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Thermophysical Properties of the Equimolar Mixture NaN0,-KNO, 
from 300 to 600 "C 

Donald A. Nlssen 
Ewkvatoty Chemistry Division I, Sandia National Laboratories, Livermore, California 94550 

The thermophydcal properties (viscosity, surface tension, 
a d  dendty) of the equimolar mixture NaNo,-KNO, have 
been determined over the temperature range 300-600 OC 
in argon and in oxygen. The surface tendon is a linear 
function of the temperature and can be represented by 
the expression y(dyn/cm) = 133.12 - (6.25 X 
10-2)T(oC). The viscosity may be calculated from the 
equatlon q(cP) = 22.714 - 0.120T + (2.281 X 10-')T2 - 
(1.474 X 10-')Ta, for T in OC. The dendty of the 
equimolar mixture k given by p(g/cma) = 2.090 - (6.36 
X 104)T('C). In  contrast to the surface tendon and the 
viscosity, the density k affected by the presence of nitrite, 
the thermal decomposition product of the nitrate anion. 

The equimolar moiten salt mixture NaN03-KN03 is being 
proposed as a heat-transfer fluld and a thermal-energy storage 
medium for various solar energy applications. In  these ap- 
plications the maximum operating temperature will be in the 
range 500-600 OC. Industrial experience and previous ex- 
perimental investlgations on this moiten salt mixture have 
generally been confined to temperatures below 450 OC. In  
order to provkle data to solve various specific design problems 
associated with the use of these molten nitrate saits as heat- 
transfer fluids, it is important that we know how the physical 
properties of these saits are affected by temperature and 
composition of the liquid and gas phases. I t  is the purpose of 
this report to present and comment on the viscosity, surface 
tension, and density data which we have measured for equi- 
molar NaN0,-KNO, over the temperature range 300-600 OC. 

0021-956818211727-0269$01.25/0 

The implications of these data, insofar as they reflect interac- 
tions which may be taking place in the melt, will be discussed 
elsewhere. 

Apparatus and Expertmental Technique 

The thermophysical-property data for the equimolar NaN- 
O3-KNO3 mixture were taken by an instrument designed and 
bullt by the author at SNLL. This instrument is based on the 
principle of a damped, onedimenslonal, harmonic oscillator, i.e., 
the motion of a body suspended from a spring and Oscillating 
in a fluid. A description of the theoretical principles which 
govern the operating of this instrument, the details of con- 
struction, and its operation and response are discussed else- 
where ( 7 ,  2). Only an abbreviated description of the various 
modes of operating of this instrument will be given here. 

The heart of the apparatus is a quartz spring oscillator, an 
electromagnet for remotely starting the spring oscillating, a 
position transducer for remote readout of the spring extension 
(ilnear variable differential transformer (LVDT)), and a gold plate 
suspended in a liquid whose vlscosity is being measured (see 
Figure 1). It is the viscous drag exerted on this plate by the 
liquid which causes damping of the oscillatory motion of the 
quartz spring. 

The rate of damping of the oscillations of the spring is given 
by the quantity 6, the logarithmic decrement, where 

6 = - I n -  1 Yo 
n Yn 

where y o  and yn are the amplitudes of the zeroth and nth 
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Figure 1. Experimental apparatus (cutaway). 

successive oscillation. The viscosity of the liquid may then be 
calculated from the equation 

(vp)”2 = C6 - E (2) 

where 7 and p are the viscosity and the density of the liquid 
being studied and D and E are instrument constants (2). 

In addition to functioning as a viscometer, the apparatus can 
be converted to an instrument for measuring surface tension 

By slowly and continuously separating the liquid and the plate 
immersed in it, and measuring the maximum force exerted on 
the plate (which occurs just before the column of liquid sup- 
ported by the plate breaks), one can determine the surface 
tension of the liquid by the formula 

( 1 ) .  

E 

(3) 

where y is the surface tenskn, F is the maximum force exerted 
on the plate, which is detected as an apparent increase in the 
weight of the plate, P is the perimeter of the plate, and B Is the 
wetting angle, generally assumed to be zero if the liquid wets 
the plate. The gold plate in these experiments was 1.609 cm 
wide and 0.0262 cm thick. 

The apparatus can also function as an Archimedean densi- 
tometer (1). The loss in weight ( A w )  of a solid of known 
volume ( V )  is related to the density of the liquid (p) in which it 
is immersed by 

p = A w / V  (4) 

Therefore, the density of a liquid is given simply by the differ- 

ence in LVDT reading, converted to weight, with and without 
liquid surrounding the solld, dMded by its volume. For increased 
accuracy of the density measurements, the thin plate was re- 
placed by a h p r  volume bob. The bob presently used is made 
of gold-plated zirconium and is In the form of a right circular 
cylinder with a tapered top and bottom to permit drainage. A 
small post with a hole drilled through it extends from the top 
taper to provide a means of attaching the bob to the LVDT. 

For measurements of density using Archimedes’ method, it 
is necessary that the volume of the immersed body be accu- 
rately known. This was determined by immersing the bob in 
several liquids of known density. The volume of the bob was 
determined to be 1.3518 f 0.005 cm3 (7).  

The liquid being studied is contained in a gold crucible 
mounted on a pedestal fastened to a screw and yoke ar- 
rangement. This is attached to the bottom flange of an inter- 
mediate quartz tube. The pedestal and the screw are con- 
nected by a machined stainless-steel rod which passes through 
a compression f i ing designed to maintain the integrity of the 
atmosphere within the viscometer. This arrangement permits 
the crucible and its contents to be raised or lowered smoothly 
and slowly about 4 cm. I t  is the ability to lower the crucible 
which is central to the surface tension measurement. 

A thermocouple sheathed in stainless steel is fed through a 
fitting in the bottom flange and bent to allow its tip to be Im- 
mersed in the liquid. In  this way the temperature of the liquid 
can be monitored continuously. A gold sheath on the tip of the 
thermocouple prevents any reaction between it and the liquid. 
The bottom flange also has a tube welded into it for admitting 
gas into the heated zone. 

A clam-shell-type furnace, mounted on the supporting 
structure, is fastened around the quartz tube to heat the con- 
tents of the crucible. This furnace and its associated I8478 
based coprocessor controller is capable of maintaining the 
temperature of the crucible content to within f0.5 OC. The 
vertical temperature gradient over the 5-cm height of the cru- 
cible is <0.5 OC. 

The NaNO, and KN03 in these experiments were recrystal- 
lized from distilled water at least once and vacuum dried at 150 
OC before use. At the conclusion of each experiment, the salt 
was analyzed for its nitrite content. This analysis involved the 
oxidation of the NO,- by Ce(1V) and back-titrating with oxalate. 
A more complete discussion of this method is given in ref 3. 
Where they are available, literature values are compared with 
our data. 

Results and Mscussion 

The thermophyslcal properties that we determined for the 
equimolar NaN0,-KNO, mixture are presented and discussed 
in this section. These data cover the range 300-600 OC and 
were taken in argon and in oxygen. 

I t  has been shown (4) that heating nitrates to temperatures 
in the range 500-600 OC results in the formation of significant 
(- 10 wt %) quantities of nitrite. As a consequence of the 
thermal decomposition of nitrate 

(5) 

the quantity of nitrate formed is a function of the temperature 
and oxygen partial pressure (4). Because the presence of 
nitrite may have an effect on the thermophysical properties of 
the NaN03-KN03 melt, the surface tension, the viscosity, and 
the density of kNo3-KNo3 melts containing 10, 20, and 40 mol 
% KNO, were investigated. It was found that, with the ex- 
ception of the density, the thermophysical properties were, 
within the experimental uncertainity, unaffected by the presence 
of nitrite. 

Sudace Tension. The experimentally measured surface 
tension of the equimolar NaN0,-KNO, mixture as well as the 

NO3- c* NO2- + ’I2O2 
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Table 11. Surface Tension of KNO, 
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Table I. Surface Tension' of Equimolar NaN0,-KNO, 

r(exptl), dre f  6, 3, r(ref5) ,  
T, "C mN/m mN/m mN/m 

257 117.1 120.0 117.9 
267 116.5 119.2 117.0 
280 115.6 118.2 115.7 
307 114.4 116.3 114.6 
35 0 111.3 113.0 111.4 
400 108.1 109.7 107.7 
450 105.0 
500 101.7 
547 109.0 
594 96.0 

1 mN/m = 1 dyn/cm. 
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Flgurs 2. Surface tensbn of NaNO3-KNO3 vs. temperature: (0) 02, 
(0) Ar, (A) ref 6 ,  (---) ref 5, (A) ref 7 .  

relevant literature values (5-7) are given in Table I and Figure 
2. Over the range 300-600 OC in both argon and oxygen 
these data can be satisfactorily represented by the equation 

y(dyn/cm) = 133.12 - (6.25 X 10-2)T(oC) (6) 

with an uncertainty of f0.5 % . Each data point is the average 
of 10 meausrements of the surface tension wlth a standard 
deviation of 0.2% for each set of measurements. The data 
shown in Figure 2 represent two Independent experiments and 
provlde an indication of the precision of the measurements. 

The excellent agreement between our data and those of 
Krlvovyazov et al. ( 6 )  and Ejima ( 7 )  (Table I and Figure 2) 
suggests that the data of ref 5 are incorrect. The agreement 
between these two sets of data is particularly reassuring since 
the data of ref 6 and 7 were obtained by a different method, 
maximum bubble pressure vs. plate detachment. A more 
complete discussion of this dlfference is given In ref 7 .  As an 
addltlonal check on the accuracy of our surface tension mea- 
surements, the surface tension of KN09 was determined. The 
results were well within the previously determined experimental 
uncertalnity of 0.5% (Table 11). 

The effect of additions of KN02 on the surface tension of the 
binary NaN03-KNOS melt at 400 and 550 OC Is shown in Table 

374 108.5 108.3 450 103.3 102.8 
401 106.2 106.4 474 100.6 101.1 
425 104.3 104.6 500 99.8 99.3 

a Reference 8. 

Table 111. Effect of KNO, on the Surface 
Tension of NaN0,-KNO, 

KNO,, KNO,, 
T,"C mol% r ,mN/m T, O C  mol% r ,mN/m 

400 0 108.1 550 0 98.8 
10 109.0 10 99.2 
20 108.3 20 98.7 

40  98.1 40  108.7 

Table IV. Density of Equimolar NaN0,-KNO, 

P (exptf), P (lit .) P P (exptl), 
T, "C g/cm g/cm3 T, "C g/cm3 

298 1.895 1.900b 498 1.774 
347 1.873 1.872 555 1.735 
400 1.836 1.835 595 1.709 
442 1.810 1.805 

a Reference 5. Extrapolated. 

I 

1.65 
250 350 450 550 

T I T )  

Figure 3. Density of NaN03-KN03 vs. temperature: (0) 02, (0) Ar, 
(---) ref 5. 

111. Within experimental uncertainity, the surface tension is 
unchanged even up to concentrations as large as 40 mol % 
KN02. This result is not unreasonable since the nitrates have 
a lower surface tension than the corresponding nitrites and thus 
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F l p o  4. Density of NaN0,-KNO&N02 mixture vs. temperature: (0) 
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would tend to concentrate at the surface (9). 
Densllg. The density of the equimolar bkN033<N03 mixture 

in argon or oxygen is presented in Table I V  and Figure 3 and 
compared with existing literature data (5). The experimental 
data can be represented by the equation 

T(9c 1 

p(g/cm3) = 2.090 - (6.36 X 104)T(OC) (7) 

with an uncertainty of f0.5% from 300 to 600 OC. The 
agreement between our experimental data and the literature 
values is excellent, being well within the 0.5% experimental 
uncertainty. 

In  contrast to the surface tension and the viscosity, which 
will be discussed later, the density shows a slight dependence 
upon the nitrite concentration for nitrite concentrations greater 
than 10 mol %. This is illustrated in Figure 4 for IO, 20, and 
40 mol % nitrite/nltrate mixtures. 

llrscosHy. The viscosity of the equimolar NaN03-KN03 
mixture between 300 and 600 OC, in argon and oxygen, is 
shown in Figure 5. For comparison, values of the viscosity 
from ref 5 are included. To facilitate comparison the mild line 
in Figure 5 is drawn through the literature data. I t  can be seen 
that agreement between the two sets of values is quite good. 
The viscosity may be calculated from the equation 
v(mPa s) = 

22.714 - 0.120T i- (2.281 X IO-')T2 - (1.474 X IO-')T3 

for T in OC, with an uncertainty of 1.0%. Each value of the 
viscosity is the average of 10 separate measurements. The 
standard deviation of the logarithmic decrement is 0.2% with 
a standard deviation of 0.5% in the corresponding value of the 
viscosity. A total of 36 separate data points from five inde- 
pendent experiments were used to derive eq 8. The experi- 
mental viscosity data are given in Table V . Within the limits 
of experimental uncertainty, the presence of up to 40 mol % 
nitrite has no effect on the viscosity of the binary NaN0,-KN03 
mixture (Table VI). 

(8) 

3.5 

3.0 

* 2.5 
0 
& 
E 
I 

r 

2.0 

1.5 

1 .o, 
1 

I I 1 i 

0 
A 

i i 

d 
% 

I 1 1 1 1 1 I 
300 350 400 450 500 550 E 

T("C 1 
Flg~ro 5. Vlscoslty of NaN03-KN03 vs. temperature: (0) 02, (0) Ar, 
(A) ref 5 .  

Table V. Experimental Viscosity Data 

T, "C q ,  mPa s T, "C q ,  mPa s 
600 
575 
298 
350 
400 
502 
5 99 
5 5 5  
549 
454 
323 
300 
400 
497 
501 
45 1 
399 
402 
352 

1.025 
1.100 
3.238 
2.284 
1.766 
1.286 
1.029 
1.116 
1.175 
1.511 
2.259 
3.252 
1.777 
1.334 
1.304 
1.565 
1.808 
1.77 1 
2.231 

302 
424 
349 
294 
401 
3 00 
399 
3 25 
400 
601 
501 
5 00 
450 
401 
375 
275 

3.162 
1.688 
2.307 
3.322 
1.801 
3.203 
1.767 
2.659 
1.792 
1.032 
1.299 
1.299 
1.517 
1.771 
2.115 
4.170 

Table VI. Effect of KNO, on the Viscosity of NaN0,-KNO, 

KNO,, KNO,, 
T, "C mol% q:mPas T, "C mol% q:mPas 

400 0 1.78 550 0 1.19 
10 1.79 10 1.18 
20 1.80 20 1.20 

40 1.19 40 1.81 

a 1 mPa s =  1 cP. 

summary 

We have determined the viscosity, the surface tension, and 
the density for the equimolar mixture NaN03-KN03 in both 
argon and oxygen. Both the surface tension and the viscosity 
of this salt mixture are unaffected by concentrations of nitrite, 
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fonned by thermal decomposition of nitrate, up to 40 mol % . 

I acknowledge the assistance of K. E. Qels In fabricating the 
experlmentai apparatus and D. C. Macmillan in deslgning and 
programming the microprocessor. 
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Flammability Properties of Acrylonitrile and Acetonitrile 

Sihrio De Mlchell’ and Vlttorlo Tartar1 
Montedlpe S.p.A., Research Center, 20020 Bollate (Milan), Itah 

Rammab#Ity lhnlh wore dotormlnod for temary mlxturor 
of crcrykn#rik-ah4rogon, acdonltr#calr-nltrogen, and 
a&onlMk/watr (arwiroplc ratlo)-ah-nltrog.n. For the 
a c r y h k h - a k  system, slightly wkler Iknlh than thoso 
r-od ktor. wwo found. Maxtmum safe v a l w  for 
oxygon contonis am ako roportd. 

Introductlon 

I n  order to define the potential “plant hazard”, flammability 
data are necessary for the pure compounds and the mixtures 
Involved in every chemical process. Lower and upper flam- 
meMlty lMts Wand WL, r-) In air, flammebillty #mit 
curves vs. added inert concentratlon, and minimum oxygen 
content are usually requked at the pressure and temperature 
levels occwring In the plant. 

I f  literature data are mlssing, or incomplete, or obtalned by 
meens of an improper experimental apparatus, new experi- 
mentation ls needed, &we methods have not yet been devei- 
oped for calculating flammblllty limits theoretically. 

Although acrylonitrile (AN) and acetonitrile (AcN) are very 
common chemicals, only the upper and lower limits for the 
farmer were “sued (7).  These data are inadequate to W e  
all safety problems In propylene ammoxidation plants, where 
both chemicals are produced and stored. 

I n  this work we have defined the flammability fields for the 
pure compounds and for the AcNIwater azeotrope tn air-nl- 
trogen mixtures. 

Exp.rlnrmtal Soctlon 

The apparatus used for the flammabHity limits determinatlm 
Is shown In Flgure 1. Gaseous streams were taken from 
cylinders or from the laboratory supply and metered through 
fbwmWs. The Hqu# phase was fed to a vaporher by means 
of a reciprocating pump and dosed by a bmt.  Punched plates 
wem inwted along the feedin61 he9 to improve the turbulence. 

The global stream was carefdty mixed Into a h e r .  Feedlng 
lines were kept to such a temperature level that vapor con- 
densation could be avoided. 

The test vessel conslsts of a stainless-steel tube 5cm 1.d. 
and 150 cm long 80 thldc that It could withstand the mechanical 
and thermic solicltatkns resulting from fIammabUity tests. The 

sire of ar vessel is analopus to those reported elsewhere ( 7). 
The Influence exerted on flammability limits by inner diameters 
smaller than 5 cm is well-known (7).  

A rupture disk is mounted at the bottom of the vessel to allow 
the rapld discharge of possible overpressures. During the dls- 
charge time the vessel can be bypassed without influencing the 
gaseous stream composition: this procedure allows one to 
carry out many tests with the same mixture. 

I f  necessary the vessel can be heated electrically. The state 
of the temperature inside the vessel was monitored by the 
thermocouples shown in Flgure 1. 

The pressure was kept to a constant level by means of a 
volumetric valve situated at the top of the vessel. 

Mixtures were ignited by an inductive spark located in the 
mkklle of the vessel. The igniter consists of two stainless-steel 
wire electrodes held by a tubular Teflon plece and spaced 2 
mm apart. The wires are connected to a 50-cycles trans- 
former, operating at 2204 input, 12 0 0 0 4  output. An energy 
of 20 J was released d h g  the discharge time, which was held 
constant at -50 ms. The mixture to be tested could be sam- 
pled at the Inlet, at the middie, and at the outtet of the vessel, 
In order to control the homogeneity of the composition all abng 
the vessel. The volumetric composition of the mixture was 
determined by using an on-line gas chromatograph. 

The propagation of the flame was detected by two 0.1-mm 
gauge Pt-Rh G%/Pt-Rh 30% the“@les extending into the 
vessel to a point about 10 mm from the vertical axis of the 
vessel. These thermocouples have a very low time constant 
(0.07 s). 

During these tests we considered only upward flame propa- 
gation. I t  Is known that the limits measured under these con- 
ditions are wlder than those determined under any other con- 
dition. 

The rapid output generated by the U”ocouples was stored 
on a variabbfrequency transient recorder and afterward was 
replatted on a two-channel chart recorder. Start, duration, and 
power of the electrical discharge were monitored on the same 
recorder. 

Owing to the low threshold iimitlng value (7-V) fixed for these 
compounds (TLV proposed for AN = 1-2 ppm), the vent line 
dlscharged Into a torch and gases were burned carefully. 

The equipment and the feeding pump were Installed into a 
heavlly constructed pressure box and were operated from 
outside, so that the operator was fully protected from any 
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