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ABSTRACT

Phase Diagram of KHF, and Non=Equilibrium Effects

Final Report ,
Task 6 and 7
by
Melvin ¢}, Hobson, Jr.
and Jordan D, Kallner

Contract No. NAS2-9273

This veport describes the method, results and theoretrcal interpretation

of a determination of the phase diagram of the potassium bifluoride-water
system, The effect of non~equilibrium conditions such as a vapid cooling rate
on the phase behavior was also determined and evaluated as it effected the
practical use of the system as a high capacity heat absorber.
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This document has been prepaved by the United Technologies Research Canter

for Hamkilton Standard Division of United Technologies Corporation and for the
National Aevonautics and Space Adminiscration's AMES Research Canter in accor=
dance with the requirements of Contract NAS2-9273, Fusible heat sink for EVA,
Tasks 6 and 7.

United Technologies Research Center parsonnel responsible for the conduct
of this program were Hal Couch, Section Chiaf, Jordan D, Kellnev, Supervisor
and Melvin €. Hobson, Senior Research Scientist.
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INTRODUCTION

During effort funded by NASA/ARC under Contract NAS2-8665 the heat absorption
capacity of the potassium bifluoride-water (KHF,~H,0) system was found to

be large, 530 J/g (228 Btu/ld) for the 202 KHF, solutivn (Reference 1)}
however, this capacity seemed to be dependent on the particular rate and method
of freezing., The KHF, solubility is very dependenn on temperature, decrensing
from 39.2 g/100g (.39 lb/lb H,0) H,0 at 20°C (68°F) to about 20g/100g (.2

1b/1b H,0) Hy0 at 5°C (41° F). Therefore, KHF, was expected to be preci-~
piCaCed Eirst during the regeneration step. The existence of hydrates thac
might form on freezing the solution ov the existence of metastable states,
supersaturation effects, etc., would have a strong effect on the heat absorption
of the system during melting, A determination of the equilibrium phase diagram
for the system would uncover any unexpected behavior and might help to explain
the heat absovption anomolies, A second investigation to determine the effect
of rapid freezing on ths phase behavior in order to more closely approximate
actual regeneration procedures might also help to explain the heat absorption
anomolies, Therefore, a program to establish the equilibrium and non-equili-
brium phase diagram was initiated.

This report covers the effort conducted at United Technologies Research Center
A Jawm ¥ gy AtA Ny 3

under NASA/ARC Contracs NAS2=9273 to dstermine the phase diagram and nom-equili-
brium effects of the potassium bifluoride~water system.
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The equilibrium diagram for the KHF,-H,0 system was conatructed from

cooling and heating curves for the compositions between 5 wtX and 40 wcX KHF
and the vesults are shown in Figure 12, The phase diagrum shown in the Efigure
is typical of that of a two component system with miscible liquid phasaes and
whose solid phases consist of pure components. A sutectic point was found at
approximately 13X KHF, which remains completely liquid down to a temperatura

of -9.0°C (15.8°F). No hydrate formation was observed and no anomolous behavior
such as the occurrence of solid transitions or metastable states was observed,
The effect of rapid freezing on the phase diagram was determined to be epnfined
chiefly to the hypereutectic compositions., At these concentrations, the first
transition observed on the equilibrium diagram did not appear, and the cooling
curves exhibited only one halt. Also, at rapid freezing vates, the supercool~
ing of the solutiens was smaller than those observed at the slow cooling

rates.

The existence of a eutectic composition and the slow rate of dissolution of

the salt are used to interpret heat absorption behavior in practical applica-
tions of the KHF,-H,0 system.

iv
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L. The 'equilibrium phase diagram for the KHF,~HyO system exhibits simple
eutactic type behavior with no hydrate formation.

2, A eutechi:¢ mixture of L5% KHF remains completely liquid down to a tempera-
ture of =-9°C (15,8°F).

3. Rapid freezing of the 20% KHF, solut)on causes eutectic type solidification.
This same type of solidification is exhibited by the 153 solution at all
freezing rates. This solidification resilts in the most intimate mixing .of
salt and water-ice,

4, Supeccooling for hypoeutectic solutions decreases as the freezing rate
increases but supersaturation for hypereutectic solutions increases as the
freezing rate increases.

5. The probable cause of anomolous heat absorption behavior for the 20X KHF,
solution observed previously is slow dissolution of the salc due to the
velacively high temperature for the liquidus curve,

6, High freezing vates cause a move jntimate, finely divided mixture of salt

and water-ice to precipitate from hypereutectic solutions than slow freezing
rates, Therefore, more efficient heat absorption upon melting is expected
from fast frozen mixtures due to the faster dissolution of salt from finely
divided crystals.
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RECOMMENDATIONS

1. The heat absorption measurement for the eutectic composition should be
performed in a calorimeter apparatus and in a larger scale apparatus to
determine the effect on the kinetics of dissolution of the much lower
liquidus temperature for this solution,

2, The possibilicy that other salt systems exist with properties similar or

exceeding those of KHF, but with higher dissolucion rates should be
investigated.

vi
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PROGRAM OUTLINE

The phase behavior study of the KHF,~H,0 system covered by this report
includes:

1) A construction of the equilibeium diagram Erom coeling curves of solutions
between 5 and 40 weight A KHF,.

2) The effect of cooling rate on the phase diagram determined by sampling
phases that occur in the solutions at higher cooling rates and comparing

the results with the equilibrium ghases at the temperatures decermined
previously.

3) An interpretation of the results as they apply to the anonolous heat absorp~
tion behavior of the KHF,~H,0 system.
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DESCRIPTION OF EXPERIMENTAL APPARATUS

A cold bath filled with methanol was used %o control the tempevature of the
KHF, solutions., The capacity was 7,6 liters (two gallons) with temperature
ragulation by a thermistor probe that can hold the bath temparature to within
£.02°C (£.036"F) through a range of ~25°C (~13°F) to 150°C (302°F). The KHF,
solutions in a stainless steel beaker, ware suspended in the methanol bath,

The temperature within the sample in the stainless steel beaker was monitoved
by a ten thermocouple thermopile which delivered a potential of 0,37 my/degree
to a recorder. The thermopile is distributed in the beaker in a c¢ircular
pattarn shown in Figure 1 so that the thermocouple junctions sample diffurent
parts of the KHF, solution. However, temperature sampling problems do persist
because the thermocouples are all the same distance from the beaker/cold batn
interface, and therefore solid that starts forming at that interface upon cool~
ing of the solution is not {mmediately sampled., This delay can be minimized

by running heating curves as well as cooling curves especially to determine
eutectic transition points, This procedure is known as the freeze-thaw method.

The beaker top is covered with clear lucite in which the thermocouple lead-in
wires are mounted in order to visually observe the onset of phase transitions,
Chemical analysis by quantitative determination of potassium ion was used

to determine the composition of liquid and solid phases.

The solid phase samples were purified by several freeze-thaw cysles at the
freezing point of the solution. X-ray defraction patterns ware obtained on the
solid phases using Cug, radiation te search for possible compound formation.

The solutions were prepared from stock KHF, obtained from American Hoechst
Corp., New Jersey, after the material was dried sufficiently to produce a
constant weight at 120°C (248°F) (about 24 hours). The chemigal analysis by
potassium determination on stock solutions is shown in Table I.

A sampling error for the 404 solution resulted in a low value since the
solubility limit is only about 30% for the KHF,~H,0 system. Therefore,

in order to obtain a true analysig, a uniform suspension of KHF, solid and
KHF, solution would have o be sampled. Some solid was left behind and a
lower value for KHF, concentration resulted.
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TABLE I

CHEMICAL ANALYSIS OF STOCK KHF, SOLUTION COMPOSITION wtX

NOMINAL ANALYSIS

5 4.98

10 9.56
13 12.3
15 4.4
18 18.4
20 19,7
25 23,8
40 1.4

RESULTS

The results obtained are presented in the form of cooling curves, analyses,
visual observations and theoretical analyses, These results are discussed
in terms of equilibrium phase diagram determination, and non-equilibrium
ef fectas,

Equilibrium Diagram Determinacion

Cooling curves for 5, 10, 20, 25, 30 and 40 wt percent solutions are presented
in Figures 2, 3, 4, 5, 6 and 7, vespectively. When it became apparent that
the composition region between 10 and 204 was of greatest interest because of
the discovery of a eutectic point, the solutions of 13, 15 and 18 percent

were measured and are shown in Figures 8, 9 and 10.

The 5% solution exhibited supercooling since the temperature was lowered 3.5°C
(6.3°F) below the freezing point before any solid material appeared as shown in
Figure 2. The dashed line in all cooling curves represents the path of tempera-
ture readings if no supercooling had taken place. The freezing point for the
5% solution was =2.6°C (27,3°F). The fact thac the first solid to appear
precipitated at a temperature below that of the freezing point of water indi-
cates that the solid phase is solvent and the 5X KHF, solution causes a
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freezing point depression of =2,5°C (4.7°F). To check this result and to
determine the degrae of dissociation of KHFy, the theoretical freezing point
depression was calculated assuming Raoult's law behavior for the solvant,

In a diluce solucion the solvent obeys Raoult's law and behaves ideally as
exprasyed by the aquacion,

I tn Ny Mg (1
| M
a1 Jp R

where Ny * mole fraction of the solvent.
8ig = molar heat of fusion of solid solvent,
R is the gas constant
T is absolute temperature

Equation (1) applies at the freezing point of a dilute solution in equilibrium
with solid solvent, Integration between tempevature limits of the freezing
point of the pure solvent and the freezing point of the solution gives

Sre whkw ww w N AaATwE)

8Hg T = T, (2)

fady = TRTOTTT,)

where T, = freezing point of pure solvent,
T = freezing point of solution,

For dilute solutions Zn N, approximates N;-1 and (T T,) approximates Toz.
Since -Np = ¥y = 1, the equation can be rewricten as

N - .....A..H_gz AT (3)
2 T RT,
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Tharafore, the mols fraction or weh of solute is found to be diveccly
proportional to the depression in the fraezing point of the solvent, The
freezing point depreasion expected for KiF, solucions assuming that the
KHF, dissociates to K" and HF, ions only was caleulated using Equation (3)
with the results shown in Table 2, Since there are twice as many iona as
molecules of KHF,, the total mole fraction of ions is approximately double
the KHF, concentration. The calculated freez ing points are compared to the
actual freezing points datermined from the cooling curves of Figures 2~10 in
the last two columns of Table 2, The deviation from ideal, t.2., complete
dissociation, is negligible at 5% but increases at the higher concentracions up
to the eurectic poinc, Bayond the eutectic composition, (15%) the Raoult's
relationship is no longer valid as indicated in the table and by Figure 11,
Figure 11 compares the freezing point depression computed from Equacion (3) to
the measuvs? depression obtasined up to 20 wtX KHF,, The value of the freez-
ing point depression for the 20% KHF, solution is not similar to the theoret-
ical depressicn because the solid appeaving at this temperature is not salvent
but solute, At L8% the deviation is the same as at L5% but it is of a different
sign, These considevations and the vesults of the chemical analyses performed
and described laCQr, indicate that the phase diagram up to L5% KHF, is of a
100% ionized salt in water, with liccle or no solvent=-solute interact ion,

A second halt in the cooling curves in, this eampesicion range was not observed;
howaver, it is oinen obscured because cue syscem contains a Jlarge propevtion

of solid and stirring is difficult. Also, solid adheres to “the thermocouples
and so that a true equilibrium tempevature is not recovded. For thase

veasons, the thaw-melt method of H. Reinboldt (Reference 2) was used which
involves heating the mixtures, The cemperature at which the Eirst Lliquid
appears wben heating the frozen mixture is the eutectic point and the temper-
ature where solid completely disappears is the freezing point or firsc halc

in the cooling curve. The transition points for each concentration are shown
in Table 3.

All compositions show a halt at the eutectic cemperature which appears to be
-8,7°C (16,3°F) #.5°C (.9°F). For those compositions above 152 KHF, the

firsc transition represents the precmpxta*xon of salt since the chemical
analyses show that the liquid composition is conscant at about 158 at the
eutectic temperature, as shown in Table 4, At concentrations greater than the
eutectic composition, the liquid sampled at the first transition showed a lower
concentracion of KHF, indicating that the solid precipitate was salt,

leaving behind less concentracted solucions.

15
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TABLE 3 = TRANSITION POINT TEMPERATURES

COMPOSTTION, wth FIRST TRANSITION EUTECTIC TRANSITION
5 =2.6) (27.3) -7.7 (18,1)
10 =5.6) (21.9) -9,1 (15,6)
13 -7.3) (18.9) -9,2 (15.4)
15 -8.9) (16.0) -8.9 (16.0)
18 -8,3) (17,1) -8.8 (16.2)
20 =3,2) (26.2) ~-8,0 (17.6)
25 9.0) (48,2) -8,8 (16,2)
30 23.4) (74.1) -8.6 (16.,5)
40 44.,3) (1:1.7) -8.9 (16.0)
TABLE 4

ANALYSIS OF LIQUID PHASES AT TRANSTTION POLNTS

Analysis, wtl Analysis, wtd
COMPOSLTION, wtX LIQUID AT EUTECTIC TEMP LIQUID AT FIRST TRANSITION
5 5.4
10 9.9
13 12.2
15 14,8
18 15.4
20 16.0
25 15.8
30 11.8
40 15.0 27.8

18
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The X~ray diffraction pattern for the solid recoverad at the first transi-
tion from 20 to JON solutions was shown to be that of KHF, by matehing
with the ASTM scandavd X-vay pattern fov this compound.

Based on the X-ray diffraction patterns, chemical analyses, Rauolt's law
caleulacions and visual observations, the aquilibeium phase diagram was
constructed as shown in Figure 12,

Non~Equilibrium Effects On Phase Diagram

Tha cooling rate was incrveased from about 0.3°C/min (0.5°F/min) to 3=4°C/min
(5,4=7.2°F/min) for the cooling curves shown in Figures 13-20 for the composi-
tions 5, 10, 13, 15, 16, 18, 19 and 25 wtX KHFy. The uoolxng rate of 0,3°C/min
(0.5°F/min) is desxgnntnd the slow or equilibrium vate since the cooling curves
did not change with cooling rate in this vange, and the 3-4"¢/min {5.4%7.2°F/min)
cooling rate is designated a moderate cooling rate, The cooling curves shown in
Figures 21-30 for the compositions 5, 10, 15, 16, 18, 19, 20, 25, 30 and 40 wt¥
were obcained at cooling rates of 14°C/min (25,2"F/min) and are designated fast
cooling rates, The most noticeable difference in the cooling curves for the
non-equilidbrium conditions is the larger degree of supercooling observed at the
slower cooling rates, A summary of the degree of supercooling obtained under
all three conditions is shown in Table 5,

TABLE 5

DEGREE OF SUPERCOOLING °*C (°F)

SLOW COOLING MODERATE COOLING FAST COOLING

Composition, wtX  First Trans Eutectic  Ficst Trans Eutectic  First Trans Eutectic

5 2.7 (4,9) 0.6 (1.1) 0

10 4,7 (8.5) 0.7 (1.3) 0

13 4.0 (7.2 0.9 (1.6)

15 3.5 (6.3) 0.4 (0.7)

16 3.3 (5.9) 0.4 €0.7)

18 0 3.6 (6,5) 1.5 (2.7)

19 0 2,2 (4,0) 0.5 (0.9) 0.9 (1.6)

20 0 3.3 (5.9) 0.5 (0.9) O,
25 0 3.5 (6.3) 0.2 (0.4) 0.6 (1.1) 0 0.
30 0.5 (0.9)

40 1.5 (2.7)
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The degreae of supercooling is essentially zero for the fast cooling rate

and small for the modarace cooling rate at composition lass concentrated than
the autectic composition. However, the degree of supersatuvation that occurs
at higher salt concentrations at the first transition which represents the
solubilicy limitv for KHF, was greater for the fase cooling races that for

the slow rates. The fast ¢ooling rates tended to overshoot the solubilicy
limits and supersaturation was observed for this transition., By contrasct, the
supar-saturation observed at the solubility limit transition at the fast
cooling rates was not observed for slow cooling vates while the freezing point
transitions at the lowaer concentrations exhibit just the opposite behavior as a
function of cvoling vate.

At the fast cooling rates the measured transition temperatures tended to be
lower than the corresponding transition temperatures measured at slower rates,
The measured transition temperatures are shown in Table 6, This tendency to
overshoot the equilibrium trapsition temperatures is partly caused by the
inability of the apparatus to respond to the rapidly changing temperatures.
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DISCUSSION

Equilibrium Phase Diagran

All compositions between 5 and 40% KHF, exhibited two rtransitions except

for the L5% solucion which exhibited only one. The second transition ac all
compositions as shown in Table 6 for the slow cooling case came between -8,0°C
(17,6°F) and =9.1°C (15.6"F), a very narrvow range., This transition represents
the eutectic point and is the lowest temparature at which the KHF,=Ha0 syscem
can exist as 100% liquid, The composition which corresponds to the eutectic
composition is 15 weX KHF,. Although this solution does not form a compound,
both the salt and the solvent pracxpxtate out togather, mxwing intimately ac
the eutectic temperature of ~8,7°C (16.3°F), At compositions less concentra-
ted than the eutectic composition (hypoeutectic) the solid appearing Eirst is
water-ice and the liquidus is a freezing point curve. At compositions more
concentrated than the eutectic composition (hypereutectic) the first solid to
appear on conling is KHF, salt, and the liquidus curve on that side is a
solubility ecurve, No evidence of compound formation in particular, hydrate
formation was found. No evidence of solid transitions or metastable states were
found since all of these conditions would produce breaks in the solidus or
liquidus curves in Figure 12,

The diagram for the KHFy-H,0 system is typical of that of two components
that are completely miscible in the liquid state and whose solid phases
consist of pure components. In our case the completely miscible liquid
phase is KHF, solution and the solid phases are water=-ice for the hypoeutec-
tie c0mposxcions and KHF, for the hypereutectic compositions. The signifi-
cant finding for this system is the fact that a eutectic point exists and
that its composition is L5 weZ, while the solution that im previous work
(Reference 1) had been shown to have the highest heat absorption was 20 wtX
(25g KHF, per 100g Hy0).

Non=Equilibrium Effects

Three different cooling rates were used with the first and slowest rate, about
0.3°C/min (0.50°F/min) used for comstruction of the equilibrium diagram. The
faster rates, 4°C/min (7.2°F/min) (moderate) and 14°C/min (25,2°F/min) (fast)
were used to assess the effeect of fast freezing on the phase diagram in an
attempt to reconcile the differences in heat absorption obtained with different
measuring techniques The compositions of 19% and 20% exhibited some super-
cooling at the second transition as shown in Table 5, 2.2°C (4.0°F) for the
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19% solution and 3.3°C (5.9°F) for the 20% solucion. This suparcooling was
smaller at the moderate cooling rate, 0,5°C (0.9°F) for the first transition
and 0.9°C (1,6°F) for the second for the 19% solutions. The 20% solution
exhibited almost no suparcooling or supersaturation at the fast cooling rate,
which represents the rate of cooling usad for the heat absorption measurement
(Reference 1) at UTRC, It is doubtful that che small difference in the amount
of supercooling or supersaturation for the 20X solution can have an effect on
the magnitude of the heat absorption when the temparature is raised., However,
the temperaturas of the transitions obtained at the three cooling cates did
differ markedly as shown in Tabla 6. At the slow cooling rate the 208 asolution
underwent transitions at =3,2°C (26,2°F) and at -8,0°C (17.6°F) while at the
fast cooling rate these transitions occurred at -8.6°C (16.,5°F) and ~10.2°C
(13.6°F), The first transition represencs precipitacing KHFy and the second
transition KHF, and water-ice precipitates out together. Therefore at slow
cooling rates, some salt comes out of solution before water-ice appears while
at fast cooling vates, salt and water-ice precipitate together,

Practical Application of the KHF,~H,0 Systems

The requirements of a heat absorption system normally include a veasonable
limit on the elapsed time of absorption for a given heat input, The KHF,
system involves melting which is a fairly vapld process, but it also tequires
the dissolution of a salk. The aale in this cass is KHF; which has a large
negative heat of solution and therefore its solubility is very dependent on
temperature. The phase diagram in Figure 12 shows that the liquidus curve for
hypereutectic solutions is very steep with 25g of KHF,/100g Hs0 (0.25 lb/1lb H,0)
(20%) dissolving at 0°C (32°F) and 50g of KHFz/lOOg HnO (0.5 Ib/1b H 20) (33%)
dissolving ac 30°C (86°F). Another factor affecting the rate of dtssoluCLOn
of KHF, is the fact that the large negative heat of solution is caused by a
small solute-solvent interaction as explained in Reference 3. The driving
force for dissolution of KHF,, as in all equilibria, is a minimum in the

free ensrgy of the system. In this case, the increase in entropy resulting
from the dispersion of the solid KHF, lowers the free energy more than the
increase in energy required for the dispersion. Thus, although the salt does
dissolve, the absence of a hydrating mechanism and the reliance of the mecha-
nism on entropy effects almost exclusively would indicate that a slow vate

of dissolution is to be expected. Even when stirring is used, the increased
movement of salt and the smaller salt particles does not increase the rate of
dissolution, but merely produces a suspension of fine particles,

These two effects, the limited solubility at low temperatures and the slow
dissolution rate combine to limit the maximum heat absorption obtained to long
controlled experiments such as those in a sensitive calorimeter.

The findings of the rate of cooling experiments as far as supercooling and
supevsaturation are concerned do not indicate any reason why thie rate of cool-
ing should effect the heat absorptivm, however, the lower first transition
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temperatures for the 20% solution on fast cooling means that the solid that
precipitates will be an intimate mix of salt and water-ice, This mixture would
probably dissolve at a faster rate upon heacing than the mixturs that precipi~
taces on slow cooling.

Both of these findings have implications for the optimum solution composi=
tion to be chosen for heat absorption applicacions, First, it appears
advantageous for an intimace mix of salt and wacer~ice to pracipitate on
cooling in order to facilitate the dissolution upon heat absorption. This

can be assured through the use of the eutectic mixture (15% KHF,) since as
shown in Table 6, the eutectic transition is virtually indepandent of the
cooling rate, Therefore, an intimate mix of salt and water-ice always appears
on cooling the eutectic mixture, thus assuring the best possible dissolution
rate. Second, the sutectic mixture remains liquid at the lowest temperature,
and therefore, there is a greater opportunity for the salt to dissolve, The
15% KHF,-H,0 mixture remains liquid down to about -9°C (15.8°F) while the

20% solution upon which earlier work is based remains liquid only to -3.2°C
(26.2°F), The heat absovption capacity of the 15% solution can be estimated by
interpolation between the values obtaincd for the more concentrated solutions
and the value for pure water, This value is about 450 J/g (107 cal/g).
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