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Abstract In this study, we suggest an effective method of the evaluation of HC and SS of real
gases by using the FVC over Lennard-Jones (12-6) potential. As known, the determination
of the FVC is a key step to correct evaluation of the thermal properties. As an example of
application, the suggested method has been performed for gases of Ar, SFg and SiH4. The
obtained results of HC at constant pressure and SS of gases Ar, SF¢ and SiH4 are in good
agreement with the corresponding theory and experimental data in the range of temperature
from 90 to 800 K and range of pressure from 0.09 to 100.7 atm. The precision and accuracy of
obtained results from the suggested method have been validated by the literature observations.

List of symbols

VDW Van der Waals

FVC  Fourth virial coefficient (cm® mol—?)
HC Heat capacity (kJ/kg K)

SS Speed of sound (m s7h

D(T) Fourth virial coefficient (cm® mol~3)
f(rij) Mayer function

u(r;j) Intermolecular interaction

Cp Heat capacities (kJ/kg K)

C(P) Heat capacities of ideal gases (kJ/kg K)
Speed of sound (m s™h

Temperature (K)

Boltzmann constant (J K—1)

Avogadro number (mol~!)

Depth of potential energy minimum (kcal/mol)
Value of r at u(r) = 0 (A)

Pressure (atm)

Universal gas constant (J/mol K)
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M Molecular weight (g/mol)
y Heat ratio

1 Introduction

A research of the thermodynamic properties is significant in the understanding of the spe-
cific behavior of real gases for various pressure and temperature ranges [1, 2]. The leading
work of VDW in 1873 caused the generation of new equations of state to investigate the
thermal properties of gases [3]. Therefore, researchers have suggested many of equations
of state for the determination of the thermal properties of fluids [4, 5]. The equations of
state such as Soave—Redlich—-Kwong [6], Redlich—-Kwong [7], Beattie—Bridgeman [8] and
the Peng—Robinson [9] have been used commonly for the study of fluid systems. The virial
equation of state that defines thermal properties such as speed of sound, entropy, enthalpy
and heat capacity at constant pressure for gases is one of these equations. The virial equation
of state consists of the second, third, fourth virial coefficients, etc. The virial coefficients
are important because there are strong relations between the interactions of the molecules
in pairs, triplets, and so on [10]. The virial coefficients ensure a precious way to knowl-
edge of the intermolecular forces since they depend on intermolecular interaction energy and
temperature [10, 11]. Therefore, we preferred the virial coefficients which are suitable for
calculating the HP and SS of used gases accurately for the industrial field in this work. The
sufficient methods are presented for the second and third virial coefficients; however, pre-
cise determination of the fourth virial coefficient for different intermolecular potentials has
not been completed yet [12]. Therefore, many researchers have proposed a lot of methods
for the evaluation of fourth virial coefficient accurately. Katsura has tried to calculate the
FVC over square well potential by utilization of Fourier transforms [13]. Also, Boys and
Shavitt have calculated the FVC for Lennard-Jones (12-6) potential approximately by using
the method based on Gaussian functions [14]. Barker and Monaghan have calculated the
FVC over Lennard-Jones (12-6) and square well potentials by using Legendre polynomial
expansion procedure [15]. But the FVC of different intermolecular potentials has not been
calculated precisely and accurately so far. Nowadays, it is still quite difficult to determine
the FVC and thermodynamic properties analytically according to the FVC [15-19].

We have suggested a new approach in this study for the computation of the HC and
SS of real gases using the approach for the FVC over Lennard-Jones (12-6) potential. To
our knowledge, this work is the initial approximation to the computation of HC at constant
pressure and SS for real gases by FVC over Lennard-Jones (12-6) potential. This theoretical
study strongly benefits the evaluation of HC at constant pressure and SS of real gases. Note that
the obtained results are in a satisfactory agreement with the existing numerically evaluated
data.

2 Definition and expressions of FVC and HC at constant pressure and SS
The FVC is given by
D(T) = Di(T) + D2(T) + D3(T), (1

where the quantities D{(7T'), D>(T) and D3(T) can be written in the following forms [12,
15]:
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3N3
D(T) = —TA // fr12) f(r1a) f(r23) f (r3a)dradradry, ()
3N3
Dy(T) = —TA // Sri2) f(r13) f(ria) f (r23) f (r3a)dradradry, 3)
N3
D3(T) = —?A // f(r12) f(r13) f(r14) f (r23) f (r24) f (r34)dradridry. 4)

Here, f(rij) = (6”(”!’ )/ keT _ 1) is Mayer function [12]. In Egs. (2)—(4), angular coor-
dinates are expressed as follows:

nij = cosb;j, %)
rl-zj = r,zi + r,zj — 2ryrj cos 0;, 6)
cos(6;j) = cos(Bix) cos(6y;) + sin(Byx) sin(6y;) cos D 7

By substituting Eqs. (5)—(7) into Egs. (2)—(4) and considering Lennard-Jones (12-6) poten-
tial, we obtain the following formulae:

12 6
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__4e a _ o
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Table 1 Parameters of ) Gases e/kp (K) o (A)
Lennard-Jones (12-6) potential
Ar 120 3.40
SFg 206.85 5.783
SiHy 193.65 4.539
12 6
T ( - ) - ( - )
e s «/r|22+'"124*2r12r14n24 «/r|22+r124*2r12r14n24 1
dri2drizdriadnzzdnag )

0
12 6 12 6
4¢ o o 4¢ P o
T TH < 3 GE ) T Tk ( o g >
r123 (e B ('13) ('13) —1)r124(e B ('14) <'|4) -1
12 6
N % ( . > _( = )
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B \/"122+'|24*2'12"14vz4 \/"|22+'124*2'12'|4'724 1

12 6
_ e o _ -
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B st —aranans Nl =2rarian 1

e

T Tky
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o _ o
\/'|zz+’123*2’12'13('724'734+~/'*W%m/'*”a cmﬂ) ‘/r122+r|23—2r|zr|3(1]247734+4/1—17%4A/l—r]%4 cos 19) |

dri2dri3driadnadnsadd (10)

where by = 2w Nao> / 3. Note that the deviations from the ideal behavior are efficiently
described by the second virial coefficient at low densities, but higher virial coefficients must
be considered at higher densities [20]. Therefore, the HC and SS of gases may be expressed
with the fourth virial coefficient approximately as follows [12, 21, 22], respectively:

o 1 /P\’
Cr—Ch=-—(=) DD, (an
3
u2=W<1+2<P> (1+y)D(T)), (12)
M RT) &

where D(T) is the fourth virial coefficient and y = Cp / Cvy is the heat capacity ratio. The
symbol small zero (0) expresses the property of gas in its ideal state in Egs. (11)—(12). We
have suggested a new approach for calculating heat capacity at constant pressure and speed
of sound according to the fourth virial coefficient by substituting Eq. (1) into Egs. (11)—(12).

@ Springer



Page 5 of 14 454

Eur. Phys. J. Plus (2020) 135:454

8L1901°0 0€029°0 T8S01°0 L£699°0  €TLIT10000 €02S0 T102$0 LST'¥S 918 0ST  8£08+1
LY062100°0 L61TS0 - = 2096010000 €02S°0 SP10TS0 85+8°9 - 00L
LEBLLTO0O0 997¢S0 - = 7096010000 €0TS°0 SP10TS0 G886'L - 009
#01¥9200°0 88€7S°0 - = 7096010000 €02S°0 SP10TS0 92656 - 00S
89997+00°0 769250 8LYTST00°0 6899750 6+668600000°0 €02S0 9870750 Y10°CI 10Tl 00t
#918£900°0 L16TS°0 $11LS900°0 8EY6CS0  T09601000°0 €020 SP102S0 1L1%1 LTYI or€
#S0£$800°0 SETES0 6556580070 THYTES 0 6¥668600000°0 €02S°0 98202S°0 11191 1191 00€
SIL6VT0°0 095550 £96¥9900°0 68967S°0 990901000070 €02S°0 $820CS0 EYLYT SLYT 00T
69272900 LS809°0 ¥SL8190°0 6LL09°0 99090100000 €02S°0 $820TS0 1SS+E SSve 0ST
€L991°0 $6SSL°0 12SS91°0 €THSLO 87L01000°0 €02S°0 8710250 0T LYy 81'LYy 0TI £7698°6
- - 65698100°0 €6TTS0 676686000000 €02S°0 9820CS°0 - S08'¥ 00%
- - ¥1€22200°0 €PETS0  6¥668600000°0 £02S0 9820250 - Te's 09¢
- - LT9¥£00°0 €81STS°0 676686000000 €020 9820C$°0 - (fod’) 00€
- - 65T£TS00°0 989L7S0  6¥668600000°0 €02S°0 9820CS°0 - 6CLL 0T
- - #€0£600°0 EPPEES0 676686000000 €02S°0 9820CS°0 - €TL6 00T
- - $69120°0 9960SS°0  6¥668600000°0 €020 9820CS°0 - 61€l 0ST  69L¥6'E
- - SSTESH000'0 LT60TS'0 676686000000 €0TS°0 980TS0 - 01960 00%
- - SSTESH000'0 LT60TS'0 676686000000 €02S°0 9820CS0 - 890'1 09¢
- = 6£L0£9000°0 8LIITS0 676686000000 €020 98202$°0 - 8Tl 00€
- - 8L191100°0 6261750 6v668600000°0 €020 98202$°0 - 6£S°1 0T
- - 6569810070 €627S°0  6¥6686000000 €02S°0 9820CS°0 - 9261 00T
- - TSOLT¥00°0 ¥8192S°0  6¥668600000°0 €02S°0 9820CS0 - LLST 0S1
- - T818£20°0 L6ESS0 6¥668600000°0 €020 980TS0 - 8LE Y 06  6ES68L°0
| [L2]
UONEIADD [czl UONRIASD [L2] UONEIADD [ez] (g_w 3y) (g_w 3y)
prepuels (31 3/ 4O prepuers (31 3/ 4O prepuels I3y 4D GISY/D D Ansuag fsuoq (3D L (wne) 4

Iy Jo amssaxd jueisuos je Loeded jeay Jo synsar aaneredwo) g d[qel,

pringer

Qs



Eur. Phys. J. Plus (2020) 135:454

454 Page 6 of 14

8985250070 878750 - = 27096010000 €02S°0 SP10TS0 998°¢€ - 00L
#8791800°0 891€5°0 - = 27096010000 €02S°0 SH10TS0 €756 - 009
9TI¥T10°0 69LES0 - = 7096010000 €02S°0 SP10TS0 T6S'LY - 00S
T¥2I120°0 100SS°0 ¥¥S1220°0 LOYISS0  TO9601000°0 €02S0 SH10TS0 11009 6665 00%
T08L1€0°0 805950 9L65T€0°0 9€7995°0  60£011000°0 €020 10250 L8Y'IL LY 1L or€
96SEH70°0 L8T8S0 SII8%10°0 60S€8S°0  60£011000°0 €02S°0 10250 SLTT8 LTT8 00€
TSLILTO €0£9L°0 LYT691°0 L8Y6SL'0 9965110000 €02S°0 9€102S0 61171 Tl 00C  T9vE6Y
1T€SSE00°0 L1STS0 - = 27096010000 €02S°0 SP10TS0 62'0C - 00L
$8600500°0 €7LTS0 - = 27096010000 €02S°0 SP10TS0 LY8'€T - 009
$99LSL00°0 980€S°0 - = 7096010000 €02S°0 SH10TS0 1L9°8T - 00S
T608210°0 98¢50 OPLYETO0 102650 7096010000 £02S0 SF10TS0 9€0°9¢ 20°9¢ 00%
L¥T0610°0 SOLYS 0 969961070 T96LYS0 70960100070 €02S°0 SP102S0 €TLTH LTy or€
8761920°0 611550 1€L5920°0 STLLSSO  TO9601000°0 €02S°0 SP102S0 9.8'8t L8'8Y 00€
89€.80°0 0LEY90 $69$80°0 PEEIYO'0  9T10I11000°0 €02S°0 €7102S0 SLO6L 1164 00T
YOE19€°0 I1€0°T 65009€°0 €620 YPIEIT000°0 €02S°0 6£10CS°0 £6'8C1 06CT  0ST  LLO9'6T
919$8100°0 LLTTSO - = 27096010000 €02S°0 SP10TS0 SsT ol - 00L
SS165200°0 18€2S°0 - = 27096010000 €020 SH10TS0 89611 - 009
$6688€00°0 $962S°0 - - 7096010000 €02S0 SH10TS0 9LE YT - 00S
954190070 0£62S°0 £98¥2900°0 6896750 70960100070 €020 SP102S0 120°81 2081 00t
9787560070 79€€5°0 LELSL600°0 PP6EES0  TO9601000°0 €02S°0 SP102S0 S8TIT 8T1C or€
LLS6TI00 LY8ES0 YOTIEI00 L8ES'0  TO9601000°0 €02S°0 SP10TS0 LETHT ¥T¥e 00€
LIS68£0°0 €TSLS0 16L08€0°0 966€£L50  60£011000°0 €02S°0 Y¥102S0 989°LE 0L'LE 00T
| [L2]
UONEIADD [czl UONRIASD [L2] UONEIADD [ez] (g_w 3y) (g_w 3y)
prepuels (31 3/ 4O prepuers (31 3/ 4O prepuels I3y 4D GISY/D D Ansuag fsuoq (3D L (wne) 4

penunuod g dqel,

il
[
50
=)
g
o
)
Sl



Page 7 of 14 454

Eur. Phys. J. Plus (2020) 135:454

1S0£0%0°0 91'81¢ S1€LT80°0 1'81C ST€LT]0°0 1'87C  LIT8TT LST¥S 9T'HS 0ST  8€08¥1
S8891°1 19v6¥ - - 910111°0 8C6Y  LS6'T6V 85¥8'9 - 00L
L8OST'T 90'8S¥ - - SEVET'0 T9SH 6£°9S $886°L - 009
S06¥1°T ST8IY - - £88€880°0 S9lY  ST99I¥ 92656 - 008
€PLTO'T 90'7LE 1LSSO'T I'vLE #099$L0°0 STLE  L09TLE #10°C1 10°CI 00%
TETOLLO 99'#t¢ 91SL08°0 Li¥e €TLITTO vErE  8SSERE ILT¥T LT'#1 ove
YPLIESO v ece ILI¥LS O gete ¥STTT90°0 97TE  889°TTE 11191 1191 00€
6TEET 6519 116ST'1 L19T £€0€S0°0 €9 SLY'E9T EVLYT SLYT 002
L6E09' Y L9'1TC LVESOY 9'1CC 9SLTLSO0 1'82¢ 181'82C 1SS7€ SSPE 0ST
S8I+°01 SE681 £665°01 1681 - - $80'Y0C 0T'LYy 8I'LY 0TI €7698°6
- - #098%€°0 I'eLe #0995L0°0 STLE  L09TLE - S08'¥ 00%
- - TrLT6T0 6°€S¢ 21180900 ¥'ESE 981'ESE - Twe's 09¢
- - #190S1°0 6TCe €81S190°0 9TTE  L89'TTE - T 00€
- - LT160S0°0 S¥6T LT160S0°0 SY6T  TLSY6T - 6TL'L 0S¢
- - ¥659t5°0 LT9T 88191500 ¥'€9T  ELVE9T - €TL'6 002
- - 80C8'T 9'6TT £€0€S0°0 1'8CC  SLI'STC - 61°€T 0ST  69L¥6'E
- - SL6V600°0 9TLE #0995L0°0 STLE  LO9TLE - 0196°0 00%
- - 6¥668600°0 Sese 21180900 ¥'ESE 981'ESE - 890°1 09¢
- - 6£T61600°0 LTee €81S190°0 9TTE  L89'TTE - 8T'1 00€
- - LT160S0°0 S¥6C LT160S0°0 SY6T  TLSY6T - 6€S°1 0S¢
- - 6T€TTI0 €€9¢C 88191500 €97 ELVE9T - 9Z6'1 002
- - 6L8S0%°0 9'LTT 6STE€TSO0 1'8CC  ¥L1°8CC - LLST 0S1
- - SL9TL'T YL $869620°0 L9LT THL9LT - 8LEY 06  6E£S68L°0
UONBIAD uoneIAdp uonerAdp [cel (c_w3y)  [Lz] ((_w Sy)
prepuers ] (j_suw)n prepuers  [Lg] (j_suw)n prpuers  [e7] (j_sw)n (;_supn Aysua Asua@ (3D L (ue) g

Iy Jo punos jo paads jo synsa1 oanereduwio) ¢ J[qey,

pringer

Qs



Eur. Phys. J. Plus (2020) 135:454

454 Page 8 of 14

SETSH9 60°20S - 8T6Y  S96'T6Y 998°¢¢ - 00L
750959 89'69% - - 9€8TF1°0 TSt TOY'9SY €7S°6€ - 009
7EI879 18°ST¥ - - €28101°0 SOy ¥¥991¥ T6S°LY - 008
T61€6'S 90'18¢ 67688°S 0'18¢ S16021°0 STLE 1L9°CLE 110°09 6665 00%
¥08+0°S ¥L'0S€E LTT9T'S 60S¢ 8CITYI'0 reve 109°€t€ L8Y'TL LY'TIL ove

8€866°¢ LE'STE €LI6T Y L'8T¢ TT91T1°0 97T TLL'TTE SLT'T8 LT'T8 00€

STI99% 0T'LST 69L0E Y L'LST 981LLT0 €9  TOL'EIT 61'T¥1 TPl 00T ToVE6Y
806L'¢ TE'86% - - €YTIT0 86V  6S6'T6Y 60T - 00L

818€8'C 78'19% - - SOLSET'0 T9SY  T6E9S L¥8'€T - 009
TST9L'E S6'1Ty - - 89121600 S9IY  62991% 1L9'8C - 008

S6L9¢°€ I'LLE 8809¢°¢ v'LLE S¥6£01°0 STLE  LY9TLE 9€0°9¢ 20°9¢ 00%
LLTSL'T 9 LiE 9L168'C 9'L¥E LSOSTT'0 vere  L9SEVE €TLTY Ly ove

L9910°C 85°6TE €TTLIT EXY4 L60S060°0 97Te  8TLTTE 9.8'8% L8'8Y 00€
9r8SH'E L9'8ST 11S2T°¢ 0'65C PP8EIT0 ¥'€97  195°€9C SLO6L 11°6L 002

905091 L9°S0T L8S6'ST 8'50C TIT061°0 ['8CC  69¢'8CC €6'8CI1 0621 0ST  LLO9'6C
80818'1 £5°S6Y - - €CTLITTO 8T6Y  8S6'T6Y SsT 01 - 00L

878€8°1 66'8SY - - SEVET0 TSt 6£°9S¥ 896'11 - 009

1816L'1 9I'61¥ - - $S60680°0 S9ly  97991% 9LE YT - 008

€PSLST L8YLE S9965°T 6vLE 60%001°0 STLE  TH9TLE 12081 70°81 00%

(44544 Tesre 8L10E'T v'Se €FTIT0 vEre  6SSERE G8T'1T 8T'1T ove
1L8TH8°0 16°€T€ 115906°0 0¥CE 98€7£80°0 97Ce  8ILTTE LETYT YT 00€

101¥6°1 9L°09C 10281 6'09T T9VTYLO0 €97  S0S°€9C 989'L¢E 0L'LE 00¢

UONBIAD uoneIAdp uonerAdp [cel (c_w3y)  [Lz] ((_w Sy)

prepuers ] (j_suw)n prepuers  [Lg] (j_suw)n prpuers  [e7] (j_sw)n (;_supn Aysua Asua@ (3D L (ue) g

ponunuod ¢ Jqe],

il
[
50
=)
g
o
)
Sl



Page 9 of 14 454

Eur. Phys. J. Plus (2020) 135:454

88$8£900°0 9£0¥6°0 6977L1000°0 0T€6°0 6TE1E60 ELTYY 009
$9+88600°0 0S€£68°0 18692000°0 T6L8°0 12S6L8°0 986°€S 00$
€500120°0 98978°0 6975T€0000°0 TL6LO YSIL6LO 0£T0L 00%
TS61780°0 9L98L°0 96£9€90000°0 9L99°0 69L99°0 89'801 00€ 86081
€201110°0 €0LY6°0 69¥L1000°0 07€6°0 6T€1€6°0 1¥1'6C 009
PLLEIOOO 7$888°0 1869220000 T6L8°0 1256L8°0 LOL'SE 00$
TIEEL00 86518°0 692STE0000°0 TL6LO YSIL6L0 66L°St 00%
€69770°0 L0O8TLO 609L590000°0 9L99°0 €69L99°0 £25'99 00€ £€2698°6
Y¥T9E€T00°0 L9¥E60 69¥7L¥000°0 0T€6°0 6T€1€6°0 18971 009
$€066200°0 SLESS0 1869220000 T6L8°0 1256L8°0 0IL'L 00S
LSYLEIO00 L1908°0 86181£0000°0 TL6LO SSTL6LO 91¥'TT 00¥
Y6TTLIO0 902690 89¥990000°0 9L99°0 7692990 10 1€ 00€
YSY6THO'0 9Y8€9°0 65T£TS0000°0 8LLS'0 9ZLLLSO PY'6€ 0sT TOVE6Y
96558L000°0 Y¥TE6'0 69¥¥L¥000°0 0T€6'0 6TETE60 $626'C 009
88699€000°0 70088°0 18692000°0 T6L8°0 12S6L8°0 0615°€ 00$
¥SL6T100°0 6686L°0 86181£0000°0 TL6LO SSTL6LO S607'¥ 00%
991€6200°0 ¥81L9°0 8979900000 9L99°0 7692990 €026'S 00€
TSIYI00 YI¥ISO $S60680000°0 ov6¥°0 9ZI¥61°0 L9L9'8 012 €26986°0
UOTIRIASD pIEpUBlS (82l 13w/ 9D UONEIASD pIEpUBIS legl 13D 9D GL3y/e) 4o [8T] (¢_w 3Y) Lysuaq oD L (we) 4

94§ Jo ainssaxd jueisuod je Aj1oeded jeay Jo synsal oaneredwo))  A[qe],

pringer

Qs



Eur. Phys. J. Plus (2020) 135:454

454 Page 10 of 14

896€€9°0 16'681 £€56¥7,0°0 L061 908061 ELTYY 009
wolce OV ILT 8¥8¢810°0 SyLI 9CSYLL 986'¢S 00$
66009°S 6L'8v1 688¥8L0°0 9961 TTL9ST 0€T0L 00
LTY8'ST eSYIT 1889€C°0 9°9¢1 GE6'9¢1 89801 00€  8¢08¥I
6156910 [N 89¥990°0 L061 Y6L°061 Iy'6¢ 009
L88IS'T 9€'CLT  S8969500°0 SYLI 80SVLI LOL SE 00s
I8LL9C 0scel L8TOET  1€0C6'C SYoCL'E 6¢'1S1 Y9Crev0'0 9961 99°9¢1 66LSY 0o
worive I'IEl 68C9¢l CIL89°¢ V8¥CL'6 00°¢Cl L81801°0 9°9¢l €SL°9¢1 €599 00€  €C698'6
SELES'S Ly'8CI1 10€9¢l  ¥LOEY'S §90SLT0 01061 §TE6C90°0 L061 68L°061 189°%1 009
LLSST9 9'LC1 LOC9ET  8STCS9 L99T6L°0 8¢€€LT  LTLOLOOOO SyLI 10SPLT OILLT 00$
LT190°L £€'9C1 9I€9¢El  TY68T'L 81898°1 00%ST §869620°0 9961 w99S1 91v'CC 0ot
89L96°L 90°SCl 8CEOEl  STTEl'8 108SS Y YT 0el C118090°0 9°9¢1 989°9¢1 Iv0°1€ 00¢€
£6L66'8 9°¢eCl SPeE9el  86LS0°6 1€066°L (A48t LOTLOLOO 9°6Cl L'sel r'6€ 0sT  9reoev
€Syl 0c0cCl 96¢9¢1 16ST°11 891C160°0 99061 §TE6C90°0 L061 68L°061 S6C6'C 009
1768°CI 0T8Il SeEY'oEl  89IETI 6160610 €CYLI 00000°0 SyLI SyLI 0615°¢ 00s
SoOvy vl 90911 [434%3! LOS°ET €LCS6E°0 80°9C1 CTLLSLTO0 9961 69961 S601'v 00r
¥816°C1 L6'ETT [4:14% 1 B a XA R 4| L6568°0 Isel 10vLESO0 9°9¢1 9L9°9¢1 £006°'S 00€
010°LT 448! OLSOEl  €LLEST SI1'86C LSOET 10°€TT SL6Y6Y0'0 [a81 LTOT1 L9L9'8 0IT €26986°0
(2] (s w) (82l
UoneIAsp neep UONEIASD [82] uonerasp [ez] (g_w 3y
piepuels [ejuowLadxyg ?\m w) n (wme)g DL piepuel§ ?\w w) n piepuels A_\m w) n A_\m w) n Asuwoq (3D L (une) 4

94§ Jo punos jo paads jo synsax aaneredwo) ¢ Iqel,

pringer

As



Page 11 of 14 454

Eur. Phys. J. Plus (2020) 135:454

#2909£000°0 9T 1L¥Y9T 008 90L691000°0 99T 98€+9'C 008
LOTLOLO0000"0 LL8ST 69L85C 009 £66£6£0000°0 LL8S'T SLL8ST 009
8758800000 896$°C 89966°C 00S T€12120000°0 8966°C LL9SST 00S
SEPET000°0 0TIST 1811S°C 00% 000000000 0TIST TIST 00t
9€000L000°0 S961°C 6¥L61T 00T 999°001 SL6Y6¥0000°0 S961°C €Y961°C 00T 8€08' 71
969L9£000°0 wWr9T LT 008 90L691000°0 9T 98€¥9°C 008
TEITIT0000°0 LL8ST €LL8ST 009 £6S€5€0000°0 LL8ST SLL8S'T 009
Y9THTH0000°0 8956°C ¥L95S°T 00S TE1TIT0000°0 8956°C LL9SS'T 00S
Y9THTH0000°0 0TIST Y611ST 00t 000000000 0TIST TIST 00t
616061000°0 S961°C LL96TT 00T 9¥80°69 SL6Y6¥0000°0 S961°C €Y961°C 00T 9vE6Y
90L691000°0 9T 98€¥9°C 008 90L691000°0 9T 98€¥9°C 008
£787820000°0 LL8S'T vLL8S'T 009 £55€5£0000°0 LL8S'T SLL8ST 009
£787820000°0 8955°C 9L955°C 00S TE1T1T0000°0 8955°C LL9SST 00S
127 1¥10000°0 0TIST 8611S°C 00% 000000000 0TIST TIST 00%
Y9THTH0000°0 S961°C 95961°C 00T T9vE6 SL6Y6Y0000°0 §961°C €Y961°C 00T  £76986°0
90L691000°0 17v9°C 98€¥9°C 008 90L691000°0 79T 98€¥9°C 008
£66£6£0000°0 LL8S'T SLL8ST 009 £66£6£0000°0 LL8S'T SLL8ST 009
TE€12120000°0 895$°C LL9SST 00S TE12120000°0 8965°C LL9SST 00S
LOTLOLO0000'0 0TIST 66115°C 00% 000000000 0TIST TIST 00%
£787820000°0 $961°C 9¥961°C 00T LLO96T SL6¥6¥0000°0 S961°C €Y961°C 00T 809620
UONEIAdD pIEpUL)S (L1] G133/ O 13w/ 4o GD L (une) 4 UONEIASP pIepuelg [L11 I3 4D G133/ 4o oD L (une) 4

YHIS Jo pue amssaid jue)suod Je Ajoeded jeay Jo symsar aaneredwo)) 9 J[qe],

pringer

Qs



Eur. Phys. J. Plus (2020) 135:454

454 Page 12 of 14

1¥96.8°0 9'LIL ¥88IL 008 $98621°0 L'LIL 8L8'LIL 008
S8LLY'T €09 62°S79 009 87L01°0 T€09 TSE'€T9 009
8SLET'T L'69S €TLTLS 00S #0995L0°0 8'69S L06'69S 00S
6¥6LL'E 8'01S SPI'9IS 00% €€S67L0°0 8'01S 906°01S 00%
TLSTST 1'89¢ €2S°91E 002 999°001 6LTLTI0°0 1'89¢ 811'89¢ 002 8€08'+1
€€91€€°0 L'LIL 691°81L 008 YPLETT O LLIL SLYLIL 008
8008%S°0 €09 SL6'ET9 009 8€TEOT'0 TET9 9¥€'€79 009
10L8L°0 L69S €18°0LS 00S §967690°0 8695 868°69S 00S
SS89T'1 801S v6S°TIS 00% 96£9£90°0 801S 68°01S 00%
Y668L' 1'89¢ 9T€'19¢ 002 9%80°69 8786L50°0 1'89¢ 781'89¢ 002 ovE6Y
SL¥90T°0 L'LIL T66'L1L 008 YPLETTO LLIL SLYLIL 008
S91S92°0 €09 SLS'€T9 009 €5201°0 TE9 SPE'ET9 009
L¥SOE0 8695 TETOLS 00S $962690°0 8695 868'69S 00S
9¥€0S°0 8'01S TISTTIS 00¥ 96£9€90°0 8'01S 6801 00¥
90L69'1 1'89¢ L'S9¢ 002 Y€ 61 1¥01090°0 1'89¢ G81°89¢ 002 €76986°0
a4 R4} LLIL 6'LIL 008 PPLETTO LLIL SLY'LIL 008
988LET°0 €09 S6£°€T9 009 €5201°0 €09 SYE'ET9 009
8020Z1°0 8'69S L6'69S 00S §962690°0 8'69$ 868'69S 00S
T6€8ST°0 801S YZo'TIS 00¥ 96£9£90°0 8'01S 6801 00%
86181€°0 1'89¢ §9°L9€ 002 LLO9"6T 1¥01090°0 1'89¢ S81'89¢ 002 809670
UONBIASP pIepuel§ [L1] (j_su)n (j—suwmn oD 1 (une) 4 UONBIASP pIepur)§ [(L1] (j_su)n (j_suwn oD L (une) g

YHIS jo punos jo paads jo synsa1 oanereduwio) / J[qeq,

pringer

As



Eur. Phys. J. Plus (2020) 135:454 Page 13 of 14 454

3 Numerical results and discussion

A new approach to calculate the HC at constant pressure and SS for real gases using the FVC
is presented. The utility approach for calculating HC and SS of gases is proposed, and it can
be applied to any gases. We made some mathematical transformations on the fourth virial
coefficient to make it numerically solvable. Equations (11)—(12) have been evaluated using
the numerical method. This work is the first approach to the calculation of HC at constant
pressure and SS for real gases by FVC over Lennard-Jones (12-6) potential, as far as we know.
The Lennard-Jones (12-6) parameters for gases of Ar, SFs and SiHy are given in Table 1
[24-26]. The Mathematica 7.0 software system has been used to compute the HC at constant
pressure and SS. The obtained results are given for HC at constant pressure and SS of gases
of Ar, SF¢ and SiH, in Tables 2, 3 and 4. The calculation results of Egs. (11)—(12) have been
compared with those obtained by literature data [2, 22, 23, 27, 28]. The results are in well
agreement with the existing literature at a varying temperature ranging from 90 to 800 K and
at a varying pressure ranging between 0.09 and 100.7 atm [2, 23]. The standard deviation is
given for the sound of speed and heat capacities of Ar, SFg and SiHy in Tables 2, 3, 4, 5,
6 and 7. The obtained results of the HC at constant pressure for gases of Ar, SFs and SiH4
are compared with theoretical data [22, 23, 27, 28]. The calculated results of SS for gases
Ar, SFg and SiHy are compared with theoretical and experimental data [2, 22, 23, 27]. It
is well known that the real gases begin to switch into the liquid phase at low temperatures
and high pressures. Therefore, as seen in Tables 2, 4 and 6, the computation results of the
heat capacities by using the FVC deviate a little from literature data at high pressures and
low temperatures [22, 27, 28]. Also, as the pressure increases at a constant temperature,
the agreement between the obtained calculation results for SS and the experimental data
is demonstrated in Table 5. As seen from Tables 2, 3, 4, 5, 6 and 7, note that the FVC is
implemented at the private temperature and pressure ranges that molecule indicates the gas
behavior. As known, the deviations from the ideal behavior at low densities are efficiently
expressed by the second virial coefficient; however, higher virial coefficients are taken into
regard at higher densities. One of the advantages of this work is the utilization of the FVC for
the accepted formulae of HC and SS for gases at higher densities. Therefore, the established
formulae for the FVC to calculate HC and SS are suitable in the arbitrary range of values
of parameters. As seen from the calculation results, the suggested approach displays good
results in various ranges of parameters. Therefore, the calculation results obtained from this
work will be beneficial for a different perspective of industry and technology.

4 Conclusion

A new approach has been proposed in this study to calculate the HC at constant pressure
and SS of real gases at different temperature and pressure ranges using the fourth virial
coefficient. As seen from the results, the present theoretical approximation is general and
provides a useful guidance for a correct assessment of the other thermal properties of gases.
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