
entropy of vaporization at  normal boiling 
point, cal./”C. mole 

A S o  for the corresponding normal paraffin 
having n = nb 

temperature, C. 
boiling point, O C. 
normal boiling point, C. 
constant in Equation 15 
heat of vaporization, kcal./mole 
heat of vaporization a t  normal boiling point, 

kcal. /mole 
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Cryoscopic Investigations and Phase Equilibria 
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Partial phase diagrams have been determined’for the NaN03-NaC1, NaNOsBa( N03) 2,  

NaNOsNa2MoO4, and KNOsKCl systems by means of cooling curves and direct 
solubility determinations,. and eutectic temperatures and compositions are reported. 
Freezing point depressions for dilute solutions of various salts in NaN03 and KN03 
have been measured differentially and used to calculate heats of fusion. 

WE HAVE determined partial phase diagrams for the 
NaN03-NaC1, NaNO3-Ba(NO3I2, NaN03-Na2Mo04, and 
KN03-KCl systems and have made precise measurements 
of freezing point depressions in NaN03 and KN03 from 
which we have calculated heats of fusion. Phase diagrams 
have been deduced from cooling curves and direct solubility 
determinations. Freezing point depressions have been 
measured more precisely than is customary for investi- 
gations of dilute molten salt solutions. 

EXPERIMENTAL 

Chemicals. All chemicals were of C.P. grade and were 
dried by heating before they were used. BaClz was obtained 
by dehydration of BaC12.2H20 a t  about 120” C. until weight 
was constant. 

Apparatus and Procedure. A cylindrical aluminum block 
surrounded by Kaylo insulation in a chemical drum has 
been used as a furnace. Holes were drilled in the aluminum 
block to accommodate two borosilicate glass sample tubes 
and one junction of a therinocouple. Other holes were drilled 
in the block and slots were milled around the circumference 
of the block to accommodate Nichrome heaters. 

For cooling curve experiments one of the test tubes in 
the block was charged with a 40-gram sample of the 
desired composition. The sample and block were heated 
by the block heaters to 25” C. above the liquidus tempera- 
ture and maintained at  this temperature for several 
minutes. Then the block and sample were allowed to cool 
a t  a rate of about 0.8“ per minute. 

The sample tube contained a 5-mm. borosilicate glass 
tube to protect two Chromel-Alumel thermocouple junc- 

tions. One of these junctions was CQnnected to a reference 
junction a t  0” C. and gave the tempeiature of the sample. 
The other junction in the sample was connected to a 
reference junction in a hole in the block, as suggested by 
Beusman ( I ) .  A helical glass stirrer in the test tube was 
moved up and down over a 2-inch stroke at  a rate of 57 
strokes per minute by a motor. An aluminum cap with 
holes for the thermocouple tube and stirrer fitted over 
the top of the sample tube. 

One thermocouple was calibrnted at  the boiling point 
of water and the freezing points of lead, tin, and zinc 
with the recorder later used for recording cooling curves. 

Because of difficulty in detecting the change in slope of 
the cooling curve that corresponds to the liquidus tempera- 
ture, we also recorded the output of the thermocouple with 
its reference junction in the block. When the liquidus 
temperature was reached, the output of this thermocouple 
increased sharply, and clearly indicated the time cor- 
responding to the liquidus temperature on the cooling curve. 
Liquidus temperatures were determined in this way to 
+ 0.5”. Eutectic temperatures were obtained directly from 
the cooling curves to + 0.5”. 

When experiments like those described above are carried 
out separately on solutions and on the pure major com- 
ponent of the solutions, freezing point depressions are 
calculated as the difference in liquidus temperatures. We 
have used another procedure that is better for such 
investigations of dilute solutions. One tube in our apparatus 
was loaded with the pure major component and the other 
with a mixture of the desired composition. After both 
samples were completely melted and in equilibrium with the 
block, the block was allowed to cool a t  a rate of about 
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Figure 1.  Partial phase diagram 
for NaN03-NaCI system 
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Figure 2. Partial phase diagram 
for NaNO3-Ba(NO:i)? system 

0.8 degree per minute. The pure substance first began to 
freeze and its temperature remained constant until freezing 
was complete. The major component in the second tube 
later began to freeze out before freezing in the first tube 
was complete. The output of a two-junction Chromel- 
Alumel thermel with one pair of junctions in each tube 
gave directly a t  this time the freezing point depression. 

Experiments with different amounts of pure salt in the 
reference tube were carried out to show that our results did 
not depend on the fraction of solvent frozen in the 
reference tube. 

The two-junction thermel was calibrated by placing one 
pair of junctions in a tube containing solid and liquid 
sodium nitrate in equilibrium and the other pair in a tube 
containing solid and liquid sodium nitrite or solid and 
liquid lead in equilibrium. Output of this thermel was 
found to be 81.8 pv. per degree. 

Freezing point depressions were determined to about 
10.03" with a recorder and about =tO.0lo with a Leeds 
and Northrup K3 potentiometer. 

Solubility determinations were made in a NaN03-KNO.1 
constant temperature bath controlled to f 0.5". Samples 
were placed in test tubes in the bath and allowed to remain 
there with occasional stirring until equilibrium was at-  
tained, as proved by analysis of samples removed a t  dif- 
ferent times. Then sapples were removed for analysis with 
a small preheated breaker on the,end of a thin glass rod. 

RESULTS A N D  CALCULATIONS 
Partial phase diagrams for the systems NaN03-NaC1, 

NaN03-Ba(N03)2 and NaN03-Na2Mo04 are shown in 
Figures 1, 2, and 3. Eutectic data are summarized in 
Table I. 

The phase diagram for the NaNOaTNa2MoO4 system is 
based on results of coo!ing curve experiments for com- 
positions richer in Na2Mo04 than the eutectic composition 
and on freezing point lowering measurements for composi- 
tions richer in NaN03 than the eutectic composition. The 
phase diagram for the NaN03-Ba(N03)2 system is based 
on cooling curve experiments for compositions richer in 
Ba(N03)2 than the eutectic composition and on solubility 
determinations over the range up to 25 mole % Ba(NOd2. 
The phase diagram for the NaN03-NaC1 system is bzsed 
on cooling curve data for the range of compositions richer 
in NaCl than the eutectic composition, on freezing point 
lowering data for solutions richer in NaN03 than the 
eutectic composition, and on solubility data over the range 
of compositions up to 20 mole % NaCl. Agreement is good 
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Figure 3. Partial phase diagram 
for NaN03-Na2Mo01 system 

Table I. Eutectic Data on NaN03-NaC1, NaNO.i-Ba(NO?)?, 
and NaNO1-NazMo04 Systems 

Eutectic Composition, 
System Mole '70 Eutectic Temp., C. 

NaNO?-NaCl 6.6 NaCl 294.4 + 0.5 
NaNO1-Ba(NOJ2 6.7 Ba(NOJ2 295.2 i 0.8 
NaN01-NazMo04 4.5 Na?Mo04 298.3 + 0.3 

where data from different kinds of measurements overlap. 
The partial phase diagram for the KNOs-KC1 system up 

to 25 mole '3- KC1, based on solubility determinations, is 
shown in Figure 4. The eutectic temperature is 320.5"C. 
and the eutectic composition is 5.85 mole % KC1. The 
peritectic temperature is 361" C. with corresponding com- 
position of 16.0 mole % KC1. 

Thermodynamic treatment ( 5 )  of dilute solutions leads 
to the equation: 

RT ' M I  im = K,  im 
1000 AH, 

A T =  

M I  is the molecular weight of the major component, m is 
the molality, AH1 is the heat of fusion of the major 
component, and i is the number of moles of foreign ions 
per mole of minor component. 

4401 

M o l  

Y 4 0 0  

3 2  3401J 0 
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Figure 4. Partial phase diagram 
for KN03-KCI system 
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Freezing point lowering measurements were made on 
dilute solutions of NaCl, NanMo04, Na2W04, KC1, and 
BaC12 in NaN03. Graphs of our experimental AT values 
against the corresponding molalities were straight lines 
whose slopes yielded the values of iK, given in Table I1 
with derived values for the heat of fusion of NaN03. 

The “best” value for the heat of fusion of NaN03 calcu- 
lated from our results is 3600 f 100 cal./mole. 

Freezing pohit depression measurements were also carried 
out on dilute solutions of KC1 in. KN03.  The slope of 
the straight line in a graph of AT against m led to 
Ki = 23.9OC. per mole of foreign ions and AHl = 3080 
cal./mole for the heat of fusion of KNO,. 

DISCUSSION 

Equation 1 is valid only for dilute solutions from which 
the pure major component is frozen out as the temperature 
is lowered. We found no evidence for solid solution forma- 
tion in any of the systems discussed in this paper. 

Perman (9) made a few freezing point measurements in 
the NaNOs-rich region of the NaN03-NaC1 system. 
Nyankovskaya (7) studied the NaCl-NaNO3-KC1-KNO3 
system over wide ranges of composition and temperatures. 
Our results are in good agreement with results of these 
earlier workers, although their data for dilute solutions 
are not precise enough to permit accurate evaluation of 
heats of fusion. Laybourn, Madgin, and Freeman (6) 
studied the NaNOS-Ba(N03) 2 system and reported the 
eutectic temperature and composition to be 284°C. and 
6.37 mole 70 Ba(NO?)?, in poor agreement with our results. 
Lifshits (8) reported that the system of KNO3-KCl has an 
eutectic point a t  320’C. (6 mole “0 KC1) and that the 
eutectic is composed of KN03 and KNOJ.KC1. He also 
reported a transition point a t  360°C. (17.4 mole c7c KCl) 
with the solution composed of KC1 and KN03.  KC1. These 
conclusions are in agreement with our results. 

The cryoscopic data of Van Artsdalen ( I O )  lead to 3780 
cal./mole for the heat of fusion of NaN03. Kelley ( 4 )  has 
recently reviewed the literature and listed the heat of fusion 
of NaN03 as 3490 cal./mole and in earlier reviews (2, 3 )  
listed values from 3160 to 3800 cal./mole. Our value is 
3600 cal./mole. 

Table II. Freezing Point Constant 
and Heat of Fusion of NaN03 

NaCl 15.7 3610 i 100 
Pu’a?Mo04 16.0 3550 i 100 
Na2W04 15.4 3700 * 200 
KC1 31.6 3600 f 100 
BaCL 50.2 3400 i 250 

Minor Component iK, AHl ,  Cal./Mole 

Effect of Catalysts on Burning Rate 

of Ammonium Nitrate 

A. GREENVILLE WHITTAKER’ and DAVID C. BARHAM 
Sandia Corporation, Albuquerque, N.M. 

I n  his recent review ( 4 )  Kelley has taken the heat of 
fusion of KNOJ to 2800 cal./mole and earlier (2) listed 
values ranging from 2910 to 3040 cal./mole. Our value is 
3080 cal. !mole. 
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EARLY IN OUR efforts to determine the temperature 
profile and surface temperature of burning ammonium 
nitrate, a combustion catalyst was needed to get sustained 
combustion in a convenient pressure range. It introduced 
much “ndise” in the temperature profile measurements; 
therefore an exploratory st-udy was made on the effect of 
catalysts on the combustion of ammonium nitrate to 
determine the minimum catalyst concentration that would 
yield a system suitable for temperature profile measure- 
ments. This turned out to be 2.5% chromic oxide. The 
“noise” due to the catalyst particles seemed to be inde- 

’ Present address, Aerospace Corp., Laboratories Division, 2400 E .  El Segundo Blvd.. 
El Segundo, Calif. 

pendent of particle size as long as they were less than 70 
mesh (U. S. standard sieve). In  the course of this brief 
study, some observations were made that may be of interest 
to investigators working in other fields. 

EXPERIMENTAL 

Reagent grade ammonium nitrate was used without 
further purification. I t  was ground to pass through a 
200-mesh U. S. standard sieve and dried in a vacuum 
desiccator over Drierite. The ammonium dichromate was 
prepared similarly. Chromic oxide catalyst was obtained 
by thermal decomposition of ammonium dichromate. This 
chromic oxide was screened and only the fraction passing 
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