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EQUATIONS OF AVERAGE ISOBARIC HEAT CAPACITY OF AIR
AND COMBUSTION GASES WITH INFLUENCE OF PRESSURE AND EFFECT
OF THERMAL DISSOCIATION

All properties of thermomechanical systems working substance are two-parameter that is determined by two
parameters, the most often they are temperature and pressure which are easily measured by experiment. Rep-
resenting the isobaric heat capacity as a function of temperature cp = f(T) become a thing of the past. Analyti-
cal and tabular ways are used to represent dependencies as a function of temperature and pressure. The tabu-
lar method is convenient for single calculations, but the analytical one is more convenient for a series of calcu-
lations. The advantages of an analytical description in comparison with a tabular one are obvious, namely,
compactness of information storage without reference to node points, the ability to integrate and differentiate,
dependencies can be embedded directly in the program body and don’t require special subroutines to access to
the tables. Developers of the programs for calculating thermophysical properties, as a rule, use functional de-
pendencies which may have a different appearance for temperature and pressure intervals of the same sub-
stance. This is explained by the fact that in the region close to the saturation curve, there is a steep change in
all the thermophysical properties of substances including the isobaric heat capacity. In thermogasdynamic
calculations of heat machines, the main physical parameter of the working fluid is its heat capacity, both true
and average. The article presents the analytical dependencies of the average specific isobaric heat capacities
of the main components of air and combustion products of hydrocarbon fuels which are united throughout the
specified range of pressures and temperatures (nitrogen: p = 1 ... 200 bar, T = 150 ... 2870 K, oxygen:
p=1..200bar, T =210 .. 2870 K, argon: p = 1 ... 200 bar, T = 190 ... 1300 K, the water vapor:
p=201..200bar, T=700... 2600 K, carbon dioxide: p = 1 ... 200 bar, T = 390 ... 2600 K). The analytical
dependencies were derived on the basis of previously obtained analytical expressions for the specific isobaric
heat capacities of these gases. The average specific isobaric heat capacities of gases are also functions of tem-
perature and pressure cp = f(T, P) and take into account the effect of thermal dissociation. Formulas for aver-
age specific isobaric heat capacities are obtained by integrating expressions for specific isobaric heat capaci-
ties. Verification of the obtained dependencies for different temperature ranges was done.

Keywords: average isobaric heat capacity; combustion products of heat machines; air, thermal dissociation;
influence of pressure.

Introduction )
Al = o AT

The average heat capacity Cpm traditionally is

used for thermogasdynamic calculations of heat ma-
chines (HM) and gas turbine engines, in particular [1-3].
It is the average integral value of the isobaric heat ca-
pacity within a given temperature range [4, 5]

Ty
j ¢p (T,p)dT
T
L 1
o =" M)

Ease of use ¢,

the temperature increment during the process the aver-
age isobaric heat capacity allows to get immediately
increase in the specific enthalpy of the working fluid Ai

is obvious, as far as multiplied by

and specific heat of the isobaric process q = Ai, includ-
ing thermal effect of isobaric chemical reactions [4].
Average adiabatic index k,, within a given tem-

perature range can be expressed also through Cpm

-1
k, {11} |
Cpm

where R is the individual gas constant of the substance.
Starting from references [6—8], the average heat

capacities were not determined experimentally, but by

temperature integration of the existing values of the heat

capacities c, , according to the formula (1).

p°
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1. Analysis of Publications
and Problem Statement

In the ideal gas model, the heat capacity is constant
and depends only on the structure of the gas molecule.

The real working substance of the thermomechani-
cal system is two-parameter, i.e. any parameter, includ-
ing phenomenological coefficients (viscosity, thermal
conductivity, heat capacity), is determined by two pa-
rameters of the system. The temperature and pressure
are used the most commonly, because they are meas-
ured by experiment easily. Despite this, in the majority
of references [8—10], the values of Cp, . are given only

for the gas pressure p <<p. at a fixed lower tempera-

ture T, =0°C. In this case, Cpm depends only on the

upper integration temperature T,. The effect of thermal
dissociation (ETD) for the obtained values of Cp. is

also not taken into account. The works [11-15] show
that in a number of cases it is unacceptable to neglect
the pressure and the ETD in the Cp determination. The

calculation of ETD requires to use of other approaches,
and the solution of the system of chemical kinetics
equations, in particular, which includes the equilibrium
constants of the reactions [8, 9, 13, 15].

There are software products [16, 17] that allow ob-
taining the isobaric heat capacities of gases as a function

of temperature and pressure p (T,p) . In this case,

Cp (T,p) can be found by numerical integration of the

generated spreadsheets. This is not always convenient
because the user has to substitute manually the results
into their own calculation or develop a special subrou-
tine for accessing spreadsheets. It is much more conven-
ient to use analytical dependencies in calculations.

The advantages of an analytical description in
comparison with a tabular one are obvious, namely,
compactness of information storage without reference to
node points, the ability to integrate and differentiate,
dependencies can be embedded directly in the program
body and don’t require special subroutines to access to
the tables, obtaining the average heat capacity at Ti,
other than 0 °C.

Authors of the article don’t know analytical rela-

tionships that allow to count ¢, | (T,p) taking into ac-

count the ETD.

In the reference [11], formulas for the specific iso-
baric heat capacities of the air and combustion products
components (ACPC) of heat machines that taking into
account temperature, pressure and ETD are presented.
According to formula (1), it is possible to obtain

cp. =f (T,p) taking into account ETD.

The aim of the work is to obtain the average heat
capacities of the ACPC of HM ¢, =f (T,p) within a

given range of pressures and temperatures taking into
account the effect of thermal dissociation.

2. Method of Obtaining of the Average
Specific Isobaric Heat Capacities

The initial data for obtaining of Cp. expressions of

the ACPC were the equations of the specific isobaric heat
capacities of these gases that were obtained by the authors
in [11] which were derived from the tabular data of the
references [18, 19].
Mathematically, the

Cp (T,p) is reduced to finding of a definite integral

derivation of a formula

within a given temperature range T, ...T,

T,

j cp (T,p)dT
T

with fixed pressure p .

In all expressions below temperature T is meas-
ured in Kelvin degrees, pressure p — in bar, heat capaci-
ty cp —in kJ/(kg-K).

3. Results

The working range of the obtained expressions for

average heat capacities ¢ . coincides with the working

p
range of the original heat capacities ¢, . For low-boiling

gases (N2, Oz, Ar), the expressions for Cp, . are applica-

ble in the temperature range from 150...210 to
2600...2870 K and pressure range from 0.1 to 200 bar.
For high-boiling gases (CO,, H,0), the lower limit of
the working range shifts towards higher temperatures,
for CO; it is T; = 390 K and for H>O it is T; = 700 K.
Pressure range for water vapor is p = 0,1 ... 200 bar and
for carbon dioxide is p =1 ... 200 bar [11]. The reason
of the high values for the lower temperature limit in the
case of high-boiling components is determined by ex-
pectation to remain in the superheated steam region and
to avoid the onset of condensation, which occurs in the
case of subcritical temperatures at operating pressures
above the saturation pressure.

Verification of the obtained expressions for the

¢, of the ACPC was performed according to the data

Pm
[9], where the initial temperature was taken T; =273 K,

the pressure was implied low enough (p <<p, ) and

was not mentioned at all by reason of the hypothesis of
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heat capacity independence from the pressure. In [9],
the effect of thermal dissociation is also not taken into
account.

For low-boiling gases (N2, Oz, Ar) ¢, (T,p)

were calculated at p=1bar , Tj =273K and were
compared with the data [9].
For high-boiling gases (CO,, H,O) ¢

o, (T:D)
were calculated at p=16ap, T; #273 K. For verifica-

tion tabular data Cp [9] were recalculated for the in-

terval Tj...T, using the formula
T T
Tz (T, =273)-¢p,, |35 =(T1 =273) ¢, ‘2]73
pm - T2 _ Tl ?
or
T T
T, (T, -=273)-cp ‘2%3 — Al
Cpm T T
: L-T

Enthalpy difference at a fixed pressure p =1bar is

a function of T; only Ai ;73 =i(T)) -1(T=273K) .

Enthalpy difference for carbon dioxide CO, at

. k
T, =390K is Al‘%gg = 103,131(—J and for water vapor
g

o KJ
H,0 at Ty =700 K is Al‘g%) =8337 .
g

3.1. Average Specific Isobaric Heat Capacity
of Nitrogen

The specific isobaric heat capacity of nitrogen at
the temperature range T = 150 ... 2870 K and pressures
p = 0,1 ... 200 bar has the form of a fourth-degree poly-
nomial by pressure [11]

4 .
T,p)=> X;(T)-p', ©))

i=0

with polynomial coefficients X;(T) depending only on
the gas temperature.

The average heat capacity at the temperature range
T, ... T, are determined according to expression (1) and

for a polynomial of the 4th degree by pressure

T
1 4 2

)
2 1i=0 T

X; (T)dT |p'. 3)

The coefficient X, is described by a polynomial
of the 6th degree and has the form [11]

6
Xo=> ¢T'. 4
1=l

The integral of the power polynomial (4) has the form

T 6 o /. .
[ Xo()ar =Y (T -1), )
5 i+

polynomial coefficients e; are given in the Table 1 [11]

Table 1
Polynomial coefficients e; for the expression (5)

€; Value

€o 1,17485346 E+00
el -1,00362980 E-03
€2 2,41548607 E-06
€3 -2,26418817 E-09
€4 1,07944740 E-12
es -2,58998975 E-16
€6 2,47848087 E-20

The remaining coefficients of formula (3) for
i=1 ... 4 are described by a rational function ("Rational
Model") [11]

a;+b; T
X =i 6)
1+CiT+diT

The temperature integral of the expression (6) has
the form

T,
T
[ Xi(T)ar = j 40T
T 1+¢; T+d; T?
T,
:aj S — j (7)
I+¢; T+dT I+ T+dT

The integrals of the expression (7) are tabular

ones, and for the case 4d; — ciz >0 are equal

J' dT
1+Ci T+di T2
2diT+Ci

2
= ————arctg| ———= |; (8)
4d; —c? 4d; —c?

1 1 1
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TdT
1+ C; T+ di T2
C; dT

2di 1+CiT+diT2 .

| Lln‘ucindi T2 ‘—
24,
)

Expressions (8) and (9) are substituted in the (7)

c+b; T b;
J.al—lsz =—lln‘1+ciT+di T2 ‘+
l4+¢;T+d;T 2d;
b;c: T
+[ai _l_Cled—z—
2’di 1+CiT+diT
2aidi _bici ZdiT+Ci

=i E1n|1+ciT+diT2|+
di| 2 Jad; -

arctg [

After that, the limits of integration T, and T, are
substituted in expression (10)

\/4(11 _Ci2 ] '

(10)

1 ﬁlnlJrciTQeriTQ2 .\
B 2
di{ 2 |1+¢T+4; T

arctg [ ] —arctg {

Finally, the average specific heat capacity of nitro-
gen in the range of pressures p = 0.1 ... 200 bar and
temperatures T = 150 ... 2870 K is described by the ex-
pression (12).

T,
[ %;(T)dT
T

+ 2aidi - biCi

4/4d; —ci2

2diT2 +C

A\ 4d; —ci2

2diT1 +C

\4d; —ci2

|

(11)

6

1
“pm T,-T [;

=0
1b
4| 2

N 2aidi _bici

\4d; —ciz

—arctg

S

it _Ti+l)+
i+1( 2 !

4

2

i=1

1+Ci Tz +di T22

In 3
1+Ci Tl +di Tl

2d;T, +¢;
arctg # —

\’4di _Ci2
2diT1 +C; pi
4d.

1

(12)

Coefficients aj, b;, ¢, di

The coefficients aj, bj, ci, di of the expression (12)
are presented in the Table 2 [11].

The Fig. 1 presents the comparison results of the
average specific isobaric heat capacity of nitrogen

(c ) that is calculated by the formula (12) with

Pm Jcalc

reference data (cp ) from the work [9]. The relative
m Jref

error of approximation was defined as

(6on )~

ref 100% .
(Cp
m /ref

Acpm

As seen from the Fig. 1b, the error for the pressure
p =1 bar is Ac, < 1% , with the exception of the first
point T, =T, = 273 K, where it is 1,15 %.

The simplified linear dependence of the isobaric

heat capacity of nitrogen ¢, on pressure p describes

p
computational regions far from the critical point at
which  the  temperature and  pressure  are

T, =126,2K; p,, =33,9 bar.

The isobaric heat capacity of N, within a given
range T = 210 ... 2870 K and p = 0,1 ... 200 bar is ap-
proximated by the simplified expression [11]

¢ (T:p) = (1+T¥‘;(p—1)j-cp<T)pzl K

where o =1434,2;3=2,421; Cp(T)p:] is the 6th de-

gree polynomial that describes the specific isobaric heat
capacity of nitrogen at the pressure p =1 bar [11]

6 .
Cp (T)pzl = ZfiTl' (14)
i=0

According to the formula (1), the average heat ca-
pacity of N, for the specified range of temperatures and
pressures can be written as

(03

—(p- 1)Jcp (Tp=i JdT. (15)

Table 2
for the equation (12)

i 1 2

3 4

3 -1,135383459 E-03 3,455484448 E-05 -3,091140829 E-07 7,634837423 E-10
b; 6,421029505 E-06 -1,225542135 E-07 1,116149284 E-09 -2,920723149 E-12
Ci -1,144002151 E-02 -1,311713799 E-02 -1,323947412 E-02 -1,326425980 E-02

3,327677283 E-05 4,365761243 E-05

4,436704709 E-05 4,444797637 E-05
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Fig. 1. The average specific isobaric heat capacity Cp. (a) and approximation error Ac, (b) for N, at p=1 bar,

T =273 K in the given range T> =273 ... 3273 K; approximation Cp. is carried out by the formula (12)

The subintegral function of the expression (15) is
the sum of two power polynomials that are integrated
separately for convenience

f[@*%(p—l)JCp(T)pﬂJdT=J(imi}n+

i=0

+a(p —l)j[ ifiTi_BJdT

Finally, the average specific isobaric heat capacity
of nitrogen in the given range of temperatures and pres-
sures T =210 ... 2870 K and p = 0,1 ... 200 bar has the
form

1 fl ( i+1 i+1
¢, = TiH T )+
Pm T, T [Z jp V2

6 . .
ra(p-) (T;B“—T;-B“)} a6

i=0i—[3+1

polynomial coefficients are given in the Table 3 [11].

Table 3
Coefficients of f; of the equation (16) for nitrogen

f; Value

fo 1,14552 E+00
f) -7,80728 E-04
o3 1,87175 E-06
f3 -1,66208 E-09
fy 7,46404 E-13
fs -1,69530 E-16
fs 1,55002 E-20

The coincidence of the graphs in the Fig. 1 and 2 is
explained by the fact that expressions (12) and (16) cor-
relate well in the region of low pressures p << p, -

3.2. Average Specific Isobaric Heat Capacity
of Oxygen

The physical properties of oxygen are close to ni-
trogen, which allowed using the same functional de-
pendences Cp = f(T,p) in [11], but only with different

coefficients. The coefficients of X;(T) for 1=2,3,4

are described by the logistic regression model in the
form [11]

(17)

Its integral

unlike a rational model or a power function, has no ana-
Iytical solution.

Therefore, to find the expression for the specific
isobaric heat capacity of O, the linear dependence of
pressure in the form (13) was used. In this case, the av-
erage specific heat is described by the expression (16),
which coefficients a =1418, B=2,412 and f; are pre-

sented in the Table 4 [11].

Table 4
Coefficients f; of the equation (16) for oxygen

f; Value

fo 9,41626 E-01
fi —4,90884 E-04
o3 1,99973 E-06
f3 —2,37238 E-09
fy 1,34346 E-12
fs —-3,70413 E-16
fs 3,99917 E-20
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Fig. 2. The average specific isobaric heat capacity Cp. (a) and approximation error Ac, (b) for N, at p=1 bar,

T, =273 K in the given range T> =273 ... 3273 K; approximation Cp. is carried out by the formula (16)

In this case, the approximation error Ac, for ox-

ygen will be higher than for nitrogen, but within ac-
ceptable limits [11].

The Fig. 3 shows the average specific isobaric heat
capacity of oxygen Cp. and the Ac, .

12 %
—
< o
&p _..-"‘"'( *
1,1 s
< /‘/‘
=
= 1,0 -
g /
< 0,9 >
0 1000 2000 3000
sseesereference value excluding ETD T, K
calculated value
a)
A f
£ 25
UE /
g 15 /
0,5
A f\"‘—— >
05 \Y 1000 2000 3000

b)

Fig. 3. The average specific isobaric heat capacity Cp. (a)
and approximation error Ac, (b) for O, at p=1 bar,

T, =273 K in the given range T> =273 ... 3273 K; approx-

imation Cp. is carried out by the formula (16)

As seen from the Fig. 3b, the approximation error
at the pressure p = 1 bar up to the temperature
T, =3100K is Ac, < 1% . The Ac, increases due to

the manifestation of the ETD of oxygen, which was not
considered in [9].

3.3. Average Specific Isobaric Heat Capacity
of Argon

The effect of thermal dissociation for argon at the
pressure p = 1 bar and higher must be considered when
temperatures are above 5000 K [7]. Therefore, in the
ranges of temperature T =190 ... 1300 K and pressure
p=1...200 bar, the linear dependence of the specific
isobaric heat capacity on pressure is acceptable and
along the isotherms can be written

¢p(T, p) =X (T)+X; (T)-p. (18)

The coefficients Xo and X; of the equation (18)
can be represented by polynomials of the 6th degree in
the form (4) [11], with polynomial coefficients f; and g;,
respectively.

Based on the equation (1) the average specific iso-
baric heat capacity of Ar in the ranges of temperature
T=190...1300 K and pressure p=1 ... 200 is equal to

T,
1
= Xo(T)+ X (T dT =
Pm TZ_TIPI'!.I( 0( )+ 1()p)
1 8 £ (il it
_ i (Tt T )
T2—T1(§‘)i+1(2 v
+pi gi (Ti+l_Ti+l)
i=0i+1 2 !
or
1 Sf+pg

¢, = -1} a9
Pm T, T, & i+l (2 ! (19)
i=0

For Ar, polynomial coefficients fi and g; of the ex-
pressions (19) are presented in the Table 5 [11].
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Table 5

Coefficients f; and g; of the equation (16) for argon

f; Value g; Value

fo | 3,8552028131 E-1 | go 3,86799652 E-2

fi 1,2621680194 E-3 | g -3,39272814 E-4

£, | -4,6085746669 E-6 | g 1,2108595 E-6

f3 8,4972243889E-9 | g3 -2,21920621 E-9

fys | -8,4024021453 E-12 | g4 2,19770021 E-12

f5 | 4,2499200354 E-15 | gs -1,11699435 E-15

fs | -8,634491379E-19 | g 2,28349314 E-19

There are not data for the Cp. of argon in the ref-

erence books (including [9]). In this connection, it can
be assumed that the verification of the isobaric heat ca-
pacity expressions which were carried out in [11], to-
gether with the observance of the formal integration

rules ensure the correctness of the Cp. for Ar.

To estimate the effect of pressure on the isobaric
heat capacity of argon, the values of Cp. for three dif-
ferent pressures p = 0,1; 20; 200 bar in the working
temperature range T = 190 ... 1300 K were calculated
and compared with its ideal gas value that equals to

kJ
kg-K
are shown on the Fig. 4.

c;g =0,52043

[7]. The results of this calculation

A
~11
M
i p=200bar
% 0,9
=2 p=20 bar

- N,
0507? ™, A p=0,1bar

0.52 | __ / _____________________

0,5 +—— — —>
] 500 1000 1500
T, K

Fig. 4. Comparison of the average specific isobaric heat
capacity approximation of Ar, at p =0,1; 20; 200 bar,
T, =273 K in the given range T> = 190 ... 1350 K which is

carried out by the equation (16) with cg; (dotted line).

As seen from the Fig. 4, for low pressures
p <20bar in the wide range of temperatures starting
from 200 K and up to the beginning of thermal dissocia-
tion (depending on pressure the temperature is
T =5000...8000 K), it can be recommended to use as

the Cp and Cp. for argon its ideal gas value [7]
- kJ
Cp =Cp = c;;g =0,52043 .
m kg-K

is

The expression (19) is recommended when Cp.

calculated for operating pressures p> 50 bar.

3.4. Average Specific Isobaric Heat Capacity
of Water Vapor

For water vapor, the dependence of the specific
isobaric heat capacity Cp = f(T,p) is described by the

universal model “polynomial in polynomial” [11]

6 3 .
cp = Z(Z h;; (p)JTJ ) (20)

=0\i=0

According to the integration rules for a power
function, the average specific isobaric heat capacity of
H,O that determined by the expression (1) has a poly-
nomial in the form

3
6 2P’
1 i=0

Cp. = - T,
m T2 —Tl =0 _]+1

e2))

The coefficients hij of the equation (21) are pre-

sented in the Table 6 [11].

The Fig. 5 shows the approximation error Ac,
for water vapor in the temperature
T, =700 ... 2600 K at the pressure p = 1 bar.

As seen from the Fig. Sb, at the pressure p =1 bar,
significant discrepancies ( Ac, >20 %) between the

range

calculated and reference values of Cp. [9] are observed

at the temperatures T>>2250 K. This is caused by the
manifestation of the ETD, which was not taken into
account in [9].

3.5. Average Specific Isobaric Heat Capacity
of Carbon Dioxide

For carbon dioxide, in the temperature
T =390 ... 2600 K and pressure p =1 ... 200 bar ranges,
the dependence of the specific isobaric heat capacity
¢, =f(T,p) as like as for water vapor, is described by

the universal polynomial model [11]

5 6 .
cp = Z(Z hj; (p)jTJ. (22)
=0\i=0

Along isobars, the Cp of CO, is approximated by
polynomials of the fifth degree of temperature, and then
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Table 6
Coefficients h;; of the equation (21) for water vapor
iVi 0 1 2 3
0 3,72130648 E+00 6,09794432 E-02 2,78477950 E-04 2,62005726 E-06
1 -7,87119929 E-03 -1,71071169 E-04 -1,00020581 E-06 -8,81134559 E-09
2 1,29672771 E-05 2,01838542 E-07 1,37761696 E-09 1,18862334 E-11
3 -9,10704008 E-09 -1,37861935 E-10 -8,46198559 E-13 -8,50288119 E-15
4 2,89749137 E-12 6,25166859 E-14 1,83292082 E-16 3,53086519 E-18
5 -3,26763999 E-16 -1,67716888 E-17 1,20919120 E-20 -8,04176721 E-22
6 1,10942242 E-20 1,50509665 E-21 -2,90837997 E-24 6,71382535 E-26
- 1,0
2 ~ A /
. 120,0
g s / S /
3 130 __./ £ 800
E ? s.'.,w#wﬁﬁo-a-aao‘co - /
g 40,0
1,0 > ! 7
500 1500 2500 3500 _/
e« essereference value excluding ETD 1 g 0.0 >
* 500 1500 2500 3500
calculated value T. K

a)

b)

Fig. 5. The average specific isobaric heat capacity Cp. (a) and approximation error Ac, (b) for HO at p=1 bar,

T; =700 K in the given range T> = 700 ... 2600 K; approximation Cp. is carried out by the formula (21)

each polynomial coefficient is approximated by a poly-
nomial of the sixth order of pressure.

The lower limit of the temperature range, as in the
case of HO, is limited by the critical temperature (for
CO, Ter=304,2 K) [11].
According to the rules for integrating of a power
function, the polynomial of Cp. of CO, which is de-

termined by the expression (1) has the form

6
s 2 hyp!

For carbon dioxide, coefficients h; of the equation
(23) are presented in the Table 7 [11].
For carbon dioxide, the Acpm , at the pressure

p = 1 bar in the temperature range T = 390 ... 2600 K is

presented on the Fig. 6.

As seen from the Fig. 6b, at the pressure p =1 bar,
significant discrepancies ( Ac, >10%) between the

calculated and reference values of Cp. [9] are observed

at temperatures T > 2100 K . This is caused by the man-
ifestation of the ETD, which was not taken into account

_ 1 i=0
Cpm - :
T2 —T] =0 _]+1

T, (23)

in [9].

Table 7

Coefficients hij of the equation (23) for carbon dioxide

1

2

3

4

5

5,158916222 E-02

1,611004043 E-05

-1,029642891 E-03

-6,820993797 E-08

7,323524876 E-11

-3,045265412 E-04

-9,937532295 E-08

6,775455393 E-06

4,297034312 E-10

-5,106669842 E-13

7,388788998 E-07

2,401932965 E-10

-1,735375108 E-08

-1,059662323 E-12

1,373170166 E-15

-9,224711889 E-10

-2,927782176 E-13

2,224236798 E-11

1,313768636 E-15

-1,823684483 E-18

6,140246672 E-13

1,895088498 E-16

-1,499196077 E-14

-8,620109566 E-19

1,260737533 E-21

-2,026341930 E-16

-6,110020795 E-20

4,979046010 E-18

2,807777837 E-22

-4,262116081 E-25

1\ 0

0| 2,039177506 E-01
1| 3,778692716 E-03
2| -7,999577879 E-06
3| 1,052717691 E-08
4| -7,587121620 E-12
5| 2,658838680 E-15
6 | -3,408673189 E-19

2,526330393 E-20

7,512383702 E-24

-6,235261470 E-22

-3,476054695 E-26

5,401552597 E-29
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Fig. 6. The average specific isobaric heat capacity Cp. (a) and approximation error Ac, (b) for CO; atp =1 bar,

T =700 K in the given range T> =390 ... 2600 K; approximation Cp. is carried out by the formula (23)

Conclusion

Analytical dependences of Cpp = f(T,p) that tak-

ing into account the ETD of the main GTE’s ACPC
were obtained by integrating of the functional depend-
encies presented in [11] in a given range of pressures

and temperatures: nitrogen: p=1..200 bar,
T=150..2870K, oxygen: p=1..200 bar,
T=210..2870K, argon: p=1..200 bar,
T=190..1300K, water vapor: p=0,1.. 200 bar,
T=700...2600 K, carbon dioxide: p=1... 200 bar,
T =390...2600 K.

The obtained dependences ¢, =f(T,p), which

Pm
take into account ETD, can be used for calculation of
the thermophysical properties of a working substance in
the wide class of modeling problems of thermogasdy-
namic processes of heat machines.

Prospects for Further Research

1. The expressions of average isobaric heat capac-
ity of ACPC in a given temperature range for isobaric
processes, that are the combustion processes in GTE
combustion chambers, piston internal combustion en-
gines operating by the Diesel cycle and heat exchange
processes in the heat exchangers were obtained. How-
ever, the processes occurring in the compressor, turbine,
nozzle of the GTE, in the internal combustion engine
working by the Otto cycle are not fundamentally isobar-

ic, but require for their calculation the value of the Cp,. -

In the future, it is planned to obtain analytical expres-

ion
sions ¢,

given range of temperatures and pressures

=f(T,p) that are cumulative ones over a

2. The value of the average isobaric heat capacity
of water vapor at various pressures and temperatures
below the critical values, i.e. the range for which a
phase transition is possible and which is not covered in
this article, is practically interesting. It is planned to

obtain the dependences of the ¢, and Cp, as functions

p

of temperature and pressure in the ranges of temperature
T =273,16 ... 700 K and pressure p=0,1 ... 200 bar.
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PIBHSIHHS CEPEJIHbOI MM TOMOI I30BAPHOI TEIIJIOEMHOCTI
KOMITOHEHT HOBITPSI TA ITPOJYKTIB 3TOPAHHS 3 YPAXYBAHHSIM BILJIMBY TUCKY
I EOEKTY TEPMIYHOI JUCOIIAILIT

M. B. Amoposwcesuu, M. A. Illesuenxo

Bci BnacTuBOCTI poO0OYMX TiJI TEPMOMEXAHIYHOI CUCTEMH € BOIIAPAMETPUYHUMH, TOOTO BU3HAYAIOTHCS BOMA
rapameTpamMH, HaivacTille TeMIIEpaTypoIO i THCKOM, sIKi HAWIPOCTillle BUMIPIOIOTHCS eKCliepuMeHTanbHo. [IpakTu-
Ka Ipe/ICTaBIeHHs 1300apHOI TEIIOEMHOCTI (DYHKII€IO TITbKK Temneparypu ¢,=f(T) Bigxoauts y Munyie. IcHye nsa
CHOCOOW TpECTaBICHHS 3aJIeKHOCTI: aHATITUYHUN 1 TaOMuuHKUiA. [[JIs1 0JJMHOYHUX PO3paxyHKIB 3pY4HUHA TaOIM4-
HUH croci0, ane ajist cepii po3paxyHKIiB 3pydHille aHaniTHYHWE. [lepeBara aHaqiTHYHOIO ONMUCY B TOPIBHSHHI 3
TaOJIMYHUM € 3pO3YMUIMMU: 1€ KOMITAKTHICThH 30epiranHs iHdopmanii 0e3 IpHB'I3KH J0 BY3JIOBUX TOUOK, MOXKIIH-
BiCTh iHTErpyBarty i Au(epeHIiIOBaTH, 3aJISKHOCTI MOXKYTh OyTH BOyJOBaHI Oe3rmocepeiHbO B TIJIO MPOrpaMHu 1 He
BHMararty clienialbHUX IiJIporpaM AJisl 3BepHeHHs 10 Tabnuib. Po3poOHMKHM MporpaM po3paxyHKy Teriogi3zuaHux
BJIACTHBOCTEMH, SIK MPABUIIO, BAKOPUCTOBYIOTH (DYHKITIOHAJIBHI 3aJISKHOCTI, SIKi JIJIs pI3HHUX Jialta3oHiB TeMIleparyp i
TUCKIB OfIHIET pEUYOBMHHM MOXYTh MaTH pi3HUN BUIIA. [losCHIOETBCS e TUM, IO B 00JacTi OJM3BKOI 0 KPUBOI
HACHYEHHS CIOCTEPIraeThCsl Pi3Ki 3MiHM BCiX TEIO(i3MYHUX BIACTHBOCTEH PEYOBUH, B TOMY YHCHI 1 ICTHHHOI Terl-
JIOEMHOCTI. Y TepMOra3oJMHaMiuYHUX PO3paxyHKaX TEIUIOBUX MAIIMH OCHOBHUM (Di3WYHUM HapaMeTpoM poOodoro
TiJa € HOro TEMJIOEMHICTh — SIK ICTHHA, TakK 1 cepeAHs. Y CTarTi NpeCTaBIeH] aHANITHYHI 3aJIeKHOCTI CEpeHIX IMH-
TOMHUX 1300apHUX TEIUIOEMHOCTEH OCHOBHMX KOMITOHEHTIB MOBITPS i MPOJYKTIB 3TOPSHHS BYIJICBOJAHEBHUX IaJIHB,
€IIMHI y BChOMY 3a3HaYCHOMY JIialia30Hi THCKIB 1 Temnepatyp (asor: p = 0,1 ... 200 6ap, T = 150 ... 2870 K; kuceHb:
p=1..20006ap, T =210 ... 2870 K; apron: p=1 ... 200 6ap, T = 190 ... 1300 K; mapu Bomu: p = 0,1 ... 200 Gap,
T =700 ... 2600 K; Byrnekucnuii raz: p =1 ... 200 6ap, T =390 ... 2600 K), BuBeacHI Ha OCHOBI OTPUMAaHUX paHiIle
aHAJITHYHUX BHUPA3iB Ul CIIPaBXKHIX MUTOMHUX 1300apHMX TeruloeMHocTedl mux ra3iB. CepemHi muTomi i300apHi
TEIJIOEMHOCTI Ta3iB TaKoX € (YHKIISIMU TeMIiepaTypH i THCKy ¢, = f(T,P) 1 BpaxoByroTs edekt TepmiuHoi nucoria-
uii. GopMynu A cepeHiX MUTOMHX 1300apHUX TEIMJIOEMHOCTEH OTPHMaHI IUISXOM IHTErpyBaHHsS BHpAa3iB IS
CHpaBXXHIX TeruioeMHocTei. [IpoBeneHa Bepudikalis OTpUMaHUX 3aJISKHOCTEH /ISl pi3HUX JIiana3oHiB TEMIepaTyp.

Karudosi ciioBa: nutoma cepenus izo0apHa TEIIOEMHICTB; MPOAYKTU 3rOPSHHS TEIUIOBHX MAallIWH; MOBITPS;
BIUIMB TEPMIYHOI JUCOIialii; BIUIUB THUCKY.

YPABHEHWUSI CPEJHEM YJEJbHOM N305APHOM TEIINIOEMKOCTH KOMIIOHEHT BO3YXA
N MPOAYKTOB CI'OPAHUSI C YYETOM BJIMAAHUSA JABJIEHUSA
U DOPPEKTA TEPMUUYECKOMN JUCCOLUAIIUN
M. B. Amoposwcesuu, M. A. Illesuenxo

Bce cBoiicTBa pa60q1/1x TECII TepMOMeX&HH‘IeCKOﬁ CUCTEMBI ABJIAIOTCA ABYXHNApaMETPUYCCKUMU, T.C. OIPCac-
JIAKOTCA ABYMA IMapaMeTpaMu, 4alic BCECTO TeMnepaTypof/'I " JaBJICHUEM, KOTOPLIC MPOHIE BCErO 3aMEPAIOTCA SKCIIC-
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puMeHTanbHo. [IpakTHka npencraBieHus H300apHOW TEIIOEMKOCTH (QyHKIHMeEH Tonbko Temieparypsl ¢,=f(T) yxo-
T B nipoutoe. CyIecTBYeT ABa criocoda MpecTaBlIeHNs 3aBUCUMOCTH: aHATUTHYECKUI 1 TabmuuHbIi. s onu-
HOYHBIX PAacyeTOB YA00€H TaOJIMYHBIN Ccrtoco0, HO IS CepHU pacdyeToB ymoOHee aHanmuTHUecKuil. [IpenmyriecTBo
aQHAJIUTUYECKOTO ONMCAHMS B CPABHEHUH C TaOJIMYHBIM OYEBHIHO: KOMIIAKTHOCTh XpaHeHusl UHpopManuu 0e3 npu-
BSI3KH K Y3JIOBBIM TOYKaM, BO3MOXXHOCTh MHTETPUPOBATH U AUPPEPEHIMPOBATH, 3aBUCHMOCTH MOTYT OBITH BCTpOE-
HBI HETIOCPE/ICTBEHHO B TEJIO MPOrpaMMBbl U He TpeOOoBaTh CHEUUANBHBIX HOANPOrpaMM Ui OOpalmeHust K Tadiu-
nam. Pa3paborunku mporpaMm pacuera TeruioQU3NUecKHX CBOWCTB, KaK MPABUIIO, UCHONB3YIOT (hYHKIIMOHATIBHBIE
3aBHCHMOCTH, KOTOpBIE [UIsl pa3HbIX JHAara30HOB TEMIIEpaTyp M JABJICHUI OJHOTO BEIIECTBA MOTYT HMETh pa3jiny-
HBIH BHJ. OOBSCHSETCS 3TO TEM, YTO B 00JIACTH OJIM3KOW K KPUBOW HACBHIIIECHUS HAOIOAaeTCsl pe3Kue N3MEHEHUE
BCEX TEIUIOPU3NYECKUX CBOWCTB BEIIECTB, B TOM YHCII€ M MCTHHHON TEIUIOEMKOCTH. B TepMorasonnHaMHU4ecKux
pacyerax TEIUIOBBIX MAIIUH OCHOBHBIM (DM3MYECKUM MapamMeTpoM pabodero Tena sSBIsIeTCs ero TErI0eMKOCTh - KakK
WCTUHHAS, TaK U CpelHssi. B craThe mpencraBieHbl aHAIUTHYECKUE 3aBHCUMOCTH CPEAHUX YIEIBHBIX U300apHBIX
TEIJIOEMKOCTEH OCHOBHBIX KOMIIOHEHTOB BO3[yXa M NPOAYKTOB CrOpaHHUs YIJIEBOJOPOIHBIX TOILIMB, €IHHBIE BO
BCEM YKa3aHHOM JHWara3oHe AaBiieHHMHA u Temmepatyp (asor: p=0,1...200 6ap, T = 150...2870 K; xucmopoxn:
p=1...200 6ap, T=210...2870 K; apron: p=1...200 6ap, T =190...1300 K; maper Boms: p=0,1...200 Gap,
T =700...2600 K; yriekucisiii raz: p=1...200 6ap, T =390...2600 K), BeIBeIcHHbIC HA OCHOBE TOJTYUCHHBIX paH-
Hee aHaJUTHYECKUX BBIPAKEHUH Ul MCTUHHBIX YIENBHBIX W300apHBIX TEIIOEMKOCTel 3Tux TazoB. CpernHue
yIeNIbHbIe U300apHbIe TEIUIOEMKOCTH Ta30B TAKKE SBISIIOTCS (QYHKIUSMH Temneparypbl u nasieHus c,=f(T,P) u
y4uTBIBAIOT 3PdekT Tepmudeckor auccouuanun. GopMyssl Uil CPEAHUX YIEIBHBIX W300apHBIX TEIIOEMKOCTEH
TIOJTYYEeHBI ITyTeM WHTErPUPOBAHUS BBIPAXKEHU Ul HCTUHHBIX TeruioeMkocTel. [IponsBeneHa Bepudukarms momy-
YEHHBIX 3aBUCUMOCTEH [UIsl pa3IMYHBIX JUANa30HOB TEMIIEPATYD.

KnaroueBsbie cioBa: ynenbHas cpeqHsst n300apHas TEIUIOEMKOCTh; MPOAYKTHI CTOpaHMsl TEIUIOBBIX MAIUH;
BO3/1yX; BIUSIHUE TEPMHUUIECKON JUCCOLMAIIMH; BIUSIHUE TaBJICHUSL.

AmOpoxkeBnd Maiist BnaiuMupoBHa — KaHI. TEXH. HAYK, JAOLEHT, JOLECHT Kadeapbl adpOKOCMHYECKON Ter-
norexHukyu, HannonansHbi aspokocmuueckuit yausepeuret uM. H. E. X)KykoBckoro «XapbkoBcKkuit aBUAIMOHHBIN
HHCTUTYT», XapbKoB, YKpanuHa.

MleBuenko Muxana AHATOIBEBUY — acCIMPaHT Kadeapbl TEOPUH aBHALMOHHBIX IBUraTesned, HarpoHaib-
HBIA aspokocMuueckuit yHuBepcure uM. H. E. XKykoBckoro «XapbKOBCKHN aBHAIMOHHBIN MHCTUTYT», XapbKOB,
VYkpauna.

Ambrozhevich Maya Vladimirovna — PhD of Technical Science, Assistant Professor at the department of
Aecrospace Heat Engineering, National Aerospace University “Kharkiv Aviation Institute”, Kharkiv, Ukraine,
e-mail: ambrozhevichmaya@gmail.com, ORCID Author ID: 0000-0003-0856-8234.

Shevchenko Mikhail Anatol'evich — PhD student at the department of Aviation Engines Theory, National
Aecrospace University “Kharkiv Aviation Institute”, Kharkiv, Ukraine, e-mail: mikleshevchenko@gmail.com,
ORCID Author ID: 0000-0002-0806-6632, ResearcherID: 1-1215-2018.



