 

which was in turn caused by the heater location. 

Run 18 was also a variation from the usual operating 

procedure. This run was terminated before steady-state 

conditions were reached in order to determine if: 

l. pure solid was being formed exclusively from 

the very beginning of a run or 

2. whether longer freezing periods were re

quired. The value of Wx/Wxt, percent yield, for C = 0.05% 

in this run was less than 10% while the expected value would 

be at least 15%. This indicates the necessity of attaining 

steady state conditions before melting the sample. 

From Table XXI the percentage errors at C = 0.05%, for 

calculated and experimental weights, as determined by Equa

tion (96), are less than 12% except for Runs 16, 25, 37 and 

49. Runs 16 and 25 are in error due to the erroneous values 

of Wet as noted in Table XIV. The errors in runs 37 and 49 

were due to the high melting rate. The columns Wx/Wxt and 

We/Wet are in close agreement, indicating that the weight

concentration equation, Equation (96), is correct. 

The percentage error values for C = 0.01% are in error 

for two reasons; first the experimental data scatters below 

concentrations of approximately 0.03%. Second, the derived 

equations can not be extrapolated to such low values of C. 

For C less than 0.05% all of the water may be considered as 



potable. 

Weight-Concentration Equation for Brine Temperature 
Equal to or Less than the Equilibrium Temperature 
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From Fig. 30 it is apparent that the general form of 

the equation for this case is similar to that of the preced

ing case and will have the form of Equation (90). The 

average value for the slopes are 

and 

r 0 == 1.00 inch 

r 0 == 0.75 inch 

r 0 == 0.50 inch 

r 0 == 1.00 inch 

r 0 == 0.75 inch 

r 0 == 0.50 inch 

n 1 == 0.358 

n1 == 0.460 

n1 == O. 715 

n r == 0.358 l. 0 

n1r 0 == 0.345 

n1r 0 == 0.357. 

The average value of (n1r 0 ) is 0.355. 

Now, writing 

W')( 
Wx.t 

(97) 

and by use of Runs (19, 24, 34) and (15, 29) which have the 

same brine concentration, the value of the exponent n2 was 

determined by substituting values of Wx/Wxt at Cx == 0.1 into 

Equation (97). The calculated value of n2 is 0.328. Equa-

tion (97) was re-written as 328 
W< ::. ,q3 rc.~1¢2·;:5" [~tJO, [c.~ h3 

VVxt L ~ (98) 
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By selecting runs with widely divergent values of Cb, the 

exponent n 3 was evaluatedo This gave a value of n3 - 0.519 . 

Again the value of the constant A3 was evaluated by 

means of Equation (98) for each run and was averaged. This 

gave an A3 of 1/1.94. The equation is now represented by 

0,353[ C]D,328~ J-0,519 
w = I r c.J ("o .61:J Lcb 
Wt 1.94-L 

(99) 

Again it was necessary to modify the equation for large 

values of W/Wt• In this case it was required that the con

centration term degenerate more rapidly than in Equation 

(96). The final equation to predict weight-concentration 

relationship for tb = te or tb < te became 

(100) 

Discussion of Weight-Concentration Equation for Brine 
Temperature Equal to or Less Than the 

Equilibrium Temperature 

The major difference - between Equation (100) and 

Equation (96), obtained in the preceding section, is the 

introduction of the (At) term and the change in the exponent 

for Cb. When tb > te the ice sample grew to a finite size, 

and the sodium chloride concentration gradient disappeared 

and ice formation ceased . Therefore, the rate of ice form-

ation had little effect on the amount of brine entrapped. 

However, when tb = te or tb< te the sample grew steadily 

and the rate of growth was important in establishing the 

variations of sodium chloride concentration in the solid . 



The reason for the decrease in the brine concentration 

exponent n3, when comparing Equation (100) to Equation 

(96), is not definitely known. When the weight-concen-

tration equation was calculated for the velocity runs in 
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the next section the brine concentration exponent decreased 

still farther. A possible reason for this decrease in the 

brine concentration exponent was that with a continuously 

moving interface, the brine concentration of the mother 

liquid had an increased effect on the salt concentration 

of the liquid nearest the interface. This in turn increases 

the salt concentration in the solid. 

The following two runs illustrate the effect of chang-

ing the temperature on the experimental and calculated per-

centage yield: 

Run 
Number 

15 
29 

3.48 
3.45 

14.1 
21.9 

19.4 
22.9 

for C = 0.05%. In the case of tb> te, Run 25, which had a 

slightly lower brine concentration, the values of Wx/Wxt and 

We/Wet were respectively 

and 
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for 

C = 0 • .05% 

Therefore Run 29 had an increased experimental yield of 

4.8% over Run 25. Table XXII lists values of ex and. Cj for 

selected runs with the omitted runs presented in Appendix H. 

Table XXlll includes selected run values of Wx, We, percent 

error, Wx/Wxt and We/Wet• Table XXIV gives the percentage 

error for all runs at various concentrations C. From 

Table XXIV the largest errors at C = 0.05% occur in runs 

26, 31, 40 and 50. The errors in Runs 26 and 31 are due to 

errors in calculating Wet' while those in 40 and 50 are 

caused by th~ use of high melt rates. 

Weight-Concentration Equation for Brine Velocity Runs 

The experimental data for the brine velocity runs is 

plotted in Fig. 31. The slope of the curves again varies, 

but since all the runs were performed with a radius r 0 = 1 

inch, some other property must be responsible for this 

variation. For the non-flow runs the slope of the weight

concentration curves was found to be independent of the 

temperature difference and initial brine concentration. 

Assuming that the slope of the weight-concentration equa

tions for flow runs were also independent of these terms, 

the variation in slope must be caused by the fluid velocity. 
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TABLE XXII 

EXPERIMENTAL AND CALCULATED VALUES OF EXPERIMENTAL 
CONCENTRATION AND CALCULATED CONCENTRATION 

BY MEANS OF EQUATION 100 
tb = te OR tb< te 

Run Number 15 Run Number 28 

Sample w ex c . Sample w c c. 
Number x J Number x x J 

1 0.2635 3.60 3.42 1 0.4130 3.60 3.60 
2 0.2573 3.39 3.28 2 0.3943 3.43 3.36 
3 0.2238 2.92 2.54 3 0.3735 3.12 3.04 
4 0.2137 2.49 2.38 4 0.3550 2.75 2.61 
5 0.2035 2.20 2.12 5 0.3345 2.58 2.45 
6 0.1871 1.82 1.72 6 0.3169 2.32 2.21 
7 0.1698 1.51 1.39 7 0.2957 2.02 1.90 
8 0.1554 1.21 1.10 8 0.2791 1.78 1.66 
9 0.1429 0.886 0.887 9 0.2641 1.51 1.45 

10 0.1303 0.727 0.686 10 0.2430 1.24 1.16 
11 0.1182 0.475 0.513 11 0.2242 0.945 0.938 
12 0.0944 0.225 0.267 12 0.1984 0.654 0.671 
13 0.0734 0.124 0.149 13 0 .• 1718 0.398 0.437 
14 0.0505 0.048 0.041 14 0.1477 0.245 0.288 
15 0.0288 0.023 ----- 15 0.1263 0.158 0.177 
16 0.0117 0.000 ----- 16 0.1063 0.092 0.103 

17 0.0851 0.060 0.050 
18 0.0647 0.022 0.028 
19 0.0432 0.009 

_.._ ___ 
20 0.0216 0.000 -----

Run Number 31 Run Number 47 
Sample wx ex c. Sample W c c. 
Number J Number x x J 

1 0.0591 3.02 3.40 1 0.3656 2.00 1.17 
2 0.0531 2.69 2.89 2 0.3568 1.20 1.14 
3 0.0441 1.89 2.04 3 0.3347 1.02 1.06 
4 0.0364 1.23 1.30 4 0.3060 0.893 0.942 
5 0.0298 0.748 0.775 5 0.2871 0.827 0.874 
6 0.0240 0.407 0.420 6 0.2637 0.734 0.776 
7 0.0183 0.195 0.187 7 0.2434 0.652 0.694 
8 0.0123 0.086 0.058 . 8 0.2082 0.571 0.558 
9 0.0060 0.029 0.027 9 0.1797 0.440 0.450 

10 0.1458 0.339 0.341 
11 0.0800 0.099 0.099 
12 0.0315 0.025 0.037 
13 0.0082 0.010 0.015 
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TABLE XXIII 

EXPERIMENTAL AND CALCULATED VALUES FROM 
WEIGHT-CONCENTRATION DATA 

tb = t e OR tb < t e 

c wx WC w - w % Error w WC c x x 
wxt wet 

Run Number 5 

3.00 0.2295 0.2300 +0.0005 + 0.2 0.871 0.924 
2.00 0.1943 0.1865 +0.0078 - 4.2 0.737 0.750 

· 1.00 0.1473 0.1414 -0.0061 - 4.3 0.559 0.567 
0.50 0.1175 0.1106 -0.0069 - 6.2 0.446 0.445 
0.10 0.0662 0.0645 -0.0017 - 2.6 0.251 0.259 
0.05 0.0512 0.0511 -0 .0001 - 0.2 0.194 0.206 
0.01 0.0187 0.0299 +0.0112 +37°4 0.071 0.120 

Run Number 28 

3.00 0.3676 0.3714 +0.0038 + 1.0 0.089 0.898 
2.00 0.2944 0.3030 +0.0086 + 2.8 0.713 0.732 
1.00 0.2280 0.2302 +0.0022 + 1.0 0.552 · 0. 556 
0.50 0.1824 0.1806 -0.0018 - 1.0 0.441 0.437 
0.10 0.1087 0.1053 -0.0034 - 3.2 0.263 0.254 
0.05 0.0798 0.0835 +0.0037 + 4.4 0.193 0.202 
0.01 0.0447 0.0488 +0.0041 + 8.4 0.108 0.118 

Run Number 31 

3.00 0.0589 0.0594 +0.0005 + 0.8 0.996 0.926 
2.00 0.0454 0.0475 +0.0021 + 4.4 0.768 0.740 
1.00 0.0333 0.0356 +0.0023 + 6.5 0.563 0.555 
0.50 0.0261 0.0278 +0.0017 + 6.1 0.442 0.434 
0.10 0.0132 0.0162 +0.0030 +18.5 0.223 0.253 
0.05 0.0084 0.0129 +0.0045 +34-9 0.142 0.200 
0.01 0.0020 0.0075 +0.0055 +73-3 0.034 0.117 

Run Number 47 

1.00 0.3568 0.3400 -0.0168 - 4.9 0.976 0.881 
0.50 0.1935 0.1676 -0.0259 -15 .4 0.529 0.534 
0.10 0.0803 0.0695 -0 .0108 -15.5 0.220 0.180 
0.05 0.0478 0.0438 -0 .0040 - 9.1 .0.131 0.114 
0.01 0.0082 0.0150 +0.0068 +45-3 0.022 0.039 
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TABLiih XXL\r, .... •,• .' ., . -.·.· ·; .. ""·; 

PERCENTAGE ERROR FROM EXPERIMENTAL AND CALCULATED 
WEIGHT CALCULATIONS FOR VARIOUS VALUES OF THE 

SALT CONCENTRATION IN THE MELT SAMPLE 

Concentrations 

Run 3.00 2.00 1.00 0.50 0.10 0.05 . 0.01 
Number 

5 _,Clllo.,c:Ml:J==>(:t:'*> <'M'..l--=>.._.,,""""'_, 
__ ,.,_,.._..,..,,,. 

+1208 +12.4 +12 .. 1 +24.9 
15 + 0.2 - 4.2 - 4.3 - 6.2 - 2.6 - 0.2 +37.4 
19 - 9.5 - 7.6 - 8.1 - 2.7 +11.0 +19.1 +99-9 
24 + 6.9 -10.2 - 9.8 - 9.5 -10.3 -10.0 -11.1 
26 +31.3 +32.0 +35~2 +33°9 +33.8 +36.7 +70.8 
27 -13.0 - 7.1 - 4.0 - 9.8 =14.8 -10.3 -11.0 
28 + 1.0 + 2.8 + 1.0 - 1.0 - 3.2 + 4.4 + 8.4 
29 _,.,._,__,cr,o:,:,~ +11.9 + 8.6 + 5.5 + 3.7 + 4.3 +20.7 
31 + 0.8 + 4.4 + 6.5 + 6.1 +18.5 +34-9 +73-3 
34 ._,_,.,..._,,.., + 6.3 + 5.2 + 3.6 + 0.9 + 2.0 +11.7 
42 ----- -·""""--.- + 2 o,7 - 8.3 + 1.2 + 9.6 +25.1 
46 ._,,_,_,-.a,_ ---~""""' m,::J ..... """")<=<;l- ._,-~-- -24.9 -15 .8 + 7.8 
47 --,..;:i,;...,,-, ~,--.,~~- - 4.9 -15.5 -· 9.1 - 9.1 +45.3 
40 

___ .._._ 
-.,,.,..~,.-,._,._, + 3.8 +15.6 +4907 +74.3 +94.4 

50 
__ _,, __ 

- 2.9 =·20.9 -10Q8 +35.5 +79.7 +87.8 



4.0r---------------------

1-
z 
w 
u 

3.0 

2.0 

. a: I .5 
w 
a. 

~ 

w 
..J 1.0 
a. 
~ 0 .9 

~ 0 .8 

~ 0.7 
w 
~ 0 .6 
IJ.. 

o 0 .5 
z 
0 

I- 0.4 
<I 
a: 
1-
z 
~ 0.3 
z 
0 
u 

~ 
~ 0 .2 

0.15 

, • ----·· Vavg = I . I O 

~, ,~, ---Vavg = 0 . 77 
-vavg = 0 . 30 

• RUN 7 
• RUN 8 
• RUN 9 
"1 RUN I I 
A RUN 12 
o RUN I 3 
O RUN 21 
+ RUN 22 
• RUN 23 
D RUN 32 

'"1> J, 
/1 I. . ,-,,o t 

, l I ~ I I I i'b lY', I 

•'• I 1Z / ,' ,' / // t 'jl 

~ '! f> 6 11 " I 
. ,'//I" ,' 
/ '9 I I. "1 

I '!, I " Dv ,' ~ I I I I 
'1'· I I I I, I 

I 1 /, I 
I ,' I IA /, I 

/,'//I/ 
I ., I I I / 

,' I.I I '1 
f li I I I 1'tl /JI 

1 ?lt I / 
/ 'YI I I 

I /fl, I ,' 
I ,IA I I 

I' • ,I 
I I 

• I , 
l .; M I/ r "il' 

..., I I I I 
1 ,'// 0, / 

/ j/1 I ,' 
I Jiii I I ,' 

I / 
I : 

I I 
I / 

I / 
/ /// I ,' 

/ /Ill I I 
/ // I ,' 

/ // l f 
' , , I 

I I 
/& I 

I I //o I 
I I I 

I I I 
I '/ Q I 

I I 7 I I I I 

/ //o I/ 
/ ;,, I I 

I I I I 

• /' I "' 
• I I I I 

<> 

I 1 
I I 

I I I , 
I I 

I I 
I I • 

I : 

" J · 0 .1 .__ __ ..._ ________________________ __ 

0.15 0 .2 0.3 0.4 0.5 0.7 1.0 

Figure 31. 

WEIGHT RATIO, Wx I Wxt 

Experimental Weight-Concentration 
Data for Velocity Runs 

164 



Writing 

the values of the slope n 1 were found to be 

n1 ~ 00493 for Vavg = 00763 

nl = 00521 for vavg = lo18l~ 

By assuming a linear relationship 

n 1 = a_+ b (Va.v9) 

and solving for a and b~ n1 may be written as 

n I= o.44-2 [ I + C), /5/ Va.v9] 
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(101) 

(102) 

(103) 

The values for the temperature difference exponent 9 

brine concentration exponent and equation constants were 

evaluated in the same manner as in the preceding sectionso 

The solution is now 

w ..- r ]0,418(1 +O,.Zb1Vt.t.v@)[ "lie. ,2, ... t(.6.t)l;2. J 
- - o.430 LC f +o,~cb'J c 
Wt . · . b (104) 

It should be noted that the data for Vavg = 003 ft/min was 

omitted in deriving the equationo The reason for this was 

the inability to find a set of exponents for the temperature 

difference and brine concentration that would fit all three 

caseso The low velocity data were obviously in error when 

the terminal radius and total weight were calculatedo This 
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prohibited the extension of these data to weight=concentra= 

tion calculationso Therefore 9 there was no loss of informa-

tion by omitting these runs from the weight=concentration 

derivationso 

Table XXY presents values of Cx and Cj for selected 

runs while Table XXVI presents weight=concentration data, 

also for selected runso The bulk of the data may be found 

in Appendix Hand Appendix I~ respectivelyo Table XXYII 

lists the value of the percentage error 9 ~Wet = Wx)IW:_] 

x 100 9 for all runs at selected concentrationso 

Discussion of Weight-Concentration Equation 
for Brine Velocity Runs 

Tabl e XXVI indicates the values of Wx/Wxt and We/Wet 

are in agreemento The low velocity runs (13» 20 and 7) 

which were not included in the equation derivation were 

predictable by Equation (104)0 However 9 Table XXVII 9 which 

lists the percentage error~ shows tha t the ability to predict 

the amount of sample having a particular concentration from 

Equation (104) was limited to runs (12» 14 and. 32)o It was 

therefore concluded that while the weight=concentration 

equations are certainly valid 9 the use of the calculated 

total weights to estimate the quantity of melt having a 

specific concentration was invalido In summary 9 We/Wet is 

predictable while We is not predictableo 

The effect of the terms in Equation (104) have been 

discussed with the exception of the velocity variationo The 
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TABLE .XX:V 

EXPERIMENT.AL .AJ.~D CALCULATED VALUES OF CONCENTRATIONS 
BY ME~S OF EQUATION 104 

Run Number 20 Run Number 21 

Sample w ex c. Sample wx ex c. 
Number x J Number J 

1 0 .. 1579 3.86 4.08 1 0.2811 3.58 3.04 
2 0.1504 3.52 3.81 2 0.2663 3.39 2.80 
3 0.1435 3.28 3.59 3 0.2573,, 3.11 2.68 
4 0.1330 2.97. 3.25 4 0.,2428 2.85 2.46 
5 0.1237 2.73 2.94 5 0.,2293 2.41 2.26 
6 0.1153 2.39 2.62 6 0.2095 2.08 1.95 
7 0.1053 2.05 2.25 7 0.1881 1.96 1.63 
8 0.0968 1.71 1.87 8 0.1801 1.65 · 1.52 
9 0 .. 0871 -1.42 1.58 9 0.1707 1.48 1.37 

10 0.0792 1.14 1.30 10 0.1603 1.,30 1.22 
11 0.0668 0.706 0.828 11 0.1526 1 .. 12 1.06 
12 0.0560 0.473 0.625 12 0.1429 0.980 0.970 
13 0 .. 0439 0.273 0.369 13 0.1261 0.731 0.755 
14 \ 0.0298 OQ138 0.157 14 0.1067 0.495 0"568 
15 0.0146 0.035 0~031 15 000849 0"266 00332 

16 0.0646 Ool76 0.176 
17 0.0507 0.109 0.112 
18 0.0331 0.046 0.045 
19 0.0075 0.018 0.014 

Run Number 32 

Sample wx ex o. 
Number J 

l 0.4051 3.50 L,92 
2 0-ins 2.61 1.86 
3 o. · 2 2 .. 0 1.7 
4 o. 512 1.59 lo52 
5 o. 129 1.29 1.25 
6 0.28~0 lo02 5:g!o i Oo25 9 0.970 

0.2333 0 .. 706 0.758 
9 0.2073 0.546 · 0. 590 

10 0.184i 00455 0.4~8 
ll 0.165 0 •. 12.1 0.3 4 
12 Ool464 0.255 0.311 
13 0.1292 0.192 0 .. 246 
14 0.1041 0.118 0.16g 
15. 0.0807 o.oi3 o.o~ 
15 0 .. 0611 o.o 5 o.o 8 

i~ 0.0445 
0.0242 o.o~~ o.o 0.0~4 o .. o O 
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TABLE XXVI 

EXPERIMENTAL AND CALCULATED VALUES FROM WEIGHT-
CONCENTRATION DATA FOR VELOCITY RUNS 

c w w w - w "/o Error wx We x c c x 
wxt wet 

Run Number 20 

3.00 0.1341 0.6411 +O. 5070 +79.l 0.849 0.799 
2.00 0.1041 0.5020 +0.3979 +79-3 0.659 0.626 
1.00 0.,0752 0.3540 +0.2788 +78.8 0.476 0.441 
0.50 0.0576 0.2565 +0.1989 +77·5 0.365 0.320 
0 .. 10 0.0240 0.1296 +0.1056 +81.4 0.152 0.162 
0.05 0.0168 0.0919 +000751 +81.7 0.106 0.115 
0.01 0.0042 0.0419 +0.0407 +90.6 0.026 0.056 

Run Number 21 Velocity 0.7684 ft/min 

2.00 0.1951 0.1663 -_0.0288 -17 ~.3 0.694 0.769 
1.00 0.1442 0.1110 -0.0322 · .... 34.1 0.513 0.514 
0.50 0.1062 · 0.0803 -0.02·59 -32.2 0.378 0.371 
0.10 0.0483 o. O 357 -0.0126 -35°3 0.172 0.165 
0.05 0.0342 0.0256 -0.0086 -33 .6 .· 0.122 0.118 
0.01 0.0104 0.0118 +0.0014 +11.8 ., 0.037 0.054 

Run Number 32 

1.00 0.2721 0.2986 +0.0265 + 8.9 0.672 0.683 
0.50 0.1962 0.2063 +0.0101 + 4.9 0.460 0.472 
0.10 0.0948 0.0898 -0.0050 - 5.6 0.234 0.206 
0.05 , 0.0530 0.0628 +0. ,0098 +15.6 0.131 0.144 
0.01 0.0196 0.0264 +0.0158 +39g8 0.026 0.061 



TABLE :XXVII 

PERCENTAGE ERROR FROM EXPERIMENTAL AND CALCULATED 
WEIGHT CALCULATIONS FOR VARIOUS VALUES OF THE 

SALT CONCENTRATION IN THE MEL'l! SAMPLE 

Concentration, Percent 

Run 3.00 2.00 loOO 0.50 0.10 Oo05 0 .. 01 
Number 

13 ---- ~-Ol;;II-- +53.5 +49.6 +52.6 +52.3 +57.2 
20 +79.1 +79·3 +78.8 +77-5 +81.4 +81.7 +90.6 
7 ------ --'-"*'- ----~ -~--- +.50o 7 +46.7 +43.6 

12 ----- + 5.3 +12.l +10.6 + 2.7 - 5.9 +82.2 
8 ----- .-~'*!"-.- ~--~- --- .+41~6 +61 •. 5 +57.3 

' 14 ------- .-a-.c.u-- + 7.3 + 5.3 - 0.5 - 0.7 +39,0 
33 --~.i..,lm;t -28.0 -34.,4 -41.2 -46.0 -33.7 +33,5 
21 ---..-- -17.3 -34.1 -32 ... 2 -35;.3 -33.6 +11.8 
22 + 8.3 +15.0 +15.6 +15,5 +19.7 1 ' '+26.0 + 7.5 
.11 -~-- _ _,, ___ 

+ 9.9 + 9.2 - 0 .. 6 - 6 ... 4 -13.0 
.. 9' --- --.---- -...-c,-~ --~-.-;i, +15.0 +22.6 +46,9 

32 'cmli-~ .... ------- + 8 .. 9 + ,.4.9 - 5 .. 6 +15.6 +39.8 
23 --..a~t.-:t +21.0 +20 .. 1 +15.0 +23o4 +44-9 +75,0 
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results for runs having approximately the same values of 

brine concentration and temperature differences are shown 

below~ 

Run 
Number 

21 
23 

vavg 
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The decrease in the experimental yieldl) Wx/W.xt 11 for C = 
Oo05%l,l with velocity increase is apparent., The reason was 

that the higher the velocity 9 the smaller the sample 9 and 

in all cases small samples result in poor purification., 

Also the yields were from 10 to 15 percent below the 

values obtained for runs with comparable properties but a 

stagnant field., Therefore the use of a brine velocity was 

found to be of no value for desalination purposes., 



AP.PENDIX F 

DERIVATION OF ENERGY EQUATIONS 

To evaluate the quantity of heat required to produce a 

given sample the following equation was used 

where 

Q ~ Energy required to freeze sample~ Btu 

m = Weight of coolant used,i lbs 

c = Specific heat of coolant~ Btu/lb °F 

tin= Entering coolant temperatures °F 

t ~ Leaving coolant temperaturep °Fo out 

(105) 

The weight of coolant was measured by determining the 

time required for a flow of 100 cc collected at regular 

intervals during the experimento Therefore the quantity of 

coolant flow is given byg 

(106) 



where 

Ve= Volume of coolant, 100 cc 

Qs = Time required to collect 100 ccj seconds 

Q = Time of run, hours 

~= Density of coolant, lbs/ft3 

correcting units 
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m =- 793.3 / (5.b.)[~ 
8.sJ 

(107) 

where 

(S.G.) = Specific gravity of coolant 

Therefore Equation (105) becomes 

Q =793.3 / (S.G.)t~)Ce) [tou.t -t,~ (108) 

The values of (S.G.) and (c) are calculated by two 

separate techniques depending on whether the coolant is 

brine or methanol. For brine the properties are evaluated 

from data presented in the brine section· of the ASHRAE 

Guide (10). To evaluate specific values of c and s.G. the 

equilibrium temperature in the brine sump was used. For 

practical purposes constant values of c = 0.87 Btu/lb °F 

and S.G. = 1.08 could have been used with less than a 2% 

error in either term. Actually, the error would be consider-

ably less than this amount since as S.G. increased 9 c de -

creased, and the product remains almost constant. 

For the methanol calculations, values for S.G. and c 



were obtained from the International Critical Tables (l7)o 

The average of the methanol coolant temperatures into and 

out of the sphere was used to evaluate these propertieso 

Again a value of c = Oo55 Btu/lb °F could be used for all 
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runs with less than a 1% error and a constant value of SoGo 

of Oo82 would be accurate within 2%. 

Since the primary interest was in the quantity of 

energy required to freeze a given sample the term Q/Wxt 

was plotted in Figo 32 from calculations presented in 

Table XXVIIIo Three sep~rate cases are listed in this 

table; brine temperature, equal to, greater than, or less 

than the equilibrium temperature. The fourth case involves 

energy requirements in velocity runs which are not included 

in Table XXVIII. 

From Fig. 32 two equations are obtained, the first 

for non-flow runs,··and 

SB_= 120[1 + l.5Va-v~][t + 0,223(tb-te)l 
Wt Ll 

(109) 

(110) 

for velocity runso ~ is compared to~~ obtained by the 
W,ct Wet 

use of.the above equations,·in Table XX\1111. 

Discussions of Energy Requirement Equations 

To evaluate the energy required to freeze the samples 

more accurate temperature measurements will be required than 

were present in this test. For tb = te it is noted that 
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TABLE XXVIII 

EXPERIMENTAL AND CALCULATED VALUES OF THE HEAT 
REQUIRED TO FREEZE AN·.ICE SAMPLE 

tb = t e 

Run Qx Qx QC Percentage 
Number Btu w wt 

Error 
Btfi/lb B~u/lb 

36 117.4 132.5 141 + 5.7 
28 55.5 134.3 141 + 5.0 
2 59.3 138.5 141 + 2.2 

41 38.0 142.8 141 - 1.4 
35 75.0 146.7 141 - 4.2 
42 39.2 149.0 141 - 5.7 
45 37.5 149.0 141 - 5.7 

tb > te 

37 149.3 146.8 142.2 - 3.5 
49 47.9 147.4 143.4 - 2.8 
30 74.2 ,148.9 144.7 - 2.8 
39 77.2 140.4 144.7 + 2.8 
48 42.9 153.1 144.7 - 5.5 
25 27.6 148.3 145.9 - 2.7 
38 20.9 150.7 147.1 - 2.7 
43 40.6 155.1 147.1 - 5.4 
44 27.4 147.8 149.6 + 1.3 

6 45.0 142.2 152.1 + 6.6 
10 20.2 159.0 159.4 090 
17 25.7 163.9 160.7 - 1.8 
1 34.7 156 .6 · 161.9 + 3.1 

16 10.6 177.6 177.9 o.o 

tb < te 

24 12.7 150.7 139.8 - 7.9 
40 79.7 142.6 138.5 - 2.9 
15 36.5 138.7 133.6 - 3.7 
19 11.8 . 135. 9 133.6 - 1.5 
27 12.5 138.8 133.6 - 3.7 
31 8.3 139.9 133.6 - 4.5 
34 122.0 136.4 133.6 - 2.2 
47 48.8 133.4 133.6 o.o 
46 40~4 131.9 132.4 o.o 
26 30.6 129.2 131.2 + 1.5 
29 57.8 110.6 127.5 +13.3 
50 38.0 124.6 121.1 - 3.3 
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Q/Wt varies from 132.5 to 149.0 Btu/lb with a mean value 

ot 141.5 Btu/lb. Since these runs are for pure water the 

value should be 144.3 Btu/lb, and if heat capacity effects 

were included the value would be higher. One reason that 

the mean value was low was the location of the coolant 

thermocouples. With the thermocouples placed at the sphere 

entrance and in the coolant exit line, the freezing obtained 

from the exposed coolant lines was not accounted for in the 

calculations. While the mean value was reasonable the spread 

on both sides was large. The two higher velocity runs also 

had points wi.th relatively large errors. 

In spite of these shortcomings several factors of impor

tance are readily seen from the equations or curves. As 

noted in the weight-concentration section, the use of a velo-, 

city field results in poor yields of pure water. In this 

section it was found that the formation of these inferior 

samples required the expenditure of excessive thermal energy. 

As expected when the brine temperature was less than 

the equilibrium temperature a smaller quantity of energy 

was required to freeze the sample. Since this was also the 

direction of increasing yields the advantages are obvious. 

Two precautions should be noted in the above. The possibil

ity exists that if the brine temperature is too low a rapid 

dendrite growth occurs which may reduce the quantity of pure 

water obtained. This factor was not investigated in this 

study and the actual results are not known. Second, energy 

must be removed to cool the entire brine sample and the 
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total coolant requirements ~ay exceed those for higher brine 

temperature tests. 



APPENDIX G 

AVERAGE SALT CONCENTRATION OF MELTED SAMPLE 

One way of evaluating the advantage of the fractional 

method of melting, used in this work, was to determine the 

average sodium chloride concentrations that would be ob-

tained from melting the entire sample simultaneously. The 

average concentration was calculated by summing the product 

of the incremental sample weight and its concentration. 

The above sum was divided by the entire sample weight to 

obtain the average concentration, Cavg• These values are 

presented in Table XXIX. This data is also plotted in Fig . 

33 and the equation 

C(j.v9 = 0,342 Lb (111) 

was derived to express the relationship between Cavg and Cbo 

The accuracy of this equation is indicated in Table XX!/ 

where the percentage error is 

[ Cc.-a.v9 -Cc-~"~ ] x Joo 
L c.'--o...vca · 

(112) 

Equation (111) verifies the statement that it is impos-

sible to obtain pure water from the ordinary one step freez-

ing process. If the entire sample were melted without 

fractional separation a 3.5 percent sample would be reduced 
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TqLE :X::X:IX . 

AVERAGE CONCENTRATION AS CALCULATED .. 1V1E . -~ ·1s . . . . .. BY> . . .ANS'. ;QF; QTJ.AT,ION:.: 111 . .. . . . 

Run Cb 0x-avg cc-avg Percentage 
Number Error 

6 0.58 0.225 0.198 -13.6 
46 0.58 0.229 0.198 -15.7 

5 0.63 0.242 0.215 -12.6 
38 0.67 0.235 0.229 - 2.6 
37 0.75 . o. 229 . 0.256 +10.2 
47 1.94 0.564 0.663 +14.9 
10 2.08 0.590 0.711 +17.0 
43 2.09 0.750 0.715 - 4.9 
40 2.48 0.843 0.848 + 0.6 
49 2.74 0.934 . 0.937 + 0.3 
31 3.16 1.246 1.081 -15.3 
44 3.28 1.188 1.122 - 5.9 
25 3.37 1.095 1.153 - 5.0 
48 3.43 1.069 1.173 - 8.9 
29 3.45 1.065 1.180 -10.5 
16 3.47 1.380 1.187 +16.3 
15 3.48 1.275 1.190 + 7.1 
34 3.62 1.051 1.238 +15.1 
24 3.62 1.524 1.238 -23.1 
19 3.64 1.508 1.245 .-21.1 
·28 3.66 1.274 1.252· - 1.8 
49 3.88 0.991 1.327 +25.3 
50 3.89 0.956 1.330 +28~1 
26 3.92 1.337 1.341 + 0.3 
17 3.93 1.312 1.344 + 2u3 
27 3.98 l.~05 1.361 -17.9 
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to approximately 1.2 percent sodium chloride concentration 

in the first step. By fractional separation» as much as 

30% of the total weight was drawn off as water with an 

impurity content of less than 500 ppm. 

The advantage in collecting the entire sample at one 

time is that higher chamber temperatures may be used, 

avoiding the necessity of long melting periodso 



APPENDIX H 

EXPERIMENTAL AND CALCULATED VALUES 
OF SALT CON9-~NTR~TION 
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TABLE XXX 

EXPERIMENTAL AND CALCULATED VALUES OF ex .AND cj 
BY MEANS OF EQUATION 100 . 

FOR tb = t 8 AND tb< t 8 

Run number 5 Run Number 19 

Sample wx ex cj Sample wx ex c . 
Number Number J 

1 o. 1643 .0.658 o. 774 . 1 0.0873 3.70 4.00 
2 0.1369 0.437 0 . 501 2 0 .0807 3.37 3.62 
3 0.1157 0 .• 310 0.330 3 0.0743 3.03 3 .18 
4 0.0944 o. 161 0 .181 4 Q.0644 2.35 2.45 
5 0.0719 0.073 0.086 5 0.0560 1.76 1.82 
6 0.0478 0.018 0.024 6 0.0478 1.15 1.23 
7 0.0229 0.007 ----- 7 0.0386 0.617 0.632 
8 0.0084 0.000 ---·-- 8 0.0304 0.365 0.343 

9 0.0229 0.186 0.150 
10 0.0161 0.090 0.050 
11 0.0090 0.015 -----
12 o.ooi6 0.023 -----

Run Number 24 Run Number 26 

Sample wx ex c. Sample wx ex e . 
Number J Number J 

1 0.0844 3.63 3.88 1 0.2370 4.04 3.77 
2 0.0783 3.43 3 . 52 _ 2 0.2357 3-34 3.74 
3 0.0728 3.30 3 .14 3 0.2216 3.33 3.40 
4 0.0668 2.59 2.71 4 0.2084 2.94 3.02 
5 0.0615 2,24 2.27 5 0.1965 .. 2.67 2.70 
6 0.0545 1.82 1.74 6 0.1841 2.43 2.41 
7 0.0478 1.43 1.30 7 0. 1691 2.08 1.96 
8 0.0404 1.00 0.791 8 0. 1537 1.68 1.54 
9 0.0340 0.648 0.490 9 0 .1405 1.40 1.22 

10 0.0278 0.380 0.275 10 0.1303 1.17 1.00 
11 0.0209 0.205 0.133 11 0.1210 0.929 0.809 
12 0.0119 0.072 0.021 12 0.1056 0.538 0.552 
13 0.0031 0.006 ----- 13 0.0913 o .• 393 0.361 

14 0.0754 0.222 0.200 
15 0.0611 0.140 0 .118 
16 0.0426 0.110 0.036 
17 0 .. 0291 0.040 0.012 
18 0.0079 0.028 -----
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TABLE XXX (Continued) 

Run Number 27 Run Number 29 

Sample wx ex c. Sample wx ex cj 
Number J Number 

1 0.0904 4.01 ----- 1 0.5232 3.96 2.83 
2 0.0893 3.83 ----- 2 0.5131 3.00 2.73 
3 0.0858 3.60 ----- 3 0.4827 2.88 2.48 
4 0.0798 3.20 3.80 4 0.4589 2.61 2.22 
5 0.0714 2.83 3. 14 5 0.4322 2.28 1.95 
6 0.0564 1.74 1. 91 6 0.4068 2.08 1.69 
7 0.0456 1.08 1.12 7 0.3850 1.68 1.53 
8 0.0328 0.227 0.439 8 0.3557 1. 17 1.22 
9 0.0194 0.062 0.090 9 0.3235 1.06 0.952 

10 0.0093 0.005 0.001 10 0.2908 0.744 0.696 
1 1 0.2642 0.534 0.534 
12 0.2324 0.365 0.392 
13 0.2073 0.228 0.264 
14 0 .1795 0 .149 0. 171 
15 0. 1486 0.094 0.095 
16 0.1158 0.044 0.040 
17 0.0847 0.028 0.018 
18 0.0505 0.005 -----
19 0.0209 0.000 

___ ....,_ 

Run Number 34 Run Number 40 (Rapid Melt) 

Sample w ex c. Sample w ex c. 
Number x J Number x J 

1 0.8946 3.82 2.69 1 0.5590 2.68 1.99 
2 0.8626 3.58 2.52 2 0.5524 1.92 1. 77 
3 0.8156 2.68 2.25 3 0.4831 1.58 1.49 
4 0.7731 2.30 2.00 4 0.4394 1.27 1. 21 
5 0.7360 2.01 1.78 5 0.3988 1.02 0.958 
6 0.6853 1.78 1.50 6 0.3519 0.864 0.692 
7 0.6401 1. 51 1. 26 7 0.3045 0.721 0.461 
8 0.5900 1.15 1.01 8 0.2540 0.467 0.276 
9 0.5367 0.834 0.784 9 0.2070 0.281 0 .137 

10 0.4855 0.606 0.586 10 0.1618 0 .153 0.069 
11 0.4377 0.464 0.434 1 1 0.1118 0 .124 0.023 
12 0.3912 0.327 0.314 12 0.0611 0. 06 'I -----
13 0.3451 0.208 0.212 13 0.0201 0.042 -----
14 0.2975 0 .127 0.139 
15 0.2553 0.086 0.085 
16 0.2090 0.048 0.046 
17 0. 1647 0.035 0.023 
18 0.1195 0.011 0.010 
19 0.0869 0.007 -----
20 0.0443 0.003 -----
21 0.0128 0.000 ------
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TABLE :XXX (Continued) 

Run Number 42 Run Number 46 

Sample wx ex c. Sample wx ex cj 
Number J Number 

1 0.2633 2 .17 2.20 1 0.3656 0.522 0.452 
2 0.2595 2.07 2.09 2 0.2789 0.405 0.407 
3 0.2377 1.73 1.69 3 0.2478 0.356 0.354 
4 0.2121 1.48 1.47 4 0.2121 0.312 0.290 
5 0.1817 1.14 1.11 5 0.1784 0.248 0.230 
6 0.1603 0.885 o.863 6 0.1495 0 .191 0 .164 
7 0.1224 0.359 0.396 7 0.1149 0.097 0.097 
8 0.0763 0.148 0.129 8 0.0851 0.069 0.079 
9 0.0452 0.059 0.053 . 9 0.0615 0.040 0.049 

10 0.0267 0.023 0.016 10 0.0348 0.022 0.029 
1 1 0.0137 0.007 ----- 11 0.0057 0.000 · -----

Run Number 50 (Rapid Melt) 

Sample w ex Gj 
Number x 

1 0.3050 3.00 2. 10 
2 0.2979 2.42 2.03 
3 0.2772 2.02 1 .84 
4 0.2509 1. 50 1.62 
5 0.2302 1.30 1.44 
6 0. 1629 0.667 o.884 
7 0.1376 0.521 0.690 
8 0.1120 0.493 0.512 
9 0.0860 0.362 0.350 

10 0~0617 0.265 0.212 
11 0.0419 0.152 0.096 
12 0.0238 0.103 0.050 
13 . 0.0062 0.070 -----
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TABLE XXX:I 

EXPERIMENTAL AND CALCULATED VALUES OF 
ex .AND qj BY MEANS OF EQUATION 96 

·• t. > t ' I 

'I b e • 

Run Number 6 Run Number 16 

Sample. w ex c. Sample w ex c. 
Number x J ·Number x J 

1 0.3164 0.848 0.580 1 0.0595 4.33 3.47 
2 0.2926 0.639 0.494 2 0.0546 3.25 3.02 
3 0.2761 0.432 0.436 3 0.0470 1.68 2.02 
4 0.2527 0.357 0.351 4 .0.0344 1.02 0.905 
5 0.2351 0.307 0~299 5 0.0240 0.396 0.354 
6 ·. o. 2.106 0.215 0.220 6 0.0161 0~183 0.110 
7 0.1879 0.175 0.164 7 0.0062 0.054 0.006 
8 0.1550 0.112 0.091. 
9 0.1261 0.057 0.058 

10 0.1049 · 0.038 0.042 · 
11 0.0825 0.014 0.016 
12 0.0567 o. 003 · 0.005 

· 13 0.0366 0.001 0.001 
14 0.0207 0.000 0.000 

Run Number 25 Run Number JO 

Sample w ex cj Sample wx ex cj 
Number x Number . 

1 0.1863 3.42 3.37 1 0.4983 3.83 3.94 .... 
2 0.1812 3.32 3.24 2 0.4656 3.33 3.38 
3 0.1751 2.87 3.00 3 0.4323 2.90 2.92 
4 0.1689 2.66 2.74 4 0.4015 2.43 2.40 
5 o.i621 2.45 2.52 5 0.3631 1.98 1.89 
6 0.1546 ·2.23 2.24 6 0.3221 1.49 1.37 
7 0.1458 1.99 1.96 7 0.2841 0.993 0.970 
8 0.1356 1.71 1.62 8 0.2479 0.645 0.672 
9 0.1288 1.39 1.42 9 0.2111 0~417 . 0.436 

10 0.1152 1.13 1.05 10 0.1758 0.247 0.260 
11 0.1061 0.921 0.842 11 0.1344 0.110 0.120 
12 0.0964 0.632 0.626 12 0.0907 0.038 0 .. 038 
13 0.0858 0.491 0.472 13 0.0495 .. 0.013 0.007 
14 0.0721 0.287 0.295 14 0.0289 0.010 0.002 
15 0.0556 0.157 0.142 
16 0.0399 0.067 0.057 
17 0.0198 0.012 0~007 
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TABLE :XXXI (Continued) 

Run Number 38 Run Number 39 

Sample w ex cj Sample wx ex e. 
Number x Number J 

1 0.1385 0.638 0.670 1 0.5499 3.65 2.74 
2 0.1237 0.535 0.535 2 0.5365 2.97 2.63 
3 0.1096 0.404 0.408 3 0.5098 2.59 2.35 
4 0.0968 0.276 0.276 4- 0.4844 2.19 2.11 
5 0.0783 -0.159 . 0.164 5 0.4542 1.97 1.81 
6 0.0584 0.083 0.076 6 0.4198 1.64 1.49 
7 0.0441 0.042 0.033 7 0~3872 1.33 lo22 
8 0.0278 0.015 0.009 8 0.3407 0.947 0.865 
9 0.0141 0.012 0.001 9 0 •. 3052 0.703 0.644 

10 0.2679 0.468 0.458 
11 0.2249 0.263 0.282 
12 0.1850 0.138 0.162 
13 0.1438 0.075 0.078 
14 0.1056 0.038 0.032 
15 0.0789 0.020 0.014 
16 · o. 0276 0.000 0.001 

Run Number 44 Run Number 48 

Sample wx ex c. Sample w ex c. 
Number J Number x J 

1 0.1857 2.79 ,2 .64 1 0.2800 2.82 2.26 
2 0-01700 2.51 2.58 2 OG2657 2.23 1.91 
3 0.1433 1.74 1.64 3 0.2348 lo89 1.62 
4 0.1171 1.23 1.08 4 0.2068 1.55 le37 
5 0.10l7 0.933 0.842 5 0.1801 1.24 1.20 
6 0.0798 0.521 0.512 6 0.1513 o.858 0.892 
7 0.0357 0.061 0 .086 - 7 0.1164 0.533 0.624 
8 0.0139 0.037 0.010 8 0.0902 0.352 0.427 

9 0.0646 0.195 O.l68 
10 0.0410 0.098 0.131 
11 0.0207 0.052 -6.080 -
12 0.0073 0 .000 _ 0.010 



TABLE XXXI (Continued) 

Run Number 49 ,(Rapid Melt) 

Sa.mp'le Wx 
Number 

l 0.3248 2.83 2.32 
2 0.3219 2.37 2.14 
3 . 0. 2979 2. 00 1 • 97 
4 . 0.2714 1.65 1.73 
5 · 0~2423 1.22 l-44 
6 0. 2084 1. 01 · 1.16 
7 0~1773 a.945 0.952 
8 0.1405 0.708 0.701 
9 0 .1102 0.493',. · 0. 5·21 

10 0.0840 0.337 0.372 
11 0.0571 0.132 ·0.105 
12 0.0337 0.076 0.052 
13 0.0130 0.019 0.010 
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TABLE XXXII 

EXPERIMENTAL AND CALCULATED VALUES OF ex AND cj 
BY MEANS OF EQUATION 104, FOR VELOCITY RUNS · 

Run Number 7 Run Nuinber 8 

Sample -· Wx c c. Sample w e c. 
Number x J .Number x x J 

1 0.2827 0.682 0.219 1 0.1484 0.662 0.219 
2 0.2661 0.392 0.191 2 0.1244 0.591 0.123 
3 0.2498 0.254 0.169 3 0.1045 0.522 0.109 
4 0.2306 0.187 0.146 4 0.0880 0.210 0.075 
5 0.2095 0.127 0 .112 . 5 0.0609 0.106 0.035 
6 0.1949 0.106 0.094 6 0.0289 0.050 -----
7 0.1757 0.085 0.077 7 0.0192 0.022 -------
8 0.1552 0.062 0.058 a 0.0112 0.000 -----
9 0.1378 0.041 o. 044 . 

10 . 0.1197, 0.029 0.032 · 
11 . 0.0997 0.018 0.021 
12 o·.0833 0.012 0 .014 . 
13 0.0664 0.008 --,----
14 0.0520 . 0 .003 -.... ---
15 0.0351 0.000 . -----
16 0.0139 0. 000 · -----

Run Number 9 Run Number· 11 

Sample wx ex e. Sample wx ex c. 
Number J Number J 

1 0.1299 0.682 0.290 1 0.1250 1~83 1. 51 
2 0.1153 0.437 0.148 2 0.1144 1.47 1.32 
3 0.1008 0.216 0.083 3 0.1045 1.17 1.14 
4 0.0840 0.104 0.049 4 0.0900 0.897 0.902 
5 0.0639 0.067 0.039 5 0.0767 0.676 0.678 
6 0.0564 0.053 0.024 6 0.0624 0.448 0.469 
7 0.0445 0.045 0.015 7 0.0496 0.244 0.307 
8 0.0340 0.032 ----- 8 0.0412 0.155 0.213 
9 0.0205 0.016 ----- 9 0.0289 0.087 0.107 

10 0.0060 0.000 ----- 10 0.021.4 0 .. 039 0.059 
11 0.0112 0.011 0.017 
12 0.0029 0.000 -----
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TABLE XX.XII (Continued) 

Run Number 12 Run Number. 13 

Sample w ex c. Sample wx ex c. 
Number x ~ J Number . J 

1 0.0957 2.10 2 .. 35 · l 0.1647 1.92 1.81 
2 0.0873 1.85 2.13 2 0.1462 1.79 1.51 
3 0.0754 1.63 1.74 3 0.1327 . 1.49 1.28 
4 0.0650 1.51 1.42 4 0.1182 1.27 1.04 
5 0.0536 1.06 1.02 5 0.1054 0.924 0.764 
6 0.0498 0.762 0.747 6 0.0915 0.653 0.622 
7 0.0397 0.561 0.581 7 0.0794 0.481 0.466 
8 0.0291 0.284 0.306 8 0.0708 0.375 0.364 
9 0.0163 · 0~063 0.092 9 0.0580 0.239 0.236 

10 Q.0026 0.023 o.·041 10 0.0483 0.154 0.158 
11 0.0355 0.075 0.079 
12 0.0225 0.024· 0.027 
13. 0.0051 0.000 . ---·--

Run Number 14 Run Number 22 

Sample w ex cj Sample w ex o. 
Number x Number x J 

1 0.1627 2.32 1.80 1 0.0882 3.46 3.85 
2 0.1424 1.91 1.35 2 0.0825 2.98 3.56 
3 0.1297 1.40 1.27 3 0.0730 2 .. 74 3.07 
4 0.1102 1.01 0 .. 941 4 0.0664 2.43 2.74 
5 0.0895 0.692 0.636 5 0.0589 2.05 2.28 
6 0 .0725 · 0.432 0.412 6 0.0512 1.67 1.83 
7 0.0538 0.218 0.226 7 0.0449 1.38 1.47 
8 0.0364 0.092 0.098 8 0.0397 1.06 1.19 
9 0;0218 0.028 0.033 9 0.0300 0.647 0.711 

10 0.0060 0.008 
__ .,.....,,_ 

I 10 0.0234 0~363 0.443 
11 0.0147 0.148 0.178 
12 0.0042 · 0.011 0.016 
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TA13LE XXXII ' . . (Continued) 

Run Number 23 Run Number 33. 

Sample wx ex cj Sample w ex cj 
Number Number - x 

1 0.1585 3.04 3.12 .. 1 0.4128 · 3.19 2.86 
2 0.1495 2.74 2.91 2 0.4004 2.95 2.74, 
3 0.1424 2.62 2. 73- 3 0.3678 2.54 2.45 
4 o·.1343 2.42 2.49 - 4 0.3352 2.25 2.12 . 

0.1272·· 
. . 

· 0.3074,, 1.85 5 2.25 2.32 5 ·1.93 
6 0.1188 2.06 2.11 6 0.2721 1.54. 1.50 
7 0.1116·· ··1.82 1.89·. 7 0.2J90 1.21 1.17 
8 0.0994 1.51 _. 1.56 8 01'21'34 0.944' 0.933 
9 0.0895 1.26 ·. 1.31 9 0.1910 0.741 0.749 

10 . 0.0800 1.02 1.08 10 0.1663 0.535 0.563 
11 0.0697 0.761 0.839 11 0.1305 o.··295 0.:347 
12 0.0595 0.477 0.542 12 0.1058 0.212 .0.223 
13 0.0465 0.25:9 0.396 13 0.0732 .. 0.087 0~100 

.14. . 0 •. 0235 -0.104 0.125 14 0.0496 0.036 0.044 
15 0.0298 0.025 0.016 · 
16 0.0137 0.012 c.lOI----
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TABLE XXXIII 

EXPERIMENTAL AND CALCULATED VALUES FROM 
.WEIGHT-CONCENTRATION DATA FOR 

tb = te tb -< te 

c wx We We - Wx % Error wxfwxt we/wet 

Run Number 5 

0.50 0.1437 0.1648 40.0211 · +_ 12 ~8 , o~ S75 0.882 
0.10 0.0787 0.0899 +0.0112 + 12.4 0.479 0.481 
0.05 0.0598 0.0680 +0.0082 + 12.1 0.364 0.364 
0.01 0.0298 0.0397 +0.0099 + 24.9 0.181 0.213 

Run Number 19 

3.00 0.0739 0.0675 -0.0064 - 9.5 0.846 0.820 
2.00 0.0593 0.0551 -0.0042 - 7.6 0.679 o.669 
1.00 0.0452 0.0418 -0.0034 - 8.1 0.518 0.508 
0.50 0.0337 0.0328 -0.0009 - 2.7 0.386 0.399 
0.10 0.0170 0.0191 +0.0021 + 11.0 0.195 0.233 
0.05 0.0123 0.0152 +0.0029 + 19.1 0.141 0.184 
0.01 0.0000 0.0088 +0.0088 +100.0 0.000 0.108 

Run Number 24 

3.00 0.0703 0.0755 +0.0052 + 6.9 0.833 0.820 
2.00 0.0679 0.0616 -0.0063 - 10.2 0.805 0.669 
1.00 0.0514 0.0468 -0.0046 - 9.8 0.609 0.508 
0. 50 0.0402 0.0367 -0.0035 - 9.5 0 •. 476 0.399 
0.10 0.0236 0.0214 -0.0022 - 10.3 0.280 0.233 
0.05 0.0187 0.0170 -0.0017 - 10.0 0.221 0.184 
0.01 0.0110 0.0099 -0.0011 - 11.1 0.130 0.108 

Run Number 26 

3.00 0.2103 0.3061 +0.0958 + 31.3 0.887 0.896 
2.00 0.1713 0.2519 +0.0806 + .32.0 0.718 0.738 
1.00 0.1246 0.1925 +0.0679 + 35.2 0.526 0.564 
0. 50 0.1000 0.1512 +0.0512 + 42.2 0.422 0.443 
0.10 0.0584 0.0882 +0.0298 + 33.8 0.246 0.258 
0.05 0.0443 0.0700 +0.0257 + 36.7 0.187 0.205 
0.01 0.0117 0.0400 +0.0283 + 70.8 0.049 0.120 
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TABLE XXXIII {.Continued) 

c wx We We - Wx % Error Wx/Wxt We/wet 

Run Number 27 

3.00 0.0767 0.0679 -0.0088 - 13 .o 0.848 0.772 
2.00 0.0600 0.0560 -0.0040 - 7.1 0.664 0.636 
1.00 0.0445 0.0428 -0.0017 - 4.0 0.492 0.487 
o. 50 0.0369 0.0336 -0.0033 - 9.8 0.408 0.381 
0.10 0.0225 0.0196 -0.0029 - 14.8 0.249 0.223 
0.05 0.0172 0.0156 -0.0016 - 10.3 0.190 0.177 
0.01 0.9101 0.0091 -0.0010 - 11.0 0.112 0.103 

Run Number 34 

2.00 0.7338 0.7832 +0.0500 + 6.J 0.820 0.867 
1.00 o. 5649 0.5950 +0.0310 + 5.2 0.631 0.659 
0.50 0.4501 0.4670 +0.0169 + 3.6 0.503 0.517 
0.10 0.2697 0.2721 +0.0024 + 0.9 0.301 0.301 
0.05 0.2115 0.2159 +0.0044 + 2.0 0.236 0.239 
0.01 0.1114 0.1262 +0.0148 + 11.7 0.124 0.140 

Run Number 40 

1.00 0.3929 0.4085 +0.0156 + 3.8 0.703 0.731 
0.50 0.2672 0.3165 +0.0493 + 15.6 0.478 0.566 
0.10 0.0924 0.1837 +0.0913 + 49.7 0.165 0.329 
0.05 0.0375 0.14,57 +0.1082 + 74.3 0.067 0.261 
0.01 0.0048 0.0852 +0.0804 + 94.4 0.009 0.152 

Run Number 42 
-.: 

1.00 0.1702 0.1749 +0.0047 + 2.7 0.646 0.663 
0.50 0.1325 0.1224 -0.0101 - 8.3 o. 503 0.464 
0.10 0.0595 0.0602 +0.0007 + 1.2 0.226 0.228 
0.05 0.0406 0.0449 +0.0043 + · 9.6 0.154 0.170 
0.01 0.0161 0.0215 +0.0054 + 25.1 0.061 0.082 

Run Number 46 

0.10 0.1160 0.0929 -0.0231 - 24.9 0.378 0.312 
0.05 0.0697 0.0602 -0.0095 - 15.8 0.227 0.202 
0.01 0.0190 0.0206 +0.0016 + 7.8 0.062 0.070 

Run Number 50 

2 .oo , 0.2763 0.2684 -0.0079 - 2.9 0.906 0.933 
1.00 0.1969 0.1628 -0.0341 - 20.9 0.646 0.565 
0.50 0.1125 0.1015 -0.0110 - 10.8 0.369 0.353 
0.10 0.0223 0.0346 +0.0123 + 35.5 0.073 0.120 
0.05 0.0044 0.0217 +0.0173 + 79.7 0.014 0.076 
O.Ol 0.0009 0.0074 +0.0065 + 87.8 0.003 0.026 
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TABLE XXXIV 

EXPERIMENTAL AND CALCULATED VALUES FROM 
WEIGHT~CONCENTRATION DATA 

tb > te 

c wx We WC - w x % Error Wxfwxt We/Wet 

Run Number 6 ' . 

o. 50 0.2800 0.3054 +0.0254 + 8.3 0.885 0.951 
0.10 0.1508 0.1598 +0.0090 + 5.6 0.476 0.487 
0.05 0.1184 0.1252 +0.0068 + 5 .4 0.374 0.381 
0.01 0.0722 0.0722 -0.0007 - 1.0 0.230 0.220 

Run Number 16 

3.00 0.0535 0.0643 +0.0108 +16.8 0.895 0.933 
2.00 0.0485 0.0534 +0.0049 + 9.2 0.814 0.775 
1.00 0.0342 0.0406 +0.0064 +15.8 0.574 0.589 
0. 50 0.0257 0.0312 +0.0055 +17.6 0.432 0.453 
0.10 0.0097 0.1805 +0.0083 +46:.1 0.163 0.262 
0.05 0.0057 0.1438 +0.0086 +60.1 0.096 0.207 
0.01 0.0011 0.0083 +0.0072 +86.7 · · 0.018 0.121 

Run Number 25 

3 .00 0.1771 0.1989 +0.0218 +11.0 , 0.951 0.946 
2.00 0.1462 0.1661 +0.0199 +12.0 0.785 0.790 
1.00 0.1096 0.1256 +0.0160 +12.7 0.588 0.597 
0.50 0.0869 0.0970 +0.0101 +10.4 0.466 0.462 
0.10 0.0545 0.0556 +0.0011 + 2.0 0.293 0.265 
0.05 0.0337 0.0440 +0.0103 +23.4 0.181 0.209 
0.01 0.0165 0.0257 +0.0097 +37.7 0.089 0.122 

Run Number 30 

3.00 0.4289 0.4178 -0.0111 - · 2. 7 0.900 0.870 
2 .00 0.3557 0.3480 -0.0077 - 2.2 0.747 0.725 
1.00 0.2776 0.2656 -0.0120 - 4.5 0.583 0.533 
o. 50 0.2183 0.2063 -0.0120 - 5.8 0.438 0.430 
0.10 0 . 1250 0.1188 -0.0062 - 5.2 0.262 0.247 
0.05 0.0953 0.0940 -0.0013 - 1.4 0.200 0.196 
0.01 0.0280 0.0547 +0.0267 +48.4 0.059 0.114 

Run Number 38 

0.50 0.1208 0. 1239 +0.0031 + 2.5 0.872 0.872 
0.10 0.0628 0.0657 +0.0024 + 3.7 0.454 0.462 
0.05 0.0470 0.0514 +0.0044 + 8.6 0.339 0.362 
0.01 0.0116 0.0298 +0.0182 +61.0 0.114 0.131 
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TABLE X:XXIV (Continued) 

c wx WC WC - wx % Error wxfwxt we/wet 

Run Number 39 

2.00 0.4584 0.4952 +0.0268 +15.5 0.816 0.864 
1.00 O. 3468 0.3633 +0.0165 + 4.5 0.617 0.647 
0.50 0.2712 0.2794 +0.0082 + 2.9 0.483 0.497 
0.10 0.1601 0.1597 -0.0004 - 0.2 0.285 0.284 
0.05 0.1180 0.1261 +0.0081 + 6.4 0.210 0.224 
0.01 0.0642 0.0736 +0.0094 +12.8 0.114 0.131 

Run Number 44 

2.00 0.1523 0.1651 +0.0128 + 7.6 0.820 0.862 
1.00 0.1052 0.1154 +0.0102 + 8.8 0.567 0.603 
0.50 0.0761 0.0827 +0.0066 + 8.0 0.410 0.432 
0.10 0.0395 0.0396 +0.0001 + 0.2 0.213 0.207 
0.05 0.0258 0.0290 +0.0032 +11.0 0.139 0.151 
0.01 0.0037 0.0142 +0.0105 +73.9 0.020 0.074 

Run Number 48 

2.00 0.2448 0.2776 +0.0328 +11.8 0.874 0.986 
1.00 0.1618 0.1688 +0.0050 + 3.0 0.578 0.592 
0.50 0.1105 0.1025 -0.0080 - 7.8 0.394 0.364 
0.10 0.0410 0.0343 -0.0067 -19.5 0.146 0.122 
0.05 0.0198 0.0215 +0.0017 +.7.9 0.071 0.077 
0.01 0.0040 0.0074 +0.0034 +45.9 0.014 0.026 

Run Number 49 (Rapid Melt) 

2.00 0.2979 0.2987 +0.0008 + 0-.3 0.917 0.937 
1.00 0.2031 0.1804 -0.0227 -12.6 0.625 0.565 
o. 50 0.1064 0.1112 +0.00·48 + 4.3 0.328 0.349 
0.10 0.0549 0.0374 -0.0175 -46.8 0.169 0.117 
0.05 0.0329 0.0235 -0.0094 -40.0 0.101 0.074 
0.01 0.0130 0.0080 -0.0050 -62.5 0.040 0.025 
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TABLE XXXV 

EXPERIMENTAL AND CALCULATED VALUES FROM WEIGHT-CONCENTRATION 
DATA FOR VELOCITY RUNS 

c wx We WC - wx % Error wx/wxt We/Wet 

Run Number 7 

0.10 0. 1894 0.3846 +0.1952 +50.7 0.670 0.825 
0.05 0.1453 0.2121 +O .1274 +46.7 0.514 0.585 
0.01 0.0747 0.0578 +0.0578 +43.6 0.264 0.284 

Run Number 8 

0 .10 0.0573 0. 1093 +0.0520 +47.6 0.386 0.692 
0.05 0.0288 0.0749 +0.0461 +61.5 0 .194 0.474 
0.01 0.0147 0.0345 +0.0198 +57-3 0.099 0.218 

Run Number 9 

0.1-0 0.0818 0.0962 +0.0144 +15.0 0.630 0.661 
0.05 0.0520 0.0672 +0.0152 +22 .·6 0.400 0.462 
0.01 0.0150 0.0283 +0.0133 +46.9 0.116 0 .194 

Run Number 11 

1.00 0.0953 0. 1058 +0.0105 + 9.9 0.762 0.718 
0.50 0.0654 0.0120 +0.0066 + 9.2 0.523 0.489 
0 .10 0.0313 0.0311 -0.0002 - 0.6 0.250 0.21 1 
0.05 0.0232 0.0218 -0.0014 - 6.4 0 .186 0 .148 
0.01 0.0104 0.0092 -0.0012 -13.0 0.083 0.062 

Run Number 12 
2.00 0.0924 0.0976 +0.0052 + 5.3 0.965 0.983 
1.00 0.0529 0.0602 +0~0073 + 12. 1 0. 553 ! 0.606 
0.50 0.0362 0.0405 +0•0043 +10.6 0.378 0.408 
0.10 0.0183 0.0188 +O .·0005 + 2.7 0.191 0 .190 
0.05 ·0.0143 . 0.0135 -0.0008 - 5.9 0 .149 0 .136 
0.01 0.0011 0.0062 +0.0051 +82.2 0.011 0.063 

Run Number 13 

1.00 0 . ·1083 0.2331 +0.1248 +53-5 0.657 0.706 
0.50 0.0394 0.0831 +0.0437 +52.6 0.239 • 0. 252 
0.05 0.0291 0.0589 +0.0308 +52.3 O .177 ·. 0 .178 
0.01 0.0123 0.0288 +0.0165 +57-2 0.075 0.087 
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TABLE xx::t:v" (Continued) 

c wx WC We - Wx % Error wx/wxt we/wet 

Run Number 14 

1.00 0. 1098 0.1184 +0.0086 + 7.3 0.675 0.700 
0.50 0.0766 0.0809 +0.0043 + 5.3 0.471 0.478 
0 .10 0.0375 0.0373 -0.0002 - 0.5 0.230 0.220 
0.05 0.0269 0.0267 -0.0002 - 0.7 0 .165 0 .158 
0.01 0.0075 0.0123 +0.0048 +39.0 0.046 0.073 

Run Number 22 

3.00 0.0827 0.0902 +0.0075 + 8.3 0.938 0.810 
2.00 0.0578 0.0680 +0.0102 +15.0 0.655 0.621 
1.00 0.0384 0.0455 +0.0071 +15.6 0.435 0.408 
o. 50 0.0266 0.0315 +0.0049 +15.5 0.302 0.283 
0.10 0.0110 0.0137 +0.0027 +19.7 0.125 0 .123 
0.05 0.0071 0.0096 +0.0025 +26.0 0.081 ·o .086 
0.01 0.0037 0.0040 +0.0003 + 7.5 0.042 0.036 

Run Number 23 

2.00 0.1171 0.1483 +0.0312 +21.0 0.739 0.757 
1.00 0.0792 0.0991 +0.0199 +20.1 0.500 0.506 
0.50 0.0583 0.0299 +0.0070 +23.4 0 .144 0 .153 
0.05 0.0114 0.0207 +0.0093 +44.9 0.072 0 .106 
0.01 0.0022 0.0088 +0.0066 +75.0 0.014 0.045 

Run Number 33 

2.00 0.3136 0.2449 -0.0687 -28.0 0.760 0.782 
1.00 0.2192 0.1631 -0.0561 -34.4 0.531 0.521 
0.50 0.1599 0.1132 -0.0467 -41. 2 0.387 0.362 
0.10 0.0767 0.0525 -0.0242 -46.0 0 .186 0.168 
0.05 0.0503 0.0376 -0.0127 -33-7 0 .122 0 .120 
0.01 0.0115 0.0173 +0.0058 +33°5 o.02if 0 . 055 
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a 

A 

TABLE XXXVI 

LIST OF SYlVIBOLS 

Constant in equation derivations 
2 Surface area, ft 

200 

~ Constants in weight-concentration_ equation, n = 1, 2, 3 

b 

c 

c 

d 

D 

D 

g 

Gr 

h 

k 

K 

L 

L* 

m 

Nu 

Pr. 

q 

Constant in equation derivation 

Specific heat, Btu/lbm °F, Constant in equation 
derivation 

Constant in equation derivation, n = 1, 2, 3 

Sodium chloride concentration, (lb salt/lb brine) 
x 100 per cent 

Constant in equation derivation 

Diameter, ft 

Diffusion coefficient, ft 2/hr 

Gravitational constant, ft/sec 2 

Grashof number gr2D3 (te - t 0 )~ 

Convection coefficient, Btu/(hr f{' °F) 

Thermal conductivity, Btu/(hr ft °F) 

Distribution coefficient 

Latent heat of fusion, Btu/lb 

Dimensionless group, L/ c(te 

Weight of coolant, lbs 

Exponents in weight concentration equations, subscript 
n=1,2,3 

Nusselt number, hD/k 

Prandt number, cJl/k 

Heat transfer te <:tb, Btu/hr 

q1 Heat transfer by conduction, te = tb, Btu/hr 



r 

r* 

s 

s 

S.G. 

t 

v1 

vavg 

w 

x 

j 
x 

TABLE XXXV'I (Continued) 

Heat to form ice, te = tb, Btu/hr 

Volume rate of brine flow, ft3/~in 

Heat removed by coolant, Btu 

Spijere radius, inches 

Dimensionless radii, r/r0 

Advance of freezing front, ft/hr 

Sphere radius to ice surface, feet 
1 1 

Dimensionless group, rD-iae~ 
1 1 

Dimensionless Group, RD-iae-ia 

Specific gravity 

Temperature, °F · 

3 Volume, ft 

201 

Velocity for chamber cross-.sectional area, ft/min 

Velocity corrected for projected area of sphere, ft/min 

Velocity corrected for projected area of frozen sphere, 
ft/min 

Average velocity, ft/min 

Accumulative sample weight, lbs 

Distance from start of slab freezing, ft 

Distance from interface of slab f:r;:eezing, ft 

Greek Symbols 

0 -1 
~ Thermal expansion coefficient, F , 

~ t Total temperature potential (32 - tb) + (32 - t 0 ), °F 

e Time of run, hours 

es Time to collect 100 cc coolant, seconds 
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TABLE XXXVI {Continued) 

0* Dimensionless group, {k/Lr~){t9 - t 0 )9 

J1 Absolute viscosity, lbm/(hr-ft) 

p Density, lbm/ft3 

Subscripts 

c Final calculated value, concentration in diffusion 
equation · 

e Value of property ~t equilibrium conditions 

i Properties for pure ice 

i..n Coolant property entering sphere 

j Result of intermediate calculation 

o Property on inner surface of sphere 

out Coolant property leaving sphere 

s Property at ice-liquid interface 

t Property for total sample, temperature in diffusion 
e.quation 

x Experimental data 

oo Property evaluated at large distance from interface 
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