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INVESTIGATION OF THE THERMODYNAMIC PROPERTIES OF 

NITROGEN AT PRESSURES UP TO 8 kbar AND TEMPERATURES 

UP TO 1800~ 

A. A. Antanovich and M. A. Plotnikov UDC 533.21 

A procedure is described and the results are given of the experimental determina- 
tion of the density of nitrogen at high pressures and temperatures. 

For a number of the present-day domains of science and technology, information about 
the thermodynamic properties of industrially important gases at high pressures and tempera- 
tures is necessary. In particular, for the planning and operation of high-pressure aero- 
dynamic facilities, intended for the generation of hypersonic gas flows with high Reynolds 
numbers, data are required concerning the thermodynamic properties of nitrogen at pressures 
of 5-20 kbar and temperatures up to 1000-3000~ 

However, the overwhelming majority of experimental papers on the determination of the 
thermodynamic properties of gases at high pressures is limited to temperatures of 600-700~ 
This is due to the use of high-pressure equipment with external heating. The use of equip- 
ment with internal heating of the gas for thermophysical investigations was made difficult 
because of the intense gas convection arising in this equipment and disturbing the homoge- 
neous nature of the temperature distribution inside the equipment [I]. 

The range of the parameters of state of nitrogen, investigated experimentally by dif- 
ferent authors [2-5], is shown in Fig. i. 

Data which have appeared recently [5] at pressures up to 5 kbar and temperatures up to 
1000~ are in need of verification. They disagree with the repeatedly verified data of [3], 
and this discrepancy at pressures of i000 bar and a temperature of 1000~ reaches a magni- 
tude of about 4%. 

The tables of thermodynamic properties of nitrogen at high pressures and temperatures 
available at the present time, and obtained by a computational method [6, 7], have not been 
verified experimentally. The limits of applicability of the equations of state used, and 
also the validity of the assumptions made, can be determined only on the basis of experimen- 
tal P--v--T data. 

The present paper is devoted to the experimental investigation of the thermodynamic prop- 
erties of nitrogen at pressures of up to 3-8 kbar and a temperature range of 400-1800~ 
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Fig. i. Range of parameters of state of nitro- 
gen, investigated experimentally by different 
authors: i) data of [2]; 2) [3]; 3) [4]; 4) [5]; 
the hatched region shows the data from the pres- 
ent paper. P, kbar; T, ~ 

The investigations were conducted on a specially developed high-pressure facility with 
internal heating of the gas [8]. A tungsten--rhenium alloy VR20 was used as the material for 
the heater. The addition of rhenium considerably increases the plasticity of the alloy, the 
temperature of the onset of recrystallization, and the stability of the material relative to 
the solubility of nitrogen in it. 

The initial resistance of the heating element amounted to about 5 ~. The ac power sup- 
ply was effected through an RNO-40 transformer; the maximum voltage reached 250 V and the 
magnitude of the current in this case amounted to ~20 A. 

The high-pressure and high-temperature equipment was part of the facility, including 
also a standard bottle of nitrogen compressed to ~150 atm, a pressure generator, and a cali- 
brated reservoir of large volume (Fig. 2). 

A thermocompressor -- a high-pressure vessel with an internal volume of 264 cm s -- in- 
stalled in a cryostat was used as the pressure generator. The pressure in the thermocompres- 
sor was generated by the cooling of gaseous nitrogen under a pressure of about 150 atm to 
the temperature of liquid nitrogen with subsequent heating in the closed volume. After five 
cycles of cooling and heating of the thermocompressor to a temperature of ~I00~ an initial 
gas pressure in the system of about 2500 bar was obtained successfully with this equipment. 
A further increase of pressure occurred in the apparatus on heating ~p. 

The calibrated reservoir with a volume of 41.95 liters served to determine the quantity 
of gas enclosed in the apparatus. For this purpose, after completion of the experiment, the 
gas was expanded into this reservoir, and after establishing thermal equilibrium, which was 
disturbed in consequence of the expansion process of the gas, its pressure and temperature 
were measured. The mass of gas was then determined by the equation of state of an ideal gas 
PV = RT. 

AS a result of the operation of the high-pressure apparatus with internal heating, the 
presence of intense gas convection in it was confirmed. A detailed investigation of the 
characteristic features of this phenomenon was achieved for the first time in [i]. 

Gas convection in high-pressure equipment with internal heating disturbs the homoge- 
neous nature of the temperature distribution inside the apparatus, which makes it difficult 
to carry out accurate thermophysical investigations. Thus, in the apparatus used the dif- 
ference of temperatures measured by two thermocouples positioned at a distance of 7 mm from 
one another vertically reached 150 ~ Moreover, it was shown experimentally that the electric 
power necessary for generating a specified temperature inside the apparatus, because of the 
presence of gas convection, increases significantly with increase of pressure, in comparison 
with the case when convection is completely absent. 

In order to eliminate gas convection inside the apparatus, some improvement was made to 
it. All the free space inside the apparatus was filled with a porous refractory material -- 
aluminum nitride (porosity of 60%). As the measurement results of the temperature field 
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Fig. 2. Diagram of facility used for determining 
the density of nitrogen: I) standard bottle of 
compressed nitrogen; II) pressure generator; III) 
high-pressure equipment with internal heating; IV) 
calibrated reservoir. 

inside the apparatus showed, filling of the entire free space of the thermal chamber with the 
porous material enabled gas convection in this volume to be eliminated completely and allowed 
a space with a constant temperature field and with adequate dimensions to be obtained. The 
temperature difference at a distance of 60 mm, measured by the two thermocouples, did not ex- 
ceed the measurement error. 

In order to determine the density of the nitrogen, a variant of the displacement method 
suitable for high-temperature measurements was developed. The principle of the displacement 
method, suggested in [4], consists of carrying out two successive measurements of a quantity 
of gas m, and m2 filling a constant-volume piezometer at a known pressure P and temperature 
T; in one of the experiments a monolithic insert with a known volume under normal conditions 
is arranged in the uniform temperature zone. The density of the gas at pressure P and tem- 
perature T is then determined by the formula 

Am 
p(P, T ) - -  , (1) 

Vi~(e,r) 

where hm = (m, -- m2) is the quantity of gas displaced from the piezometer by the insert under 
the conditions of the experiment and Vins(P,T) is the volume of the insert at pressure P and 
temperature T. 

It is obvious that if the conditions for carrying out both measurements were identical, 
then all the corrections for the thermal and barometric deformation of the high-pressure ves- 
sel (and also possible errors due to the presence in the facility of ballast unheated spaces 
and a nonhomogeneous temperature distribution over the whole length of the thermal chamber) 
are mutually canceled out. It is necessary only to determine the volume of the insert 
under the conditions of the experiment. The volume of the insert under normal conditions can 
be determined with high accuracy, for example, by calibration in water, and the magnitude of 
the deformation of the insert by the action of the pressure and temperature can be calculated 
accurately. 

In accordance with this procedure, the authors of [4] conducted two successive experi- 
ments at one and the same temperature, determining two relations between the quantity of gas 
and the pressure in the piezometer. This procedure requires the maintenance of an identical 
temperature with high accuracy while conducting both experiments, which proves to be extremely 
difficult at high temperatures when internal heating of the gas is used. 

Therefore, in order to determine the quantity of gas displaced by the insert, two suc- 
cessive experiments were carried out (with and without insert) with constant amounts of gas 
in the piezometer. In both experiments, after filling the piezometer with a certain quantity 
of gas, the heating was switched on and the dependence of the gas pressure P in the piezom- 
eter on its temperature T was measured. As a result, two curves were obtained in the coor- 
dinates gas pressure versus temperature (Fig. 3). 

It is obvious that these curves have a point of intersection, the coordinates of which 
determine the magnitudes of the pressure and temperature to which the value of the gas den- 
sity -- equal to the ratio of the mass of gas displaced by the insert Am = m, -- m2 to the vol- 
ume of the insert under the conditions of the experiment -- corresponds. 
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/ Fig. 3. Determination of 
the density of gases using 
the variant of the displace- 
ment method. 

F 

In view of the fact that while carrying out both experiments all the free space is filled 
with a porous material in order to suppress gas convection, formula (I) must be modified, and 
the density of the gas at pressure P and temperature T is determined from the expression 

Am 
9 p(P, T) = ~ns (v, r~--~pm(v, r~ (2) 

where Vpm(P,T ) is the volume of the porous material filling the site of the monolithic in- 
sert unaer the conditions of the experiment. 

While conducting the experiment, 10-15 points corresponding to different values of the 
electric power fed in were determined for every initial nitrogen pressure in the apparatus. 
For each of these values of the power, a time delay was produced, necessary for establishing 
thermal equilibrium inside the apparatus. Concerning the establishment of this equilibrium, 
cessation of the temperature rise in the thermal chamber and the pressure in the system (and 
also Cessation of the temperature rise measured by a thermocouple which was installed in the 
body of one of the obturators of the apparatus in the immediate vicinity of its inside end 
surface) was indicated. The delay time amounted to 0.5 to i h. Similar P--T measurements 
were carried out at a reduced temperature and each of the P--T points was obtained by aver- 
aging the two measurements. The experiment was assumed to be unsuccessful if the measurement 
results during heating up and cooling differed by an amount exceeding the error of the mea- 
suring instruments and also if, on attaining the starting temperature, the gas pressure in 
the system differed from the starting pressure by an amount exceeding the error of the manom- 
eter used, i.e., if leakage of the gas from the system had taken place during the experiment. 

The pressure in the experiments was measured with a reference pointer-type manometer of 
grade 0.5 with a measurement limit of up to 1600 kg/cm ~ and with a Manganin manometer cali- 
brated by a piston manometer. The coil of the Manganin manometer was subjected to thermal 
and baric treatment in accordance with the well-known recommendations, and it was insulated 
from the gaseous medium with a steel bellows filled with aviation gasoline. The initial re- 
sistance of the coil amounted to 262 ~. The measurement of the change of resistance of the 
coil under the experimental conditions was carried out by an R39 single-bridge circuit. The 
absolute error of the pressure measurement with both manometers did not exceed 20 bar. 

The temperatures inside the thermal chamber were measured with a standard platinum-- 
rhodium--platinum thermocouple No. 622, calibrated in the Moscow Metrological Service Center. 
The calibration error also of the secondary instrument used for measuring the thermal emf 
(R37-I potentiometer) did not exceed 0.001 mV, which corresponds to 0.i ~ for this thermo- 
couple. 

When determining the temperature up to 1000~ the known experimentally determined cor- 
rections for the dependence of the thermal emf of the thermocouple on the pressure were taken 
into account [9], and at higher temperatures these corrections were determined by an extrap- 
olation method. Taking into account the indeterminacy in finding these corrections, and 
also the measurement results of the temperature field in the thermal chamber, itwas assumed 
that the error of the temperature measurement in the experiments did not exceed I~ 

The pressure in the calibrated reservoir, when determining the mass of gas contained in 
the apparatus, was measured by means of a 3-m U-shaped water manometer. The error in mea- 
suring the pressure, taking account of the correction for capillarity and saturated vapor 
pressure, was assumed equal to i mmwater column. 
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The gas temperature in the calibrated reservoir was assumed to be equal to the tempera- 
ture of the surrounding medium, which was measured with a mercury thermometer with an ac- 
curacy of 0.2~ 

The P--v-- T data obtained as a result of the measurements were smoothed with respect to 
isotherms and isobars by means of the method of least squares for the purpose of comparing 
the fluctuations of the density values (within the limits of the measurement error) caused 
by random errors. 

The smoothed values of the density of nitrogen are given in Table i. 

In certain regions of the range of parameters of state investigated, experimental P-- 
v-- T data of other authors are available. From a comparison analysis, it follows that the 
discrepancy between the results obtained and the experimental data of Tsiklis and Polyakov, 
Robertson and Babb, and also the data of Din and Wasserman, et al., which generalize the 
majority of the results of the other experimental papers, does not exceed the experimental 
error. The data of [9] are an exception; their deviation from the results obtained at a 
pressure below 3 kbar and temperatures above 500~ exceeds the experimental error, and this 
deviation increases with increase of temperature and at a pressure of i kbar and a tempera- 
ture of 1000~ reaches a magnitude of 3.5%. 

The discrepancy between the results obtained and the tabular data of [6, 7], obtained 
by a computational method from the equations of state, also does not exceed the experimental 
error. 

NOTATION 

P, pressure; v, specific volume; T, temperature; R, gas constant; p, density of gas; m, 
mass of gas; Vins, volume of insert; Vpm, volume of porous material. 
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