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UDC 544.6.018.42 Vehicles with internal combustion engines (ICEs) used by many enterprises or high fire

hazard facilities (airports, docks, elevators, chemical plants, refineries) can be sources of
CALCULATED ignition due to the peculiarity of their technological (work) cycle. Recently, vehicle de-
EVALUATION signers have devoted much attention to power units that are alternatives of ICEs (electric

engines, hybrid power units, and cryogenic engines), with the power units being capable
OF THE THERMAL of ensuring a higher fire safety in transport. Kreogenic engines as power plants in special
PHYSICAL vehicles used in the above-mentioned high fire hazard facilities are particularly impor-

tant. In such engines, the working medium (WM) is liquid nitrogen, and the heat source to
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implement the work cycle is the warmth of the environment. Nitrogen is the most afford-

OF NITROGEN AS able non-flammable gas, which is why in terms of economic considerations, it is most

acceptable for use as WM for a cryogenic piston engine without disturbing nitrogen con-
A WORKING FLUID P ryogenic p 8 8 nitrog

tent balance in the atmosphere. The increased interest in creating cryogenic power units
OF CRYOGENIC

for vehicles determined the relevance of a detailed study of thermodynamic and kinetic

PISTON ENGINES. characteristics (transfer coefficients) of molecular nitrogen over a wide range of pres-

HEAT sures and temperatures. The article presents an original method and the results of calcu-

lating the thermal conductivity of nitrogen used as a working fluid for transport piston
CONDUCTIVITY units. A description of the developed mathematical model of kinetic characteristics in
CALCULATION dense molecular media (dense gases and liquids) is presented. The mathematical model

and computational procedures are based both on the formal scheme of Enskog and statis-

tical-mechanical approach within the framework of the thermodynamic perturbation the-
Anton M. Levterov, ory with no empirical parameters involved. The features of the method are sufficient
dppp @ipmach.kharkov.ua minimum of initial information, high precision, and applicability for any practically im-
ORCID: 0000-0001-5308-1375 | portant state ranges. Using gaseous and liquid nitrogen as an example, the calculated
values of their thermal conductivity are compared with the available in the literature ex-
perimental data at pressures up to 5 MPa in the temperature range from 80 to 300 K. The
A. Podgorny Institute results of calculations according to the proposed method allow us to predict the kinetic
characteristics of nitrogen in experimentally unexplored state ranges up to pressures of
1000 MPa and temperatures up to 5000 K. Errors in the calculation of the thermal con-
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Problems of NASU, ductivity of nitrogen are at the level of ordinary experimental errors.
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Introduction

Vehicles with internal combustion engines (ICEs) used by many enterprises or high fire hazard facilities
(airports, docks, elevators, chemical plants, refineries) are sources of ignition due to the peculiarity of their tech-
nological (work) cycle. Recently, vehicle designers have devoted much attention to cryogenic piston engines,
which can be used as power plants in special vehicles for the above-mentioned high fire hazard facilities [1, 2].

In such engines, the working medium (WM) is liquid nitrogen, and the heat source to implement the
work cycle is the warmth of the environment. Nitrogen is the most affordable non-flammable gas (~78% in
atmospheric air), which can be used as WM for a cryogenic piston engine without disturbing nitrogen content
balance in the atmosphere.

The increased interest in the creation of cryogenic power units for vehicles [1, 2] determined the rele-
vance of a detailed study of thermodynamic [3-5] and kinetic characteristics (transfer coefficients) of molecular
nitrogen over a wide range of pressures and temperatures.

Analysis of Studies and Publications

Getting reliable experimental data on the kinetic properties of substances in vast ranges of states is dif-
ficult, and in many cases simply impossible. This motivates the development of computational methods to
mainly include phenomenological and statistical ones. Among the strict statistical methods, a special place is
occupied by the theory of Enskog [6], which combines good mathematical substantiation and simplicity of
working formulas.
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Method of Calculation

In the present paper, in order to describe the thermal conductivity of dense molecular media, a com-
bined method is proposed, which is the development of the modified Enskog theory with the definition of
thermodynamic parameters within the framework of modern perturbation theory schemes [7].

The condensed medium is represented as consisting of solid spherical molecules of diameter . In-
significant are triple and higher-order collisions. Due to the fact that the molecules have certain volumes, the
following two effects become important during gas compression:

1) Impact transfer of pulse energy: when two spherical molecules collide, the pulse energy is in-
stantly transferred from the center of one molecule to the center of another.

2) Change in the number of collisions per second: on the one hand, the frequency of collisions in-
creases, since G is not negligible in comparison with the average intermolecular distance. On the other hand,
it decreases, since the molecules are so close that they shield each other against incident molecules. Thus, the
collision frequency is Y times different from the frequency of collisions in the gas of point particles.

In view of these factors, the collision integral for rarefied gases [6] must be transformed. To modify
it, it is necessary to introduce two changes. Firstly, because the colliding molecules are not point-like, their
centers do not coincide and, accordingly, the distribution function of an incident particle must be calculated
at the point r — ok , where k is a unit vector directed from the center of the incident molecule to the center of

the target. Secondly, in dense gases and liquids, the volume per molecule (v) has the same order of magni-
3
tude as that of the molecule volume %n{%) . Therefore, the volume, in which the center of any single

molecule is located, decreases, increasing the probability of collision. Thus, the collision frequency increases
by Y times, with Y depending on the density of the number of particles for the system of solid spheres (SS).

. . . . 1
The function Y can be calculated at the point where two spherical molecules contact, i.e. r —Eck .

Based on these considerations, Enskog finds a new type of the collision integral [6]. From the
Boltzmann equation with the collision integral in the form of Enskog, we can determine the SS system func-
tion of distribution using the method of decomposition by the collision frequency parameter. Then, through
the integrals of this function, we can express the densities of the energy fluxes, pulse, mass and, finally, ki-
netic coefficients [6]. The result is the following expression of the Enskog theory for thermal conductivity:

A :l+1.2+0.755y. (1)
Aobp ¥
2n6° . . . .
Here, y= 3 pY =b,pY=>b,pg(c); p=N/V — is the density of the number of particles; g(r) — is
the SS system radial distribution function associated with the compressibility factor z as follows:
pP
7=——=1+y.
pkT Y

The coefficient A, for rarefied gases, which is included in expression (1), is given in [7] and has the form

25 [kt 1
Ao = ———p [ 2
"3z ‘N m 2Q*? @

where ¢, is the molecular heat capacity (cv =C,/N A) ; k 1s the Boltzmann constant.

It is convenient to reduce this expression to the product of two factors, one of which will be dimen-
sionless and common to various gaseous and liquid media, while the other will include the individual charac-
teristics of each substance. As a potential of interaction, we use the Lennard-Jones (L-J) potential, which be-

longs to the best simple two-parameter potentials. After replacing T = ET", we obtain (for monatomic gases)
LR [EY 75 T
Ao =10 Ao | o Aer | 3
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where M=28.0134 kg/kmol is the molar mass of nitrogen; R, is the universal gas constant,
R¢=8.31441 kJ/(kmol-K); N, is the Avogadro number, N, =n,-10*" 1/kmol (1n,=0.6022045); 6=0,-107"";
m, €, G are the parameters of the L-J potential, E=¢/k.

In expressions (2) and (3), Q®?" is the L-J system collision integral divided by the SS system colli-
sion integral. The integral requires the use of approximation [8].
The ratio
Ay M
07— f,
T]o Cv

5 ~mkT

— o 1s known as the Aiken coefficient. In the one-atom case,
16y 62Q*

where n, =

. 15
F=rC,=" R,

In polyatomic gases and liquids, a significant role is played by the rotational and oscillatory degrees
of freedom, with the degrees making a significant contribution to heat capacity. In order to take into account

these influences, various modifications of the coefficient ]7 are proposed. This scheme uses a simple, but
quite reliable, Aiken correction

~ C (T
f=Ro( A1)

+2.25J .

0

Thus, expression (3) takes the form

3/2 [ AT
ok ~ ¢ C E * 5 T
7\,0=7\47\‘0, 7\4:10 7%[—v+2,25J ﬁ’ 7\0=m'w'fc, (4)

where f, = (C‘(,) / R0)+ 2.25;C,) is the heat capacity in an ideal gas state (Cl(,) = Cg - Ro)-

With C,/R, =3/2 expression (4), obviously, transforms into (3).

Although the above-mentioned formulas for thermal conductivity were obtained for the SS system,
Enskog showed how they can be modified and applied to real dense molecular media. To do this, it is neces-
sary to redefine the values of by and y [6].

The above equations determine the so-called modified Enskog theory. The kinetic coefficients of a
real system can be calculated using only the state equation data obtained within the framework of the original
scheme of the modified perturbation theory (MPT) [7].

Next, the following combined method is used: the expressions obtained in the modified Enskog the-
ory are used to calculate the transfer coefficients, and the definition of parameters included there is based on
the MPT scheme.

In equation (1), when determining thermal conductivity, it is necessary to independently determine
parameters b and y. The compressibility factor z, specifying the equation of state,

D ) _ | QB8
NkT T'p' |-

In the further calculations, we restrict ourselves to the first-order MPT, since the corrections intro-
duced, with the members of subsequent orders taken into account, are so small that they go beyond the limits
for the precision specified by the existing experimental data.

According to MPT, taking into account the members of the first order, we obtain

— 3 7
c= 1422 L, S (i+1)ayp ™ [T &)
(1-%) k=0
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where :gpd P = %&3 p =0.4177p" is the packing parameter, a; is the coefficients of the polynomial
representation of the group integral I,(T",p") of the first order of MPT [8].
Comparing (5) with the virial expansion for z, we find the second virial coefficient

B="-N,¢’B’,

B:M 03 %§3+ia0k(T*)—(k+l) .
k=0

The product bp is determined from the expression

—(k+1)

3
bp =%p3[8*(T*)+ 7'(aB’ a1 )|= 4y —p"> kay, (T
k=1
and the parameter y

3 .
y= 2x_2—X3 + Z(i+1)kaikp*(’+1)/T*(k+l) . (6)
(1_X) i k=0

In order to determine B, we use approximation [7]
9 ¢
B =Y BT,
5=0

which gives an alternative form for bp
21 . . s
bpz?p {BO+ZBS(1—S)/T } (7)
s=2

to be used in subsequent calculations.
The transfer coefficient A of gases and liquids within the framework of the combined method has the form

A= kobp(l +1.2+ 0.755yJ ,
y

where y and bp are determined according to (6) and (7); Ao is the thermal conductivity of an ideal gas.

The drive parameter A appearing in (4) has the form
~ VE/M
% =125.893V ,107° W/(mK).

02

The efficiency of the proposed calculation procedure was verified in determining the thermal conductiv-
ity of gaseous and liquid nitrogen in the range from cryogenic to room temperature (80 ... 300 K) at pressures up
to 5 MPa. The L-J potential parameters have the following values for nitrogen E=¢/k=97.31 K, 6=3.5827-10"" m.

In Tables 1, 2, the calculated thermal conductivities of nitrogen in relation to temperature at the pres-
sures P=0.1 MPa and P=5 MPa are compared with the experimental data given in [10-12].

Figs. 1, 2 show the temperature dependence of the thermal conductivity of nitrogen along the isobars
P=2 MPa and P=4 MPa in comparison with the experimental data [10-12].

The average values 0 = Z|8(Tn)| / Nj of the deviation moduli &= (M™" / N“)—1 in the specified
n=1
temperature range for the thermal conductivity are $=9.6% (2 MPa) and 5 =8% (4 MPa).
The results of the calculated values of the thermal conductivity of nitrogen are in satisfactory agreement
with the experimental data. Thus, the restriction by first-order terms in the obtained MPT expansions provides
for errors in the calculations of thermal conductivity, comparable in magnitude with the experimental errors.
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Table 1. Comparison of the experimental and calculated value of the thermal conductivity of nitrogen in relation to
temperature at the pressure P=0.1 MPa

K A10°, W/(mK) | A-10°, W/(mK) 5 A-10°, W/(m-K) 5
’ (calculation) (experiment [10]) (experiment [12])
70 213.96 — — — —
80 8.36 7.82 0.06900 7.82 0.06900
90 9.40 8.63 0.08920 8.63 0.08900
100 10.49 9.58 0.09500 9.58 0.09500
110 11.59 10.48 0.10590 10.40 0.11440
120 12.67 11.30 0.12120 11.30 0.12120
130 13.71 12.00 0.14250 12.00 0.14250
140 14.71 13.00 0.13160 13.00 0.13160
150 15.66 13.90 0.12660 13.90 0.12660
160 16.56 14.80 0.11890 14.80 0.11890
170 17.41 15.70 0.10890 15.70 0.10890
180 18.21 16.60 0.09700 16.60 0.09700
190 18.97 17.50 0.08400 17.50 0.08400
200 19.70 18.30 0.07650 18.30 0.07650
220 21.04 19.80 0.06260 20.00 0.05200
240 22.29 21.30 0.04648 21.40 0.04159
250 22.87 — — — —
260 23.44 22.80 0.02800 22.90 0.02358
280 24.53 24.20 0.01360 24.40 0.00530
300 25.57 25.70 -0.00510 25.90 -0.01300
5 3 3 0.08100 3 0,08380
(8.1%) (8.38%)

Table 2. Comparison of the experimental and calculated value of the thermal conductivity of nitrogen in relation to

temperature at the pressure P=5 MPa

T K A10°, W/(mK) | A-10°, W/(m-K) 5 A-10°, W/(m-K) 5 A10°, W /(m-K) 5

’ (calculation) (experiment [10]) (experiment [11]) (experiment [12])

70 221.54 - - 152.3 0.6800 - -
80 175.34 135.0 0.2988 137.4 0.2760 142.0 0.2348
90 136.74 - - 119.7 0.1420 - -
100 107.84 - — 102.3 0.0540 — —
110 86.03 - — 85.6 0.0050 — —
120 68.63 - — 69.4 -0.0110 - -
130 53.00 - — 54.7 -0.0310 - -
140 26.36 - — 32.0 -0.1760 — —
150 24.44 - — 24.5 -0.0025 — -
160 23.72 21.8 0.0880 22.7 0.0450 21.8 0.0880
170 23.58 21.6 0.0920 — 21.6 0.0920
180 23.69 21.7 0.0920 22.1 0.0720 21.2 0.1170
190 23.92 22.2 0.0770 — — 22.6 0.0580
200 24.22 22.4 0.0810 22.7 0.0670 22.4 0.0810
220 24.92 23.2 0.0740 — — 23.4 0.0650
240 25.69 24 .4 0.0528 — — 24.5 0.0480
250 26.09 — — 25.2 0.0350 —
260 26.49 25.6 0.0347 — — 25.7 0.0310
280 27.29 26.7 0.0220 — — 26.9 0.0145
300 28.10 27.8 0.0108 28.3 -0.0070 28.0 0.0064

= 0.0840 0.097 0.0760

5 - - (8.4%) - (9.7%) - (7.6%)
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Fig. 1. Thermal conductivity of nitrogen in relation to Fig. 2. Thermal conductivity of nitrogen in relation to
temperature for the isobar P=2 MPa: temperature for the isobar P=4 MPa:
curve — calculation according to the MPT scheme; curve — calculation according to the MPT scheme;
symbols — experiment [10-12] symbols — experiment [10, 12]
Conclusions

The proposed method for determining the transfer coefficients of dense gases and liquids is a com-

bined one: the formal Enskog scheme was used for the calculations, and the thermodynamic parameters in-
cluded in the expressions were determined within the MPT framework. This method was developed to the
state that meets engineering requirements and makes it possible to obtain the kinetic characteristics of liquid
and gaseous nitrogen, with the characteristics used to develop promising types of environmentally friendly
and fireproof vehicles. The features of the method are its applicability for a wide range of states and suffi-
ciency of the initial information minimum. Implemented in the form of a computer software, it provides the
operational acquisition of data on the thermal conductivity of nitrogen, including cryogenic one.
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Po3paxyHkoBa oniHKa Tem10(i3M4HNX BJACTUBOCTEH a30Ty K po00YO0ro Tijia MOPIIHEBOr0 KPioABUIYHA.
BuznaueHHsI TenJI0MpoBiTHOCTI

JleBTepoB A. M., Ymepenkona K. P.

Iacturyt npobiem mammaoOyyBanHs iM. A.M. [linropaoro HAH Ykpainu,
61046, Ykpaina, M. Xapkis, By:1. [Toxxapceskoro, 2/10

Tpancnopmmi 3acobu 3 08ueyHamu eHympiuHbo20 32o0panua ([IB3), wo suxopucmosyromsca na bazamvox nionpu-
emcmeax abo 00'ekmax 3 niOBULEHOIO NOACENHCOHEOE3NeKoI0 (aeponopmu, 0OKU, eneeamopu, XiMiuHi 3a600u, Hagpmonepepo-
OHI nionpuemMcmaea), ModICyms AGIAMU COO0I0 0JcePend 3aUMAaHHs uepe3 0CODAUBOCME IXHbO2O MEXHON02IYH020 (POOOH020)
yuxny. Ocmanuim 4acom yeazy po3poOHUKIE MPAHCNOPMHUX 34Cc00i8 NPUBEpMAIOms AlbMEPHAMUBHT 08USYHAM GHYMPILU-
Hb020 320PAHHA CUNOBI YCMAHOBKU (e1eKmpoosUuy U, 2IOpUOHi CUOBI YCMAHOBKU, d MAKONC KPIOOBUSYHU), AKI MOXNCYMb
3a6e3neyumu, 8 MoMy Yucai, i OUIbU BUCOKY nodcedcHy besnexy mpancnopmy. Kpioosueynu sik cuiogi ycmanoeku Habyea-
10Mb 0COOUB020 3HAUEHHSL OJi CREYIAIbHUX MPAHCNOPMHUX 3AC00I8, WO eKCHIYAmYIOMbCsa 8 CIMPYKMYPI GUUEeBKA3AHUX
noaicediconedesneunux 00'exmis. HAx poboue mino Ons KpioOBUSYHA MOICE 3ACTNOCOGYBAMUCS CKPANTICHUL A30M, A 2apA1UM
Odcepenom 0na peanizayii pob604020 YUKy OOYLIbHO BUKOPUCIOBYEAMU MENIONY HABKOIUUHBO20 cepedosuuyd. Azom €
HAUOIbUL OOCHYRHUM HE2OPIOYUM 2A30M, MOMY 3 eKOHOMINHUX MIDKYEAHb GIH HAUOLIbW NPULHAMHULL SIK poboYe mino s
NOPUIHEBO20 KPIOOBUSYHA, 30 MAKUX 0OCABUH He NOPYULYEMbCS bananc emicmy azomy 6 ammocepi. Iliosuwenuti inmepec
00 CMBOPeHHs KPIO2eHHUX CUNOBUX YCMAHOBOK O/l MPAHCNOPMHUX 3aC00i8 3yMOBUE AKMYATbHICIMb 0emdlbHO20 O00CIi-
OJHCEeHHs MEPMOOUHAMIYHUX | KIHeMUYHUX Xapakmepucmuk (Koegiyienmie nepeHocy) MONeKYIAPHO20 A30MY 8 WUPOKOMY
dianasomni muckis i memnepamyp. Y cmammi Ha8eOeHO OPUSTHATLHULL MeMOO i pe3yIbMamu PO3PaAxXyHKy MmenionposioHoCcmi
azomy, 8UKOPUCTNOBYBAHO20 AK poboUe Mo OJis1 MPAHCIOPMHUX NOPUIHeBUX YCmaHoeok. ITlooano onuc po3pobienoi mame-
MAMUYHOT MO0 KIHeMUYHUX XAPAKMEPUCMUK WITbHUX MOJIEKYIAPHUX cepedosuy (2asie i pioun). Mamemamuyna mooens i
00UUCTIOBATILHI NPOYEOYPU SPYHMYIOMbCA HA popmanbHil cxemi EncKkoea i Ha cmamucmuko-mexamivHomy nioxooi 8 pamrkax
mMepMOOUHamiuHoi meopii 30ypenv Oe3 3anyyents emnipuyHux napamempis. Ocobausocmamu mMemooy €: 00CMAMHIN MIHI-
MyM 8UXIOHOI IHOpMAayii, BUCOKA MOYHICIb, 3ACMOCOBHICMb Ol 6YOb-AKUX NPAKMUYHO 8aAXNCIUGUX diana3oHie cmanis. Ha
npuKnadi 2azono0ibHo2o i PIOKo20 a30Mmy HABEOEHO NOPIGHAHHS PO3PAXYHKOBUX 3HAYEHb MENIONPOSIOHOCME 3 HASAGHUMU 6
Jiimepamypi eKCnepuMeHmanbHuMu oanumu 0 muckie 0o 5 MIla 6 inmepeani memnepamyp 80-300 K. Pezynomamu pospa-
XVHKI6, BUKOHAHUX 30 3aNPONOHOBAHOI) MEMOOUKOIO, 00360I0Mb NPOSHO3Y6AMU KIHeMUYHI XaPaKMepUcmuKy azomy 6 He-
00CTOAHCEHUX eKCNePUMEHMATbHO dlanasoHax cmatis asxc 0o mucky 1000 MIla i memnepamyp 0o 5000 K. Iloxubku pospa-
XVHKI8 menionpogionocmi a3omy 3Haxo0simvCs Ha PieHi 36UYAUHUX eKCNEPUMEHMATbHUX NHOMUTOK.

Knwowuogi cnosa: nopwnesuii kpioosucyn, azom, KiHemuuHi Xapakmepucmuku, poboue mino, menionposionicm,
MamemamuiHa Mooeb.
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