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ABSTRACT

MEASUREMENT OF THERMODYNAMIC PROPERTIES OF
SALINE SOLUTIONS

Engineers must be able to predict the thermodynamic properties of
saline solutions in order to properly design water purification

~ plants. 1t was the primary goal of the investigation to develop

" equations to predict those properties of engineering consequence

as functions of temperature, pressure, and salt concentration.

The equations that were derived can be used to predict specific

heat, vapor pressure, heat of vaporization, specific volume, enthalpy,
and entropy for unsaturated sodium chloride solutions ranging in
temperature from 32 to 350°F and for pressures ranging from O to

5000 psig. The results of this investigation are presented in
equations, graphs, and tables. The equations can readily be programmed.
A detailed account of the derivations, experiments conducted, and

the results is presented in Dr. James C. Chou's dissertation entitled:

Thermodynamic Properties of Aqueous Sodium Chloride

Solutions from 32 to 350°F

Oklahoma State University

Rowe, Allen M. :

MEASUREMENT OF THERMODYNAMIC PROPERTIES OF SALINE SOLUTIONS

Projects Completion Report to Office of Water Resources Research,
Department of the Interior, July, 1968, Washington, D, C.,
KEYWORDS--thermodynamic properties*/specific heat/ vapor pressure/
heat of vaporization/ specific volume/ enthalpy/ entropy/ temperature/
pressure/ NaCl concentration :
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Project Objectives:

As é resﬁIt of the attention directed in recent years toward the
use of evaporation processes for purifying saline water, knowledge of
the thermodynamic pfoperties of brines at temperatures in the range
of evaporator operation has become a matter of great concern. In
grdinaty sea water, sodium and chloride ions constitute about 86%
of the dissociated ions; these ions are also frequently the princi-
pal contaminants in brackish water. Based on this fact, engineers
have frequently made the assumption that the properties of godium
chloride 501utions may be used as a first approximation to those of
sea water in designing desalination evaporators.

It was the primary object of this project to develop equations to
predict-these properties. The data used in developing the equations
was obtained through experiments conducted in this study, as well as
from data obtained from literature. The resulting equations that
“'were developed can be used to predict:

1. specific heat

2., vapor pressure

3. heat of vaporization

4. specific volume

5. enthalpy

6, entropy
The independent variables for these functions were temperature, pressure,
and sodium chloride‘conceﬁtration. The equations, when programmed, offer
the engineer a quick way to evaluate properties for temperatures ranging
from 32 to 350°F, for pressures ranging fxom 0 to 5000 psig, and for

all NaCl concentrations ranging from zero to that for the saturated-
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solution. A detailed description of the work done in this study
may be obtained from Dr. James Chia-San Chou's dissertation entitled:

Thermodynamic Properties of Aqueous Sodium Chioride

Solutions from 32 to 350°F

Oklahoma State University
Stillwater, Oklahoma 74074

If time permitted, we also planned to conduct additional tests
with equipment built with funds for this project to measure the effect
of composition, surface tension, capillary pressure, and nucleation

sites on the properties listed above.
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Plan of Attack

First an extensive literature survey was made to determine what
- data was available on the thermodynamic properties of sodium chloride
solutions. This survey indicated a lack of experimental data on:

1. specific heat at high temperatures

2. specific volume of NaCl solutions

3. heat of vaporization
‘However the survey did reveal sufficient related experimental data to
calculate specific heatrusing thermodynamic theory.

Next a heat of vaporization caleorimeter, believed to be of ﬁnique
design, was built to measure heat of vaporization over a wide range
of temperature, pressures, and fixed salt concentration. The salient
features of this calorimeter are presented in Appendix A.

Also a P-v-T cell was built to measure the specific volume of
NaCl solutions for various temperature, pressures, and NaCl concen-
trations. The schematic diagram of the apparatus, the experimental
procedure followed, and the results cobtained are presented in Appendix
B. This appendix, written in the form of a technical paper, is pre-

sently under consideration for publication.

Initial Effort
Our initial.effort was directed toward the design and construction
of ﬁhe heat of vaporization calorimeter. Considerable progress was
made in this eﬁdeavor during the first year of the program. However,
.a turn over of graduate student help resulting from graduation greatly

impaired progress.
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Revised Progfam
' During the second year, it was decided that the best chaﬁce of
attaining our main objective of predicting thermodynamic properties
could be realized if we reduced effort on the caldrimeter, and focused
ouf attention on the analytical work and the exgérimental program to
obtain P-v-T-x data for NaCl solutions. Following thié course of
action, a signifiéant portion of our original project objectives

were realized.
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Degree of Achievement of Project Objectives

In the original proposal, a program was outlined to determine the
properties of solutions éontaining a variety of salts alone and in
.combination. If time permitjted, additional tests were planned to
determine the effects of surface tension, capillary pressure, and
nuc¢leation sites on such thefmodynamic propertieé as the heat of
vaporiéation. As the projecf progressed, it was decided to concentrate
on developing equations to predict the thermodynamic properties of
NaCl éolutions. This goal was realized; the equations fof calculating

these properties are listed in the next section of this report.



Rﬂsuits
The following equations were derived to predict the thermodynamic
pfoperties of NaCl solutions of interest to .the engineer. The inde-
pendent variables in each case are temperature, pressure and sodium
"chloride concentratioft. |

1. BSpecific Heat:

¢, = 1.3165380 - 8.9594831x + 23.807251x°

-(0.20328368x1072 - 0.036271808x + .062168183x2)T

+ (0.32218320x10°° - 0.61529617x10 *x + 0.10557408x10 °x®)T° (1)

P = 10 atmospheres

_cp, calories per gram per degree

X, mole fraction

T, degrees Kelvin

fﬁe data used in deriving this equation were osmotic coefficient
data, solubility data, specific heat, data of pure water, and specific
heat data for solid salt. The details on how this equation was derived
are presented in Chou's thesis which was referenced in the first section
of this report.

2. Vapor Pressure:

1n §f° = -1,2275791x + 15.026523x* °®
| -574.51650x° - (331.63222x - 3322.7702x* "®-16390.844%%) /T
+ (0.040568938x - 3.8316690x '® + 87.479492x%)1nT (2)
. X, mole fraction | |
T, degrées Kelvin
P » vapor pressure of the solution
pf, vapor pressure of the pure water
The vapor pressure of pure water can be calculated from the fol-

lowing formula:



lnp, = 71.0571369 - 7381.6477/T =9.09930371nT
+ 0.0070831558T - 3)
PL s absolute pressure in kilograms per square centimeter

T, degrees Kelvin

3. Heat of Vaporization:_

The heat required for the phase transition of water from the
solution phase to the vapor phase at constant temperature and éompo-
sition is determined by using Table III of Appendix C in the following
manner. The value in Table III, at the desired temperature and salt
concentration, is added to the value for the heat of v#porization
‘determined from the steam tables. For example the heat of vaporization
of.a solution containing 10 grams of salt per 100 grams of solution
at 230°F is 945.5 + 1.2 Btu/1lb mass.

4. Specific Volume:

v = A(T) - P+B(T) - F?:C(T) + x*D(T) + x°*E(T) - xP-F(T)

- ¥®P-G(T) - 1/2 xP® 'H(T) - ‘ %)

A(T) = 5.916365 - 0.010357941T + 0.92700482x10 °T°

- 1127.5221/T + 100674.1/T° 1 (5)
B(T) = 0.52049144x10° - 0.10482101x10 *T + 0.83285321x10°T?

- 1.1702939/T + 102,27831/T° (6)
C(T) = 0.11854697x10 - 0.65991434x107"T. (N
D(T) = =2.5166005 + 0.011176552T ~ 0.17055209x10 *T° (8)
E(T) = 2.8485101 - 0.015430471T + 0.22398153x10 *T° (9)
F(T) = -0.0013949422 + 0,77922822x10 °T - 0.17736045x10 'T°>  (10)
G(T) = 0.0024223209 - 0.13698670x10 *T + 0.20303356x10 T°  (l1)
H(T) = 0.55541298%10™ - 0.36241535x10 °T + 0.60444040x10 1 T° (12



where

P, kilograms per square céntimeter

v, cubic centimeters pér gram

T, degrees Kelvin. |

x, grams NaCl per 100 grams solution
5. Enthalpy

A somewhat complicated method was used to calculate the enthalpy
of NaCl solutions. A full description of fhe calculations, together
with a table of enthalpy values, are presented in Appendix C. This
Appendix is presented in the form of a technical paper which is now

under consideration for publication.

6. Egtrogx T . p
s =50+ J £ ar - J @_‘DP dp | (13)
T Fo
where
so = 0.0876 + 0.067594387x - 1.2767431x° + 1.7277596%° (14)

The reference temperature, T,, is 298°K (25°C) and the reference
pressure, By, is 1 atmosphere.

. The integrals in the abeve equation were evaluated in a manner
similar to that presented in Appendix C. Table I presents the ;eSults
of the evaluation of Equation (13).

Only the final results have been presented in this report. The
rea&er is referred to Chou's dissertation, referenced in the first
section of this report, for details concerned with the derivation of
these equaticns. Inéiuded in this dissertation is the print out of a
computer program, written in Fortran IV, that predicts properties for

the cases where the pressure effect on property behavior is negligible.



This program predicts vapor pressure, heat of vaporization, specific
volume, enthalpy, and entropy as functions of temperature and salt

concentration.



YILAWTHOTVD NOILVZTHO4VA 40 LVIH

V XIONdddv.



figure 1 shows the salient features of the heat of vaporization
calorimeter that was constructed &uring‘the first year. of this pro-
ject. For sake of clarity, many details have been omitted from this
schematic diagram. The cell will be used to measure heat of vapori-
_zation, as well as vapor pressure. It is hoped that with slight modi-
fication the-apparafué can also be used to measure osmotic pressure.

The calorimeter works in the following manner. The liquid to be
tested is placed in the high pressure, stainless steel container A,
The liquid level in ﬁhe cell is maintained constant by means of detector
B and a controlled rate displacement pump C. The liquid contained in
‘the ceil is vaporized with heater D. The electrical energy input into
the heater is measured with an appropriate external circuit E. The
vapor 1is withdrawn through line F. A Heiss gage G is used to measure
vapor préssure. The vapor 1s condensed and collected in a calibrated
burret H. Circulatiﬁg pump I circulates liquid from the cell where
it is cooled. Liquid of a much lower salt concentration is injected
into the system with pump C. This liquid has the same composition
as that condensed and collected in burret H. This recirculation -
injection system maintaiﬁs the fluid level and salt concentration
constant in the cell. Heﬁce, all the energy liberated by heater D
causes vaporization of the liquid of fixed composition in the cell.
Temperatures and heat losses are detected by approximate thermocouple
arrangements such as J., Bath K minimizes the heat loss across the walls

of the cell.
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A - CALORIMETER CELL

B - LIQUID LEVEL DETECTOR

C - POSITIVE DISPLACEMENT PUMP
D - HEATER

E - ENERGY MEASUREMENT CIRCUIT
F - VAPOR EXIT LINE -

G - HEISS GAGE , A
H - GRADUATED CYLINDER

I - CIRCULATING PUMP -

J - THERMOCOUPLES f
K - BATH B

L - PREHEATER | TF
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Fig. 1 - SCHEMATIC OF HIGH TEMPERATURE HIGH PRESSURE
~ ENVIRONMENTAL CHAMBER
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Cﬁmpressibility of Aqueous S;dium Chloride Solutions
JAMES C. S, CHOU, ALLEN M. ROWE, JR., and ROBERT MacFADZEAN
School_of Mechanical Engineering :
Oklahoma State University -
Stillwater, Qklahoma
SUMMARY

The derivative (:%%:)T,x of NaCl solution has been experimentally
determined in the temperature range from 0 to 175°C for concentrations
of 5 to 25 grams salt per 100 grams‘solution and for pressures up to
53,000 psig. An interpolation formula which describes the P=v-T-x
relation has been devélQped to fit these experimental results as
well as the density data found in the literature.

Because of the increasing importance in converting salt water to
potable water, there is. a considerable amount of interest in the
_thermodynamic properties of aqueous NaCl solutions. A survey of the
literature indicated the lack of experimental data on compressibility
for NaCl solutions at temperature above 40°C; measurements were theré-
fore madé to obtain the derivative (:%%:)T,x. The results were then
used tb'derive an appropriate pressure-volume-temperature-concentration
(P4v-i-x) relation. The principle of the experimental method is to
measure, by means of a calibrated positive-displacement pump, the

change of‘speéific‘volume with pressure at a fixed temperature.

EXPERIMENTAL
The apparatus is shown schematically in Figure L. The vessel

which contains only the solution was made of stainless steel,
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surrounded by three electrical heating coils of 650 watts each,

and insulated with a layer of 1%" thick mineral wool. The electric
curfent through the coil was countrolled by a variable resistor in
order to maintain the desired temperatﬁre of solution in the wvessel,.
To minimize the variation of temperature of the solution, 415 feet
of 0.01" o.d. nickel chromigm wire was placed inside the veséel té
distribute the heat uniformly throughout the solution. The piston
~of the pump, which was calibrated to 0.0l cubic centimeter of pis-
toﬁ dispiacement, could be advanced or retreated at a uniform speed
from 0 to 100 cubic centimeters of displacement per minute by means
of a motof and geaf box; Saltrol 160, a light oil, was used to sep=
arate the solution in the second vessel from the pump and the pres-
sure gage. This 14" dial bourdon tube Heiss pressure gage was cali-
brated with a dead weight tester before and after the experiment.
Each division on the &ial of the gage represented 5 psi, and the gage
could record a maximum pressure of 5,000 psig, The temperature of
the solution was measured by a Conax 20 gage iron constantan ther-
mocouple in conjunction with a Leeds and Northrup millivolt poten-
tiometer, The thermocouple.was placed in the middle of the vessel.
The readings from the potentiometer were checked with a standard
glass thérmometer suspended in the vessel before the experiment,

and the agreement was within 1°F at the boiling point of water.

The solutions were prepared from distilled water and feagent grade
sodium.chloride with a purity of 99.7%. To avoid possible contam-
"ination, the interior surface of the vessel was cleaned with dilute

.aqid solution aﬁd thoroughly rinsed with distilled water, After

the vessel was filled with solution, any entrained air was carefully
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driven out through the top of the vessel,

The experimental procedure followed Qas first to raise the
pressure of the system to 5,000 psig after the apparatus was assembled.
The system was kept at the high pressure for more than 30 minutes to
assure no leakage through the joints. The next step was to adjust the
electrical resistor and to wait for the attainment‘of thermal equili-
brium. Then, the pressure of the system was gradually lowered by
reversing the motion of the piston at a verf slow speed, and the pis-
ton displacements were recorded at intervals of 250 psi pressure.
During this operation, the temperature of the sclution dropped slightly;
hence it was necessary to raise slightly the current through the heat-
ing coils to maintain a constant temperature. After the pressure was
lowered to 185 psig, the wvalve underneath the test vegsel was closed
to isolate the solution in this vessel from the system. Next, the
pressure was again raised to 5,000 psig. The pressure was once more
lowered, and the readings of piston displacement were repeated for
every 250 psi. Twe sets of data, one taken with the valve open and
- one with the valve closed, were needed to account for the volume
changes attributed to the test vessel.

The fundamental measurements made in this experiment were the
piston displacements taken at every 250 psi pressure change for both
the open and closed valve positions. A series of measurements taken
at 350°F and 25% NaCl is shown in Figure 2, The difference between
the two piston displacements taken at the same pressure, AV, gives
the cﬁange in volume of test vessel and its contents., The results
of these measurements are tabulated in Table I. There are six such

sets of data taken at six different temperatures for each of the



six different concentrations. Many trial tests were made to determine
the degree of consistency of the data. The variation of the average
value of AV of any set of data was found to be within %%. A slight
nonlinearity of the data is evident. However, the differences of the
volume changes for the two valve positions were assumed to be linear
with the mean values of pressure in all calcﬁlations made in this study.
Since thé'derivative (%%)T,x does not vary with pressure rapidl&, its
mean value over a small pressure change AP 1s approximated by the

equation

AV - AV
e

Cen =~ | w

where AV represents the volume change of the isolated solution plus
the volume change of the vessel containing only solution due to the
pressure change AP at a constant. temperature, M is the mass of solu-
tion isclated from the system after closing of the valve, and Ave is
the dilation of the vessel subjected tc the internal pressure change
of AP. Let vi be the séecific volume of the isolated solution, V0
the volume of the vessel at room temperature, and Vt the increase in
.volume of the vessel due to the thermal expansion of metal at tem-

perture t. Then, Equation (1) can be written as

vi(AV - AVe)

{%%)f,x = (v + V)AF : | (2

The increase of volume AVe with internal pressure was determined

experimentally by weighing the overflow of pure water from the top of

the vessel in the following manner., The valve under the vessel was



Figure 2, Typical Measurements of Piston Displacement

for Compression Test
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TABLE I

DIFFERENCE OF VOLUME CHANGE BETWEEN THE TWO
EXPERIMENTAL CONDITIONS, AV 1IN
CUBIC CENTIMETER

Pressure Salt Weight, gm/100 gm Solution

psig 0 ) 10 15 20 25

(Temperature = 72°F)

5000~4750 0.500 De460 04405 0«385 0355 0e325
4750~-4500 0.505 Cets 70 D.420 0«3285 0350 0.340
4500-4250 Ce510 Cet70 Cett25 0390 0365 De345
4250-4000 0515 Qelth Cetl5 O« 380 0.360 04340
40060~3750 Ce505 Ca&s 75 Ced35 0410 Qe365 0e340
3750-3500 0e535 Qest75 CedBH5 0.420 0365 0.310
3500-3250 CaB1iB QebbHd Cats25 04400 0.355 04350
325%50~-3000 CeB15 CettS0 Ced&l5 0.400 0380 0«330
3000~2750Q 0.540 Ceb95 Cat35  De410 0«365% 0+350
2750-2500 0.485 Oeb465 0+450 0405 0365 O«340
2500-2250 Cet90 Ce480 Ca410  0.400 0.385 0.345
2250-~2000 C.570 C.e495 Ce&t50 Oe4l5 0+395 0.350
2000~-1750 Cas895 Cusle85 Celts Qaltl5 06365 0.335
1750-1500 CeD65 Cs495 Cs370 Dei0b D«385 04360
1500~1250 0«230 Ce&490 Cebd( Geb&Z% 0395 04370
1250-1000 CeD45 CaB05 CettH5 Ce&30 QC+390 OC«2B0O
1000-750 Qa 540 Ceb25 Ce535 Cel&ds) Oeal® 04370
750~500 CeS40 C«505 Ce515 Ce&55 0«430 0+380

500-250 Ce960 Ce+495 CetsB5 Cealstsd 0-395‘ 0+400

(Temperature = 125°F)

5000-4750 0+485 Oa%50 0410 0.385 0360 0.315
4750-4500 0.505 0460 Cs4l0 0«390 0.360 0.340
4500-4250 Ce480 Ce44l Ce395 Ce395 0+360 0.345
4250-4000 Cats95 Ceb65 Cs390 C« 390 0e345 04335
4000-3750 0.4%90 Qe&b5 C.425 0390 0.370 04350
3750-3500 0e535 Qe485 Ced25 0390 0.380 04350
3500-3250 C.490 075 Ce&20 0.395 0.360 04365
3250-3000 c.500 0445 Ca425 Ce405 0375 0«375
3000-2750 Ce520 Oe&t70 Cetd40 0.400 0+365 0355
2750-2500 0.515 Casbts? Cas&0 Ce&l5 0370 0.3245
2500-2250 04520 Qe485 Ced55 Dedld 0380 0.370
2250~-2000 Cats95 0e«480 0430 C.400 Cs390 0360
2000-1750 0.490 De470 0420 CetlD 0385 04365
1750-1500 Ce510 Oe475 Cedt&0 Oealh 0e380 04355
1500-1250 0.530 Ce500 Cat40 Deil5 0.405 0365
1250-1000 Ce545 Ces90Q 0470 Oed20 Ce410 0«365
1000-750 CeB35 = Ce480 Ce&80 Qe 430 Gesl0 0360

750-500 0560 C«500 Cedtssd 0410 0.375 0375

- 500~-250 0.550 0s515 0+480 0420 Dedl5 0375



TABLE I - Continued
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Pressure Salt Weight, gm/100 gm Solution

psSig 0 5 10 15 20 25
(Temperature = 180°F)
5000~4750 06390 - Q6450 0+420 0.390 0e370 Qe335
4750-4500 Ce505 DetaB5 O¢435 . D405 0O+385 Ce345
4500-4250 0«500 Qelebd 0e455 Oe«405 Ca&t1l5 0.360
§250~4000 Ce 525 Oe&75 Cat30 Ce&10 0385 0«350
4000-375%0 .0.5%10 Qa0 Cat65 D020 0405 04355
3750-3500 0e 505 Deaq0Q Ce&55 Ce&l0 0e395 D365
aA500-3250 CeD35 CealsT8 Calidy B Q0e&30 0.375 G« 360
3250-3000 C«50C Je690 Cadsdss 0«400 0375 0«350
3000-2750 - Qa535 Dek95 Cedb5 De&430 " De&l0 0e365
2750~2500 {e525 Je485 Qe560 O0«405 0385 04380
2500~-2250 0+505 Celb5 Cas&s0 Dets25 0390 Ca345
2250-2000 0515 0430 Cea&70  De&03 0e385 - Q.385
2000-1750 0.520 Ca535 Cast75 Ve 460 De425 0395
1750-1500 Oa545 D485 Oe&455 O+430 06395 0360
1500-1250 O« 540 Ge500 GCets55 Dett15 Ceal0 0365
1250-1000 0e565 Ce530 04495 Oetsts5 0+380 0e375
1000-750 0575 Ca&bb 0e47C 0e450 De&30 0390
750"500 00545 0.500 00470 00450 De4%l0 00405
500-250 0545 0505 Os480 De&70 Oedl5 0410
(Temperature = 250°F)

5000-4750 0e560 0+490 De50 0405 0390 0350
4750-4500 0-550 00495 0.455 O-&15 0.420 0.375
4500-4250 0e525 0a515 Oe455 Oe&l5 0e4a00 04380
4250-4000 Ce540 04500 Ce&sbS 0.420 De41l0 0375
4000-3750 04555 04515 OetB5 Oe&40 0e410 0e395
3750-3500 0e 540 0520 Q480 De455 De&l5 0375
3500-3250 D«.585 0535 Gea70 D460 0+415 Q385
. 3250-3000 0e5565 0e505 04435 Qe465 04435 0.385
30C00-2750 0.585 Ced95 0e490Q Os 840 Ded45 0395
27T50-2500 O.585% 08530 Tels 75 0ad&0 Qe620 0390
2500-2250 D+565 04540 0.485 0a470 Oea30 Ds410
2250-2000 D.555% 0525 Ce500 Qedbts® DalsisS 0400
2000~-1750 0.600 U540 0«505 Dett&d GCed35 0.380
1750-1500 0e570 D555 04500 Cedb5 O0ets20 De4l0
1500-125%0 0580 0535 Ca535 D455 O+460 Oedtrh
1250-1000 0e«585 0e540 Q0225 QedT5 Q485 0.400
1000-75%0 D+630 Qe575 - Qa470 De&95 Dete 70 ODetslb
750-500 Q0e615 0560 Qe555 Oe&60 De415 0e395
500~250 Deb15 0e555 0e510 0e505 Ded55 0.405



TABLE I - Continued
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Pressure

, Salt Weight, gm/100 gm Solution ‘
psig 0 o 10 15 20 25
(Temperature = 300°F)
5000-4750 04590 0+535 04520 0«460 0«400 0+390
4750-4500 0s615 04540 04490 04470  0e445 04410
4500~4250 0595 D«550 Cett95 0+465 Qe&a30 D«400
4250=-4000 0.615 Cab45 0a510 0470 Oes25 Os415
4000“‘3750 0.640 01550 0.485 00470 0.445 0-390
3750-~3500 0.600 Oe58D 0500 Oe485 0460 0435
3500~3250 G620 0565 0490 Qe460 Oe455 Q0e430
3250~3000 0.610 0e575 Ce535 0«500 Oe445S Oe4b5
3000-2750 Qe615 De560 0e520 04500 Oeld5 D410
2500-2250 0830 04605 De525 0490 0+455 Qe&l0
2250-2000 0.640 D625  0.510 0495 QeastsS  De425
2000«1750 0.655 0565 Ce535 0510 0470 0415
1750-15Q00 0.615 Ce590 0s555 0«495 Os455 0420
1500~1250 04650 Ge580 Ce530 0e505 D465 0.395
1250-1C00 Deb75 0.585 0e560 0.50% 0.500 0.400
750-500 0.710 Oe645 Ce57G 0530 O«460 Qed45
500250 04690 De625 06575 0520 0+4%90 Oele20
(Temperature = 350°F)
5000-4750 06595 0«595 $4500 0.505 0«50 - 0,405
4750"‘4500 0.720 00605 0-525 0.505 00455 0.‘025
4500-4250 . 0565 0«590 Qa515 0520 0eb65 Oue&45
4250-4000 0.675 0+615 Q545 0.520 D475 Qet25
3750-3500 0.715% 0.640 Ce560 0.505% O+480 04425
3500-3250 0.740 0635 0s545 0525 O+480 0.450
3250-3000 0.715 0.635 0540 0+545 04500 0.435
3000-2750 0.705 Q640 0.8600 0.530 0510 Oe4l5
2750-2500 0.710 04650 Ce575 0«565 0490 Dottt
2500-2250 0.770 0675 Ceb620 Ce545 Qa0 Det55 .
2250-2000 0.745 04620 O+585 D575 Q495 D485
2000-1750 0.745 0.660 04590 0+545 0.515% 0+475
1750-1500 0.740 DabE5 04630 0.550 Os485 O.445
1500-1250 04750 0.700 0.560 0.550 0.515 0et50
1250-1000 0.780 De695 U605 0«545 0510 D+480
1000-750 0.770 0«735 Cab10 0e575 0.509% D.480
T50-500 0.795 Gu675 Cabl0 De565 0510 C.505
500-250 0835 0,710 0640 Qe545 0530 Oe510
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.closed at the desired prgssure,.and the valve on the top was then
opened  until the pregsure dropped to étmospheric pressure. The |
temperatureé of water were observed before and_after_the‘expausion
of water. From the P-v-T relation of water, the volume increase

AVe was-computed and taken to be
AVe = 0.0322 = (1.012 - 0.000167 t) (3)

where ave is in cubic centimeter per 250 psi of pressure change and
t is in degrees Fahrenheit.

The measurement of the total volume VO of solution in the vessel
at room temperature was carried out by drying the interior surface
and then measuring the amount of water required to fill the vessel.

The yolume change Vt due to the thermal expansion of metal was
determined by recording the piston displacements at different tempera-
tures when the vessel contained pure water at 185 psig pressure. Then,
the values of (V0 + Vt) in cubic centimeters were fitted with the fol-
nlowing.interpolation formula:

V_ +V, = 661.741245 - 0,0209182 t + 0.172507 x 1073 ¢? W

where t is in degrees Fahrenheit.

The specific volume of solution, V., was determined in the fol-
lowing manner, The data on densities in grams per cubic centimeter in
the region from 0 to 100°C and from 1 to 26 grams of salt per 100 grams
of solution at 1 atmosphere are given in the Iﬁﬁernational Critical

Tables (7). From these data and the data obtained by Fabuss.(l) at
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1100, 125, 150, and 175°C at 0.1, 1.0, 2.0, and 2.5 moles of salt per
1,000 grams of water at pressures near the vapbr pressures, an inter-
pelation formula was established to represent the specific volume of
solution at low pressures with temperature and concentration as the
only independent variables. Since the values of the derivative (%%)T,x
lie between 0.00008 to 0.00002 cubic centimeter fer gram per atmos-
phere, the change of vy due to 185 psi of pressure change is about
0.00101 to 0.00025 cubic ceﬁtimeter per gram. The error caused by
using the interpolation formula for spécific volume at low pressure

to represent v, at 185 psi in Equation (2) was not felt to be excessive

in comparison with other experimental uncertainties.

RESULTS

.By substituting the values of.vi, AV (smoothed), AVe, Vo, and
Vt into Equation (2), the values of the derivative (%%)T,x at 0, 5,
10, 15, 20, and_25 grams salt per 100 grams solution were obtained
and arée tabulated in Table II. Figure 3 shows the comparisons of the
experimental values obtained for pure water with those calculated from
Smith.and keyes' formula (4) and Equation (5) whiéh fifs the data and
tolerances established by the Third International Conference of Steam
Tables (6).

v = A(T) - P-B(T) - P2.C(T) . (5)

In Equation (5) v is in cubic centimeters per gram, P in kilograms per
square centimeter, and T in degrees Kelvin. The three functions of
temperature for specific volumes in the region between O to 180°C and up

to 400 kilograms per square centimeter have been determined as follows:



VALUES OF ($5).

TABLE 1II

. IN CUBIC CENTIMETER PER GRAM
PER ATMOSPHERE, MULTIPLIED BY -10,000
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o Pressure, atm
Salt,% t, C 10 100 360 300
0 22422 Dets655 D510 064349 Oe4188
0 51467 De4630 Oelts 72 0e4296 0e4120
0 82422 0.4890 De&706 0e4u97 De4289
0 121.11 Ce5676 05419 De5134 0.4848
o) 148489 Ue6666 0e6352 0e6004 05655
0 176467 0«BQ070 DeT7633 QeT7147 Deb662
5 22422 De4098 03977 Oe38473 043709
5 51.67 Oe4117 03989 De3847 0+3704
5 82422 Det322° Det176 Oes01l4 0.3852
5 121411 CeltShl 0ets760 04554 Oe4349
5 148489 Ce5698 05465 05207 024948
5 176467 0e6662 06356 06016 0.5676
10 22422 Qe3627 0e3499 De3356 0e3214
10 51e67 03663 0e3532 0.3386 0e3241
10 82422 Ce3863 0e3720 03560 0.3401
10 12111 044357 Delr188 0«4001 0e3814
10 148489 0eb917 04720 0.4501 Oets282
10 176467 05654 05417 05154 0e4891
15 2222 Ca3234 De3105 02962 0.2819
15 51e67 03297 0e3165 03019 0.2873
15 B2.22 03479 03341 03188 0.3034
15 121611 03877 0e3725 03557 0+3389
15 148,89 0et321 Oetl54 03969 0.3784
15 176467 Q0.4885 Det697 Det4BB 0eu279
20 22.22 02899 Ce2769 02624 0.2479
20 51e67 0a2985 0«2858 0«2718 02577
20 B2.22 Oe3146 03020 0+2878 062737 -
20 121a11 03466 03334 0e3186 0.3038
20 148489 0.3816 03675 De3517 043360
20 176667 Cets254 04099 03927 0«3755
25" 22422 0e2623 02495 0e2353 C0e2212
25 51467 062725 0e26032 0e2467 0e2332
25 82422 042846 0e2727 02594 02661
25 121la11 Da.3115 02994 0«2860 062726
25 14889 03405 043279 0e3139 042999
25 176467 0u3747 03612 De3463 0433173
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A(T) = 5.916365 = 0.010357941T + 0.92700482 x 10 °T°
- 1127.5221/T + 100674.1/T2,

B(T) = 0.52049144 x 1072 - 0.10482101 x 10”*T + 0.83285321
x 107812 - 1.1702939/T + 102.27831/T2,

C(T) = 0.11854697 x 1077 - 0.65991434 x 107 0r.

In compafing the values derived from the compreésibilities of
Kelly and Whalley's recentlinvestigation at one atmosphere (3), Smith
and Keyes' values appear too low at temperatures below 30°C. On the
other hand, the values obtained in this study may be too low at temper-
atures above 100°C.

The velocities of sound through aqueous sodium chloride solutions
at atmospheric pressure have been measured by Freyer (2). According
to the measurements of sound velocity, the values of the derivative
<§%>T,x at 20°C and 1 atmosphere were calculated and are tabulated as
follows:

X - 1 6 10 16 20 24

u 1497.0 1554.4 1600.6 1673.0 1722.5 1771.5
{E%E)T’X xlO6 45.24 39.41 35.38 30.00 26.83 23.97

where x denotes the concentration in grams salt per 100 grams of solu~-
tion, u rebresents the sound velocity in meters per second, and fhe'
unit.of the derivative is cubic centimetef per grém per atmosphere.
These values ére plotted in Figure 4 and compared with the values obtained
at 72°F in this study. The difference between the two sets of data
increaées with the increase of salt concentration. A careful review of
the testing procedures gave no reasonable explanation to account for
such large discrepancies at high salt concentrations. The calcula-

tion of (g%;& « from sound velocity was based on the assumption that
H
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'thg velocity of wavé transmissiﬁn is solely dependent upon two physi-
cal properties of the medium, elasticity and density. A speculative
opinion is that'the electrostatic pressure due to the electric field
around the ions may also have some effect.on the velocity of sound
through an electreolytic solution.

Another comparison made to isothermal compressibilities is also
available in the literature. Literature data are often reported in

terms of mean isothermal compressibility km’ defined as

ko= oY) (6)
m v (- 1)

where v and vy are the speéific volumes in cubic centimeters per

gram at the same temperature but under the pressures 1 and P atmos-
phéres , respectively. Tait (5) has found that his experimental data
at OOC, for pressures up to 450 atmospheres and for salt concentrations

of 3.88 to 17.63 grams of NaCl per 100 grams of solution, can be

represented by the empirical expression

, = —.0:00186
m (36 + P + x) (7

where km is the mean compfessibility per atmosphere, P is the pressﬁre
in long tons pér square inch, and x is the number of grams of salt per
100 grams of solution; In order to éompére the results of the present
experiment with Tait's, the mean cémpressibilities were computed from
ﬁalues of specific volumes given by Equation (8) which fits the experi-
mental results of this study. The disagreement between the values by

Tait's formula and by Equations (6) and (8) is less than 2%, as shown
: y &g
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TABLE III

MEAN COMPRESSIBILITY PER ATMOSPHERE AT 0°C,
MULTIPLIED BY 10,000

Salt Weight, gm/100 gm Solution

P, atnm ) 10 15

(a) (b) (a) (b) (a) (b)

10 45.88 45,29 41e23 40438 37424 3642

100 45430 44465 40468 39.87 3671 36401
150 44498 44,30 4037 394,59 36642 35478
200 44467 43,96 40407 39.31 36412 35456
250 : 44435 43,62 1G.76 39.04 35,83 35.33
300 44403 43,29 39445 38.77 35453 35,11

Note: (a) By Equations (6) and (8).

(b) By Tait's Formula.



in Table III.

Many repeated tests were made, and the deviation in results was
less than one percent of the average value of the derivative (%%)T,x'
Based on the comparisons of results, it is believed that the proba-
ble errors of the derivatives obtained from this experiment are within

the limits of s 4.5% of the true values,

P-v-T-x RELATION
To fit the experimental data, a mathematical expression was

arbitarily chosen as

v = A(T) - P*B(T) - P2-C(T) + x-D(T) + x>.E(T)

- XP-F(T) - x°P-G(T) - kxP°-H(T). (8)

If the concentration x of salt in solution is zero, Equation (8)
is reduced to Equation.(S) for which the functions A(T), B(T), and
C(T) have already been_determined.

Based on the values of g%;&,x from this experiment and on the
density data given by others (1,7), the functions D(T), E(T), F(T),
G(T), and H(T) were determined as given below:

-2,5166005 + 0.011176552T - 0.17055209 x 10712,

2.8485101 - 0.015430471T + 0.22398153 x 10-4T2.

5

D(T)

E(T)

F(T) = -0.0013949422 + 0.77922822 x 10 T - 0,17736045 x 10“7T2,

4T + 0.20303356 x 10'7T2,

8

0.0024223209 - 0,13698670 x 10~
6

G(T)

T + 0.60444040 x 10'11T2,

H(T) 0.55541298 x 10~ - 0.36241535 x 10~
for P in kilograms per square centimeter, v in cubic centimeters per

gram, T in degrees Kelvin, and x in grams salt per 100 grams solution.
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The estimated maximum deviation of fhe experiﬁental data on specific
volume from Equétion'(S) with the respective temperature functions

is less than 1.5 parts per thousand for temperatures ranging from

0 to 150°C, for céncentrations ranging from 0 to 25% of salt weight in
solution, and for pressures up to 300 atmospheres. Equafion’(s)
-provides é concise représentation of the large mass of data and may
lbe used to determine the pressure effects on.heat capacity, enthalpy,

and entropy.
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ENTHALPIES OF AQUEQUS SODIUM CHLORIDE SOLUTIONS FROM 32 TO 350°F
Allen M. Rowe, Jr., and James C. S. Chou
School of Mechanical Engineering
Oklahoma State University
Stillwater, Oklahoma
Summary

The enthalpies of sodium chloride solutions have been calculated
and tabulated in the temperature range'from 32 to 350°F using the
specific heats derived from osmotic coefficients, specific heats of
pure liquid water, specific heats of solid salt, and solubilities.
The pressure dependency of enthalpy was evaliuated from a P-v-T-x
relation which holds for pressures up to 5,000 psig. Included in this

paper are the enthalpy changes required for the phase transition ci

water in the solutions from liquid to vapor phase.

Symbols
A, B, C....Empirical parameters
a Activicy
H, h ‘ Enthalpy
n | Number of moles
P . Total normal pressure
P Vapor pressure
q _ Heat
R | _ Gas constant
T Absolute temperature (Kelvin scale)
t Temperature (Fahrenheit scale)

c-2



c=3

v Specific volume

X Mole fraction of salt

W o Weight fraction of salt

- Pilaced above a letter to denofe partial molal quantity

Subscripts - Used to designate conditions, states, or components.
and
superscripts
Intfodﬁction :

In ordinary sea water, sodium and chloride ions comstitute about
86 per cent of dissociated ions, and they are also frequently the
principal contaminants in brackish water. Within the past several years
there has been an increasing interest in the thermodynamic properties
of aqueous sodium chloride solutions at temperatures in the range of
evaporator operation. A great number of experimental data have been
collected in the last century. Some of the early experiments were
carried out meticulously, with a high degree of precision; however,
the data remain scattered in the literature. This paper presents

the values of enthalpy calculated from these prior data.

Enthalpy at 25°C and 1 Atmosphere
The enthalpy change accompanying the dilution of a solution at a
giVQn temperature and pressure is called the heat of dilution. If a
.solution which initially contains ny moles of solvent and n, moles of
solute is diluted to an infinitely dilute solution by adding (® - nl)

moles of pure solvent, the heat transfer during the process is

BH = (ol + n D) - [mfy + nehy + (= - m)RQ)

m (R - ) + e (R - B



where the superscript ° denotes infinite dilution. This equation is
based on the fact thap the molal enthalpy of pure solvent is not dif=-
ferent from the partial molal enthalpy of salveﬁt in the infinitely

dilute scolution. Dividing AH by n, gives the integral heat of dilu-

tion te infinite dilution per mole of solute,

n = - : -
qq = ;= (W - Rhy) o+ (2 - he). (L
2
11 the infinite dilution is chosen as the reference state for the
enthalpy of solute, h3 then becomes zero. It follows that the enthalpy

h of solution can be related to the mole fraction of solute and the

integral heat of dilution by the equation

h= (1l -xH - Xq4- | (2)

The integral heat of dilution is also equal to the heat of for-
mation of the solution in the final state minus that in the initial
state. The heats of formation at 25°C and 1 atmosphere for various
concentrations have been compiled by Rossini (7). In order to be
consistent with the values in the steam tables, the value of R of
Equation (2) must be based on the cgnvention of zero enthalpy for the
saturated water at 0°C and is taken to be 25.015 calories per gram at
25°C and 1 atmosphere. The values of enthalpy have been calculated
from Equation (2) for the concentrations at which the integral heat
of dilution caﬁ be obtained from the data on heat of formation. The
results are tabulated in Table 1 and may bhe adequately represented b§

the interpolation formula,



TABLE I

ENTHALPY AT 25°C AND 1 ATMOSPHERE

Salt. ¥ Heat of Dilution Enthalpy, cal/em Zolution
* e cal/gm Salt Eq. (2) . Eq. (3)
28.8524 8.1782 15.44 15.42
26.4960 8.0756 16.25 16.24
24 4954 7.9729 16.93 16.97
17.7822 6.1593 19.47 19.47
13.9571 4,6195 20.88 20.87
11.4863 3.4903 21.74 21.74
9.7588 2.6177 22.32 22.32
6.0931 0.6502 23.45 23.45
3.1423 -0.8897 24,26 24.26
1.5962 -1.4714 24 .64 24.64
0.8045 ~1.5398 24.83 24 .83
0.3234 -1.2661 24.94 24.94
0.1619 -1.0265 24.98 24,98
0.0648 ' ~-0.7186 25.00 25.00
G6.0324 -0.5304 25.01 25.01
- 0.0065 -0.2365 25.01 25.01
0.0032 -0.1711 25.01 25.01
0.0006 ~0.0855 25.01 25.01




ho = 25.015(1 - w) + 30.805561 w '° - 161.50632 W

+ 79.059598 w*'® + 114.83149 W’ (3)

in which the respective units are calories per gram and grams salt

per 100 grams water,

Enthalpy at Other Temperatuves and Pressures
For a homogeneous system of invariable composition, the differential
of enthalpy may be expressed in terms of the two independent properties,

temperature and pressure, as

Qs
=

l

dh = ( dT + (%%)po.

T )P

Qs

This leads to the expression

T P

h + 1 dT+*1[ vy 1 gp (4

= ho J % " v~T(aT)PJ . 4)
T B

The pfeSSure dependency of cp may be determined by the relation

P
- O !i 52\1
¢ = O " T ?a { Yl ) pdP. (3)

These equations provide a means to evaluate the enthalpies of solution
at a fixed concentration if the values of specific heat and the P-v-T
relation are known.

-Since the experimental data on specific heat are not only scarce
but also slightly inconsistent, Chou (1) determingd the specific heats
of unsaturated solutions from the osmotic coefficients, solubilities,
specific heats of pure water, and specific heats of solid salt. The

calculated values of cp in relation toe mole fraction x and temperature T
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in degrees Kelvin were fitted into the following interpolation formula:

1.3165380 ~ 8.9594831 x + 23.807251 »°

o
i

(0.20328368 x 107° - 0.036271808 x
+ 0.062168183 »x°) T + {0.32218320 x 10°°

0.61529617 x 10 *x. + 0.10557408 x 10™° x°) T. . (6)

"Based on the experimental evidence, he also found a formula, given
below, to represent specific volume for temperatures ranging from 0 to
175°C, for concentrations ranging from 0 to 25% of salt weight in
solution, and for pressures up to 300 atmospheres with maximum deviation
1.5 pafts per thousand:

v = A(T) - P-B(T) - P? -C(T) + w+D(T) + we :E(T)
- WP-F(T) -~ WP G(T) - 4WP®  1(D]) | (7)
where w is the concentration in grams salt per 100 grams solution, v
is the specific volume in em® per gram, T is the temperature in degrees
Kelvin, and the temperature functions are:

A{T) 5.916365 ~ 0.010357941 T

il

+ 0.92700482 x 10°° T2 - 1127.5221/T
+ 100674.1/T°,

B(T) = 0.52049144 x 1072 - 0.10482101 x 107 T

+ 0.83285321 x 10°° T - 1,1702939/T

+ 102,27831/T°,

C(T) = 0.11854697 x 10 - 0.65991434 x 107° T,

D(T) ==2.5166005 + 0.011176552 T - 0,17055209 x 10 * T°,

£(T) = 2.8485101 - 0.015630471 T + 0.22398153 x 10™% T°,

F(T) = -0.0013949422 + 0.77922822 x 10°° T - 0.17736045 x 10 ' T°,

G(T) = 0.0024223209 - 0.13698670 x 10 *T + 0.20303356 x 10 T,



c-8

i

H(T) = 0.55541298 x 107° . 0.36241535 x 1078T + 0.60444040 x 107*% T,
[urthermore, an equation whicﬁ fits the experimental data on vapor
pressure precisely was found as follows:
in p= (1 - 0.61430798 x + 1.2470136 x°) + (71.024449
- f381.6477/T - 9.0993037 In T + G.0070831558 T)
- x (2.0278886 - 1.4908968 x + 77.008083 »2) (8)
where p is the vapbr pressure in atmospheres, T is the temperature in
- degrees Kelvin, and x is the mole fraction of salt.
By using Equations {3), (&), (5), (6), (7) and (8), the values
bf enthalpy at temperatures and pressures other than 25°C and 1
atmospheré have been calculated. The computations can be easily carried
out with a computer, although.the equations seem long and cumbersome.
Table I1 shows some of the calculated values of enthalpy at the vapor
pressures pf solutions and at pressures in the subcooled region of
1,000, 2,000, 3,000, 4,000, and 5,000 psia. Figure 1 shows the trends
of variations of enthalpy with temperature and concentration at 10

atmospheres.

Comparison
The enthalpies of water in Keenan and Keyes' steam table (4)

agree with the calculated enthalpies at zero salt concentration to
L.5 parts per thousand., The enthalpies of sodium chloride sélutions
have also been calculated by Jessup (3) and Kusunoki {5). However,
the scope of Jessup's work is limited to less than 80°F, and in his
compﬁtation the enthalpies of solid salt in solution and pure water
were taken as 200 BTU per pound each at 32°F. Kusunoki's work covers

a wider range, from O to 100°C at 1 atmosphere, but unfortunately the



TABLE II

ENTHALFY IN BTU PER POUND

C-9

Temp,

23

Salt Weight, em/100 gm Sclution

0 5 10 15 20 25
{At vapor pressure)
32 -0.00 “0e13 ~Qebl ~1458 -3.27 ~5 440
35 3400 2498 2429 0e99 —-0e482 -3403
40 8.01 772 6.76 5e27 3.28 D93
45 13.01 12.46 1128 9454 7«37 4 .88
50 18.01 1719 15477 13481 11445 e84
55 23401 21.92 2025 18,08 15454 12479
60 28 .00 26465 2heTh 22434 1962 1674
65 3299 51637 2522 26661 23471 20469
70 37.98 36410 3347C 2087 27479 2habb
75 42496 4082 38418 35,13 32187 28458
8C 47495 45454 42465 35435 35454 32452
85 52493 5026 47612 43,64 40602 36446
9C 57«91 54498 51460 47490 44409 40440
95 62489 59469 56407 52415 48416 L4 .3k
100 6787 Bhet] 50454 56440 5223 4R .27
108 72485 69412 65400 50465 56425 52420
110 77.83 73483 6947 544690 £0436 S6e13
115 82.81 78.55 72494 69414 LY, 50405
120 "87479 83426 78440 73439 £85e48 63.98
125 9277 87497 82.86 77463 72454 67 59
130 97.76 92468 87433 81e87 76459 71,41
135 102.74 97439 91479 8611 8064 7572
145 11271 106482 100.71 94 .58 B8eT74 83454 "
150 117669 111454 105417 58482 G2.78 8T etsts
155 122468 116425 109463 103.05 96482 91434
160 12768 120497 114409 107428 100486 95,23
165 132467 125463 118456 111451 104490 99,12
170 137e67 130440 1232402 115474 108493 103.01
175 14267 135613 127448 119497 112497 10689
180 14767 13985 151e96 124420 116499 110e77
185 152468 144457 13640 12Be&2 121402 1lbe64
190 15769 149430 14086 132465 125404 118451
195 162671 154403 145433 126487 12906 122.37
200 167473 158476 149479 141409 133,08 126.23
205 172676 1636450 154426 145431 137.09 13009
210 17779 168624 158,72 149%9.%4 141a10 132,54
212 179480 170613 160651 151422 - 142.71 @ 135.48
215 182482 172498 163e¢19 153,76 145,11 137,78
22C 187487 17772 167466 157457 149412 141.62
225 192.91 182447 172413 162419 153412 145445
230 197497 18723 17660 166661 157412 149.28
235 203.03 191498 151a07 170e63 i5lell 153411
240 20809 196674 185455 174484 16%.11 156492
245 213417 201e51 190402 179406 169410 160474



TABLE II - Continued

Temp, °F

Salt Weight, gm/100 gm Solution

0 5 10 15 20 25
(At vapor pressure) _
250 218e¢2B 206628 194450 183427 173.08 164454
255 223433 211405 198498 18748 177407 168.34
260 2284843 215483 20347 19170 18le.05 172.14
265 233453 220462 207495 195491 185,02 175.92
270 23Babd 225441 2Z21ze46 200412 188.99 179,71
275 243,76 230420 216493 204433 192.96 183.48
280G 2468489 235,00 2z1.42 208455 196,62 18B7.25
285 2564403 239481 225492 212475 200489 161.01
290 259418 264462 230442 2106497 204485 154,77
295 264433 249444 234492 221418 208.51 198452
300 265450 254427 23942 225439 212476 202.26
305 274467 25%410 243493 229450 216471 205.99
310 279486 263494 248444 233481 220665 20972
315 2B5.05 268479 I572+96 238.02 224459 213444
320 2906426 273eb4 257ed47 F62423 228.53 217.16
325 2954468 278450 262.00 Zboebds 232446 220.86
330 30070 283436 266452 25065 236436 224456
335 305,94 288424 271405 254485 240432 228.25
340 311e19 293412 275458 255406 244424 231493
345 3l6e4bh 298401 28012 263427 248,16 225.41
350 321473 302491 2Bh4e66 26748 252407 239.28
(Pressure = 1,000 PSIA) _

50 20.89 19.51 18434 16426 132.7% 11.07
100 7051 66492 62«94  5Be470 D4 443 50439
150 1204184 1134%0 1G7e46 101403 94e93 B9.52
200 169498 16098 191497 143423 135418 12826
250 22026 208431 196454 185430 17%.11 166+55
300 271622 256405 241426 227426 214465 204.16
350 323408 304437 286422 269411 253475 240.99

(Pressure = 2,000 PSIA)

50 23,75 2262 2091 18469 l16.11 13.320
100 73414 6943 65,332 61.00 56464 52.5%2
150 122459 116427 10975 103425 9708 F1le61
200 172626 163422 1564417 145439 137430 130436
250 22235 210e41 198464 187439 177418 168460
300 273408 257497 243¢22 229425 216466 d06W1T
350 324468 306408 288401 27097 255666 242493

(Pressure = 3,000 PSIA)

50 26+59 25431 23.46 21412 18442 1551
1C0 T5476 71493 67732 63429 S58B4 S4a.6d
150 125403 118463 112404 105447 99.23 93.7C



TABLE II - Continued

c-11

- oo Salt Weight, gm/100 gm Soliution
temp, F 0 5 10 15 20 75
(Pressure = 3,000 PSIA)
200 174454 165446 15637 147455 13%9e¢41 132443
250 22444 212451 20074 189449 179426 170465
300 274496 259491 245420 231.25 21B.6T 208418
3250 326430 30TeEL 28983 27282 25758 244.87
(Pressure = 4,000 PSIA)
50 2941 2798 25499 23453 20473 17.72
100 78436 Thal 2 TQel1ll 65458 6le04 5676
150 12747 12099 11433 107469 101.38 95.78
200 176482 167670 158457 149471 141653 134451
250 226455 214462 202484 191458 181,33 17270
300 2TEe86 261486 24718 233,26 220669 210.20
350 32797 30957 291 e6E 274475 259652 246483
(Pressure = 53,000 PSIA)
50 32621 3Ce63 2852 25294 23.02 19.92
100 80.96 76490 T2e46 £7+86 £3424 58.87
150 12991 123435 11661 105.90 103.53 97 .87
200 179210 169¢94 16077 151487 1&3.65 136.58
250 228467 21673 204495 193468 183441 174.76
300 278278 263483 24918 239428 22272 212.22

350 329466 311435

29352

276466

261.47

248 .80
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ENTHALPY, BTU/LB.

'GRAMS SALT PER 100 GRAMS SOLUTION
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vesults are published iﬁ a smaltl graph. Kusunoki assumes the enthalpies
oi liquid water and crystailine salt to Be zero at 0°C. In this study
the enthalpy of dissolved salt in an infinitely dilute solution at

25°C is tawen as zero. 1f this is the case, the enthalpy of crys-
talline salt at 25°C has a value of7415.9 calories per gram according

to the heats of formation given by Rossini (7). After making proper
adjustment of the datum values, the calculated wvalues of this study

fall on the lines of Kusunoki's graph. Taking the enthalpy of each
component, solid salt and pure water, to be 200 BTU per pound at 32°F,

the agreement between the enthalpies computed from equaticns of this

study and those by Jessup is better than 4.5 parts in a thousand.

Heat of Vaporization

From the definition of activity one has

3ln a hy - H .
(......._...L R O
)
By adding ﬁg’ the molal enthalpy of water vapor at T, to both sides
of Equation (9) and rearranging terms, the heat of vaporization of
water for a given solution may be determined by the heat of vaporization
at infinite dilution and the activity as skown in the equation

- . 3 1
h-h1=h-h°+RT'°'< ma}. (10)
g g JX

The last term of this equation may be interpreted as the difference
between the heat of vaporization of water from solution and the latent
heat of pure water at the same temperature. The following discussion
describes how this equation was gvaluated. In accordance with the data
established by the Third Iﬁternational Conference con Steam Tables (10),
the latent heat of pure water in BTU pef pound can be given by the

following equation with a maximum deviation of twe parts per ten thousand:



Ao - W = 1093.3254 - 0.57909483t + 0.228937 x 10 °¢®

- 0.11130559 x 16 °¢° (11)
where t 1s the temperature in degrees Fahrenheit. In general in a 1is
a tunction of temperature, pressure, and concentration. The variation
of In a with pressure can be determined by the relation |
F

ln &y = ln & (py) + ?E j (Gl - ;%)dP (12)

Es
where ln a (B, ) is a function of T and x at the fixed pressure B ;
Gl and Gﬁ are respectively the partial volume at the concentration to
which the activity a;, refers and the partial volume at infinite
diiution. The partial volumes can -e easily evaluated from the spe-

cific volume of the solution given by Equatioan (7) by the relation

Hoev-x( X
1 (Bx)T,P'

Based on the values of activity from osmotic coefficients given by
Gardner, et al. (2), Robinson and Stokes (6), and Smith and Hirtle

(8, 9), the differences between (Rg - 51) and (Eg - i) for solutions
from 0 to 350°F have been calculated; the rgsults are tabulated in
Table IiI.

The sum of the value in this table and the heat of vaporization of

pure water, which may be found in a steam table or calculated from
Equation (11), is the heat required for the phase transition of water

in solution from liquid to vapor phase at a constant temperature and

composition.
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