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APPROXIMATION OF THE THERMOPHYSICAL PROPERTIES
OF HIGH-TEMPERATURE GAS

Annotation. For the numerical study of high-temperature gas-dynamic processes, approximating
dependences of the thermophysical properties of air on temperature are proposed. The
approximation error averaged over the temperature series does not exceed 0.87%.

Air at high temperatures in terms of molecular transport properties is quite close to other loose
multicomponent partially dissociated and ionized gas mixtures, such as products of rocket fuel
combustion in a rocket engine nozzle.

The advantage of the approach to the development of approximating dependences of the
physical properties of high-temperature gases is the possibility of their use in multifunctional
software packages for numerical simulation and engineering analysis.

The approximating dependences of thermo physical properties were used to study by means of
the ANSYS software package the processes occurring in the nozzles of rocket engines. The
physical characteristics of the air, calculated according to the proposed dependences, ensured
that the polytropic index corresponded to the data on the combustion products of a real rocket
engine. A mechanism is proposed for matching data from different sources due to the
deterioration of the approximation in the vicinity of the boundary. The use of the technique for
well-consistent data is acceptable and does not lead to a noticeable decrease in the
approximation quality near the boundary. An approach is proposed for approximating
multiparameter dependencies.

Keywords: high-temperature gas-dynamic processes, thermophysical properties, approximation,
multi-parameter approximation, data matching.

Introduction. The solution of practical problems arising in the study of high-
temperature gas-dynamic processes occurring in multicomponent media involves
the use of a large data array characterizing the thermophysical properties of gases in
the operating range of temperatures and pressures. Modern algorithms for solving
gas dynamics problems have high accuracy and the initial data on the physical
properties of gases should not yield to the general requirements for the solving
accuracy of the gas dynamics and heat transfer equations themselves.
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The thermophysical properties of substances are most often presented in the
form of tabular dependencies on one (temperature or pressure) or two (temperature
and pressure) parameters. The main tasks are to select analytical dependencies that
can describe tabular data with satisfactory accuracy and to determine the parameters
of these approximating dependencies. This approach helps to compress and to
smooth (where necessary) the data. It also allows you to apply analytic
differentiation.

The possibility of analytical setting of the physical properties of working bodies
is integrated into the advanced multifunctional programs for numerical simulation
and engineering analysis. Figure 1 shows the user interface window of the ANSYS
program, demonstrating that, when using the program for numerical calculations,
the properties of working bodies (the thermal conductivity of an ideal gas in Fig. 1)
can be set by a constant value, piecewise linear, piecewise polynomial or polynomial

law.
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Figure 1 - Methods for setting thermal conductivity in the ANSYS software package

The optimal law for setting the values of the thermophysical properties of the
working fluid allows you to speed up the calculation process and improve the results.

The purpose of this work is to develop a mechanism for constructing
approximating formulas for complex temperature dependences, such as the
thermophysical properties of multicomponent partially dissociated gas mixtures. To
study high-temperature gas-dynamic processes using the ANSYS software package
it’s necessary to construct approximating temperature dependences for the
thermophysical properties of air.

Despite the important role of air as an atmosphere and technical gas, there are
quite a few direct definitions of the thermodynamic properties of air. Such charts
and tables [1-9], which have been published, are limited to a range of temperature or
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pressure, or both. Although there are convenient tables for air as an ideal gas [1,8],
there are no published tables that contain a complete consistent value set for the
thermodynamic properties of air, considered as a real gas, in the range of
temperatures and pressures required in modern research and development.

Air at high temperatures in terms of molecular transport properties is quite
close to other loose multicomponent partially dissociated and ionized mixtures of
gases, such as, for example, combustion products of rocket fuel.

In the region below 1500°K, the air composition is assumed to be fixed, and
corrections for gas defects are significant. Here, experimental state data and other
relevant data are required for an adequate representation. At temperatures above
1500°K in this pressure range, the corrections for gas imperfections are small, and
the dissociation degree of the air components has a predominant effect on the
thermodynamic properties. In this area, the air properties are based on the
contribution of each of the molecular and atomic varieties presenting in the
equilibrium composition at each temperature and pressure [5, 6, 10].

Main research.

The thermophysical properties of air were approximated for numerical
calculations by the ANSYS software package for the controlled supersonic gas flow in
a rocket engine nozzle and for numerical experiments on the methods of perturbing
the nozzle gas flow. Computational studies were carried out taking into account
changes in the main thermophysical parameters depending on temperature and
taking into account dissociation processes. The average calculated temperature was
3458°K, pressure 1 bar. The physical characteristics of the working gas ensured that
the polytropic index corresponded to the data on the combustion products of a real
rocket engine. The calculation results are verified by experimental data.

As a result of the analysis and generalization of the data [1 - 10] for the specific
heat Cp (J/kg/K), thermal conductivity A (W/m/deg) and viscosity p (Pa-s), three ana-
lytical formulas depending on the temperature range were obtained.

The specific heat capacity is approximated with a reasonable degree of accuracy
by the following polynomials:

- in the temperature range from 100°K to 1000 K

c, =—1,5736-10""T" + 6,5402 - 10~ **T°* - 1,1111 - 1071°T*5 49,9286

+1078T*—5,035-107°T3 + 0,0149T2 — 2,3688T + 1161,482;

— in the temperature range from 1000°K to 3000°K
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c, =1,1123- 1071°T7 —1,5655-10715T% +9,2375-10712T> — 2,9367 -

- 1078T* + 5,4216- 107°T3 — 0,058013T2 + 33,70605T — 7069,814;

— in the temperature range from 3000°K to 3600°K
¢, =—3,0-107°T*-5,0- 107573 —0,2523T? — 579,39T + 4912009.

The integration of the analytical specification of thermophysical properties
into the ANSYS program is shown in Fig. 2, demonstrated the user interface window,
in which the coefficients of the approximating formula for the heat capacity and the
limits of its application are set
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Figure 2 - Setting the approximating formula for thermal conductivity
in the ANSYS software package

For the thermal conductivity of gaseous air at a pressure of 1 bar, according to
the tables [2], the following polynomial dependences are defined for various tem-
peratures.

— in the temperature range from 200°K to 1900°K

A=-35-10"*T*+2,0-107*T3—4,35-10"T?+9,0- 107°T + 0,0012;

— in the temperature range from 1900°K to 3000°K
A=8,625-10"11T3—-4,94-107"T2 + 0,0001T — 0,59;

— in the temperature range from 3000°K to 3600°K
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The viscosity is approximated by the following polynomials:
— in the temperature range T= 200 K+1000.00 K
w=1361-10"T3—-4,199-10" T2+ 7,0- 107 8T + 8,17-1077;

— in the temperature range T=1000 K+2000 K
u=-8,0-10"*"T3+3,713-10"**T? - 2,9-10"°T + 4,235-105;

— in the temperature range T=2000 K+3600 K
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u=598-10"°T%—-2,95-10"*?T? +3,0- 10T + 1,6 - 10™°.

Multi-parameter dependences of the substance properties are mainly presented
in the form of tables for one of the parameters (let's call this parameter primary; as a
rule, this is temperature) with a number of fixed rest values, secondary (for example,
pressure). Approximation of such dependencies involves the initial stage of process-
ing, which consists in choosing the smallest possible number of dependency types
on the primary parameter that well approximates the data in all tables for a given
property. Next, coefficients of approximating dependencies for each table are found.
Usually, the number of these coefficients, as well as the number of tabular values of
the secondary parameter, is small, and to calculate the desired property, the proce-
dure that combines functional approximation with respect to the primary parameter
with interpolation with respect to the secondary can be the most convenient.

A more consistent approach is to study and then functionally approximate the
dependence of each of the coefficients on the secondary parameters. At the same
time, since functions of a more general form are used than is necessary for each of
the tables separately, interdependence of some coefficients is often found, which is
clearly visible when one of them is varied in the vicinity of the optimal value. Such
interdependence can manifest itself only in a certain subrange of changes in the sec-
ondary parameter and, in principle, is convenient for describing the dependences of
the coefficients on the secondary parameter, and since at smoothing the data in the
mentioned subrange, suboptimal solutions are obtained that are not much worse
than the optimal one. According to this fact, the approximation of the coefficients
should be carried out sequentially, refining the values of the remained ones.

In cases of inconsistency of data from different sources, an artificial matching
of separately constructed dependences is performed due to the deterioration of the
approximation in the vicinity of the boundary. Note that the use of this technique
for well-consistent data is also quite acceptable and does not lead to a noticeable de-
crease in the approximation quality near the boundary.

Let us illustrate the method of data matching by the example of a parameter
described by the function f(T, p) of two variables referred to the critical values of
temperature T and pressure p. Let suppose the dependence Ts(p) of temperature on
pressure is known, for example, on the saturation line and the dependence of the pa-
rameter on saturated vapor pressure fs(p) (here and below, relative temperature and
pressure are meant). For a smooth transition from data on the boundary to data in-
side the region of the function definition scopes f(T,p), one can use for p < 1 an aux-
iliary function of the general form:

ISSN 1562-9945 (Print) 7
ISSN 2707-7977 (Online)



«CucreMHi TexHouorii» 2 (145) 2023 «System technologies»
f(T.p)=f(T.p)+[fi —fTp)le —Ts),

where the values of fs and Ts are determined at pressure p, and the weight function

¢(x), Takag uto ¢(0) = 1, and rapidly tends to zero as x increases. As a function of

¢ the following dependence can be proposed:

qo(x)z{ CER T e (<2) e

0, T=T"

The values of the parameters T*, m, k are selected empirically.
A more reliable method, albeit giving less smooth data matching, is a linear in-
terpolation between the data at the boundary and at some point inside the region of

the described property:

~ T
}C*(T;p) — ﬁ)‘ [JF(RTSJP) )r')] {k I)T(‘ T < KT’)J

f(rp), T =K.

The coefficient k > 1 is chosen from the condition of the best approximation of
the transition region and it can be a function of pressure or Ts.

Below there are graphical dependences of the gas constant of N;O, vapors on
pressure and temperature, constructed from tabular data, as well as the correspond-
ing analytical dependences obtained using the developed tool.
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Figure 3 - Graphs of N,O4 gas constant versus pressure and temperature

The approximating function has the form
at7’'>0

R=R,+R,(T)+R,(T),
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where R, (T) = R.T,, (e /1T/0120721 _ =107y /1()

f, = (T/0,120721)%7%; f, = 3,50982 — 2,7909T, /T,y,;

R. and R. - the values of the gas constant and its derivative on the saturation

line, respectively;
T=(T~-T.)/Ty

For T < 0or T = 0 we accepted R = R..

Conclusions. To study the high-temperature gas-dynamic processes occurring
in the nozzles of rocket engines using the ANSYS software package, approximating
temperature dependences for the thermophysical properties of air have been devel-
oped. The approximation error averaged over the temperature series does not exceed
0.87%.

The approach for approximating multiparameter dependencies is proposed.

A mechanism is proposed for matching data from different sources due to the
deterioration of the approximation in the vicinity of the boundary. The use of this
technique for well-consistent data is also quite acceptable and does not lead to a no-
ticeable decrease in the approximation quality near the boundary.
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Anpokcumauia meniogizuuHux ésacmueocmeli 8UCOKoOmMmemnepamypHozo 2asy

s uucenvHo20 00CNiOHceHHS 8UCOKOMEMNepamypHux 2a300UHAMIYHUX NPOUecis
3anponoHo8aHO ANPOKCUMY0OUI 3a/excHOCmi meniogizuuHux eaacmueocmeli nogimps
8i0 memnepamypu. CepedHs no memnepamypHomy pady noxubka anpoxkcumayii He ne-
pesuuwiye 0,87%. Ilepesazoio darHozo nidxody € ix UKOPUCMAHHS Y 6azamo@yHKUiOHAIb-
HUX NpOo2paMHUX nakemax uuceibHo20 MoOeNB8AHHS MA IHHEeHePHO20 aHaNi3y. AnpokK-
cumyioui 3anexHocmi menno@izuuHux e1acmugocmeti 8UKOPUCMOBYBANUCA O OOCi-
OxceHHs 3acobamu npozpamHozo nakemy ANSYS npouecis, ujo npomikaroms y conaa pa-
KemHux 08uzyHis. 3anponoHo8aHo nidxid 0is anpokcumauii 6azamonapamempudHux
3anexcHocmeti.

TokapeBa OsieHa JleoHiniBHaA — MOJIOJIINIT HAYKOBUIA CITiBPOOITHUK [HCTUTYTY Te-
xHiyHO1 MexaHiku HAH Vkpaiun i IKA Ykpainn.

IrnatbeB OsekcaHap JIMUTPOBUY — CTapIinii HAYKOBUIT CIiBPOOITHUK [HCTUTYTY
TexHiuHOi MexaHikyu HAH Ykpainu i JIKA Ykpainu, K.T.H.

IIpsiapko Onekcanap BanepiiioBuu — iHxkeHep 1 kaTeropii IHCTUTYTy TeXHIYHOI Me-
xaHikyu HAH Vkpainu i IKA Ykpainu
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