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Calculating 'I'hermbdynandc Froperties of Real Gases 'at' Kigh Temperatures
by
A. G, Tabachnikoy
Described is a method of extrapolating by temperatures of virial coefficieats, The
method was used for formlating an equat ion of the state of nitrogen in the range of
tempene tures of from 0=3000°C,

Contemporary development of & number of branches of science and technology needs
data on the thermodynemic behavior of substances, particularly gases, in the zone of
high temperatures,

The presently available experimental data on thermodynamic properties of gases
are in a majority of instances limited to temperatures of 150-200°C, In recant years
efforts are being made to experiment at much higher temperatures &. 23. But unfortu-
nately, even these single experiments do not go beyond temperatures of over 1000°C,

Perfectly natural are therefore efforts to determine thermodynamic properties
at high temperatures, on the basis of experimental in the zcne of moderate tempera-
mru[s.a.sj .

Such calculations are mostly made witkh the aid of the virial equation of state
PVeRT[l+-’-’§+£.‘QtL]. )
L arye

i

for the calculation of coefficients of which there are definite thcoretical hypotheses.
The fact is, statistical physiocs offers the principal possibility of calculating

all so=called virial coefficients of equation (1) if the energy of peired reaction

of moleculas ¢(r) is known, At present time for a number of proposed interactiom po-

tentials ¢ (r) were made preliminary calculations, necessary to determins the second

B(T) and third C(T) of virial coefficients(6].

But it should be pointed out that of all viriel coefficients sufficiently rellab-
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le can be calculated only the second (B(T) which is relatively less sensitive to the
form of interaction functiom,

In the case of much higher virial coefficients the proposed interagtion po-
tentials give less satisfactory results.

In connection with this it was decided to determine the virial coefficioents of equa-
tion (1), on the basis of thecretically calculsted second virial coefficient B(T) emd

rules, emanating from the equation of state, introduced by Ya.Z.Kazavchinoku['l].’

Pmatal+3+ )
: S, . -
Qa; B ) d .. '
where g, * ‘\l Mo -R+> V‘ i B Z 7’ EV_ § — MOHO-
. - {w] (m2

+ - monotonously decrcuing function of temperature. the form of which will be discus-
sed below; n depends upon the described range of denaities,

The selection of equation (2) to solve the given [roblem does not appear to be
accidental, The fact is ,that fully agreeing with the Bogolyudbov-Mayer [8] general
equation of state, it will by its farm very accurately reflect all behavioral charas-
tearistics of real gasea, The structure of equation (2) 18 such,that it is possible
to use same for describding practically any cne parameter change zone. It should be
pointed out, that in form (2) were formilated equationsof state for a greater number
of gases varying in their qmutios[s - 18], the paremsters of which varied in densi-
ties from zero to two and more critical, and in temperatures - fram saturation cu'rve
to temperatures, considerably exceeding the Boyle temperature,

The given considerations allow to assume,that not only equation (2) in itself, but
also the relations obtained from it appear to be valid in the entire zons of parameter
change, including also at high temperatures,

Having transformed equatiom (2) into form (1) we will obtain for virial coeffi—
cients the following expressionss:

B(T) = by .4.__L + _c_,L
o 3)
am=b+ 24 2y 2’1* @)
TiePTwb3~85/142 2



tempe m‘l ure

A8 is ovident from the mentiocnsd exiressions ,if in the investigated range of
15 known the function ¢. then the determination of all viria) coefficients is reduced
to finding by experimental data the constants &;¢b;s05edysee in expressions (3),(4),

eseThe equation of state compiled in such a

vay will be wvalid, apparently,
in this renge of temperatures,in which the temperature ﬁmction\yvas determined, In turn
the temperature function w a sufficiently broad range of temperatures can be prin-
cipally separated from the theoretically calculated second virial coefficient,

This defines the method of formulating the equation of state suitadble for cal-
culating at high temperatures, which consists in the followings

1, On all experimental isathermal curves are separated virial coefficients, the
numbsr of which depends upon the described range of densities, Separatioq of virial
coefficients can be brought about by the known method of plotting and extrapolating

in the zero density of isotharma in coordinates . ‘
PV 1
V— — 1| ——,
RT ) v U‘&'

4% B 1
v (1/4)
to determine the corresponding aec;:n;l n('r). th:lrd ;':(.T). and so ony by the virial coef-
ficient, ,

2. By the experimental values of tha second virial coefficeint B(T) are-determined ths
parameters of the accepted interaction — ————potential and to calculate the
values B(T) in the investigated range of temperatures, Selection of the interaction
potential is determined in each case by ——the properties of the gases,

3o From the theoretically calculated second virial coefficient is separated the
temperature function.

he Having to our disposal the temperaturs function y and table separated, on all

' experimental isotherms, viriesl camponents, by the method of least squares we find

the constants a4, big 31. dioooo in thion' (3). (u.ooo

FTD-TI-63-85/1+2 3



It still remains to be explaineds.

1, Method of separating temperature mnction.,b from second virial coefficient,

2, Necessary mmber of anelysis members in so=-called curvilinear part of cquatiom
(2) (B Lty ¢4 enede

In response to the first question we will turn to the theoretical equation of

the second virial coefﬁcientEs]
8(T)= Q.WJ {1 -crp f- e(v) ]}y’-d,, \5)
o ° RT
It i8 necessary to assume, that there is a certain minimum permissible distance
betweem molecule r,, because at r £ r, ¢ (r) = <0, It can then be written

f{m 2] v @

' B(T) = %ﬂﬂrg +LTCN
vo

g(r/ .
Having brokenr down exp[— kT ibto series according to T and integrating
termwise, we will obtain .
a(r)=k.+f‘77+—;‘;+ 1)

It is evident from tlrxeﬁ t;iitaimd expression that to determins the temperature
function  is necessary the second virial coefficis nt, theoretically calculated
to sufficiently high temperatures (désirable to temperatures,corresponding to its ma-
ximm , or over), analytically represented in form (7), then, as is evident from com~
paﬂng_ (7) and (3) the temperature function \Lvith an accuracy to constant multiplicand
gl—villbeequalto '¢='£+ﬁ+" - ‘
ST T '

To offer an answer to the second question ws will state, that by its physical nature
the curvilinear part of the equation (2) takes into consi.deration. the interaction of
associated molecules[Bj and, consequently, the basic role is played in the zcne of
low temperatures, particularly near the saturation curve, consequently the mmbox; of
necessary deccmposition memmers depends here upon the temperature rangs of experimental

data, on the basis of which the constants of equation (2) are determined,

On the other hapd,in ccnnection with the fact, that by farm equation (2) at V= const-

FTD-TT-63-85/1+2 4
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represents an isochore equatiom, it is possible to evaluate the nature of its curvi-
linear part by the isochare eonfiguration features of real gas, |
Analysis of real gas isochores shous 3
1) Up to critical density (dZ &) isochares have a curvature of os sign over the
entire range of tamperature changsss ' |
2) after critical density the sign of isochore curvature chamges, but not cver the
entire range of temperatures, but only in the renge of fram Tg to }= /T XlaS =
1,7, At temperatures greater than 1,7 T, the curvature sign remains as befcre oIn other
words, at 4 > a, the isochares appear to be lines of doudble curvatureg

3) when & > 24y the isochores again have a curvature of one sign, the very same

sign as at 4 ( Oy

It is evident fram this ans.ysis ,that in arder to describe with equation (2) the tem-
perature range, beginning with a saturation temperature , it is necessary to have a
minimm of two members in the curvilinear part ([bx}am Tdf), whereby, apparently,
at d\ & [} and yshould have different signse

If constant equations of state are dete:mined by experimental data at tamperatu~
res, higher than 147 N vhere all isochores have a curvature of one sign, it is pose
sible to confine oneself only to the first stage of temperature function 4; .

In the proposed method in the wracess of separating virial coefficients - and

binding same with second virial coefficient B(T) is attained simultaneously a graphic
and simple agreement of experimental data,

We will discuss below the canpilation of an equation of stats for nitrogen,

Equation of State of Mitrogen
for

In the range of temperatures from 0 - 800°C f'J the second virial coefficient
of nitrogen data are already mmm@.zo-ez]. At temperatures below G°C the
values of the second virial coeffic.ient were determined by us by FVI-data 'y Holborn,

Otto and Kamerling, Onnes and !hrk[23]. As result of graphic smoothing wers obtained

PID-T-63-85/142 5



(]
mean values of the second virial coefficient in the temperature range of 125-800°C
(t&u‘ 1). .
To melect the form of interaction function of molecules g(x"). the expoerimental values
of the second virial coeffic .ent were compered with theoretically celculated through
potentials (6-12) Lenard-Johne and (expe6) Buckingham and by the Kilhar equation (tedle 2)

For the case of the Lennard-Johns (6-12) potential

a(r) = az{{ :,'r)"" — (c/rf] (9) .
caleulation of the second virial ccefficient is done by formlas
i B(T) = p 1) (10

to which after integreation is brought equation (5), if in role of interaction mnction.

is accepted expression (9),whereby

. |
= Zone o xm AT o
3 .. .

Function F(Y) far 0,34 "( L 400 tebulated in experiment[za}

Table 1, Experimental valuea of second virial coefficient of nitrogem
( B.103, Amaga units, Vo = 22404 cm3/mol)

) $°C  gHolborn  3) Michelle  4)Sorel gJOIDF {) Averags )
& Otte & ASSOOe
2 1) CYRR') 9 &,
—~186 L 8,450 -
;i g —2/260 | —2'260
=15 ' —1,610 —1,610
- %0 ~1,157 —1.125
= 2. —0.743 | —0'758
101 —0,467 —0,460 . 0460
» —0.209 —0,213
30 ~0,023 —0,013 2002
™ 0,145
100 0,269 0,203 _ 0'29
150 0,514 0,548 0,5038 0,509
200 0,686 0,6721 0’672
300 0,909 0,9096 0,910
400 1,047 1,0643 1,064
500 T 1,1705 1171
600 1,2486 1,249
700 1,3061 1306
800 1,3478 1,348

FTD=TT-65-85/1+2 6



Table 2, Comparison of Experimental Values of Second Virial Coefficient of
Nitrogen with Calculated
( B.103, Amaga units, V, = 22,04 cm3/mol)

', £9( ntal 3) Le : d-Jchns %/ Buckingham, a=13, §Kikhar, ; /k = 12/°K,
W7 ARsperinentel J f’:n:;h.75°xo Iirr /e = 91,21°K 9 ro = 3‘-&3 I 4
Q= 2,846 by = ), 406

) 2 3 4 S
—125 | —3,266 | —3,131 —-3.221 —3,360
—100 | —2,260 | —2,222 —2,29) 2,370
- 75 -—1,610 —1,580 —1.628 —1,687
-5 | —1,125 —1,101 —1,135 —~1,184
— 25 | —0,755 —0,726 —0.756 0,791

0| -—0,460 | - —0,436 —0,457 —0,484
M 25 | —0,113 -20,188 —0,216 —0,228

80 | —0,020 —0,022 —-0.,015 —0,022

75 0,145 0,192 0,161 0,141

100 0,290 0,330 0,292 0,280

150 0,509 0,533 0,519 0,500

200 0,672 0,693 0,684 0,68]

300 0,910 0,928 0,921 0,925

400 | . 1,064 1,085 -1,072 1,084

500 1,171 1,192 1,176 1,194

600 1,249 1,267 1,249 1,275

700 1,306 1,312 1,300 1,334

800 |. 1,348 1,364 1,339 1,383

The valnes§) and £/k (table 2) were determined by experimental values of the
secomd virisl coefficient by the Lennard-Johns mtm[zs],

Buckingham[gq introduced an interection potential, in which theoretically more
founded in comperison with (9) 4s the member, considering the repulsion energy. Cne

of the modifications of this potential appears to be the sow-called (exp~6) potential,

. 12)

=" {(6/a) exp [a(1 ~r/ra)l — (/s 7> Fauns

je(n) =10 |(6/a) exp . A
e(r)= nqpu r< ’M;P- ' o (13) '

The idea of constants gp, Xy and rp,; is plain fran fig.l o determines the -

curvature of the remulsion potential and is connected with the value of in

termolecular distance r,, at whichg (r) = 0,

Equation (5) can be reduced to form

. B(T) = by®(a; 1), . ' ' (14)
kT
where : b.=%.gyr;,==::. /zfa

FID=TT-£3=85/1+2 7
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FigeleGraph, illustreting idea of constants ¢md Tm* Toax

The function c}ﬁ (x,7) for seven values & in limits Ool L7 L 400 is tabulated
in repost(27] o

Parameters o(, by and £,./k were determined by the above described LennardeJohns
method with the only exception that the presence of th: third parameter o leasds to
the neceesity of plotting & series of curves 1g‘qu "ql’\[ )(\ - lgy far varicus
& values, ) |

By analyzing table 2 it can be concluded, that, first of all, in case of nitro-
gen the consideration of the nonspharical form of its molecule does not produce a con-
siderable c¢ffect, an the other hamd, all calculated values of the second virial coef—
ficient are close to each other, & certain discrepeancy is being observed only at high
tempera tures, .

In connection with the fact, thal with & rise in temperature there is an intem-—
sified influence of the rapolaicn potential, for the calculation of the
second virial coefficient at high temperatures was accepted the Buckingham potential,

On the basis of formls (7), by the msthod of the least squares was complled equa-

FTD-TT=63=85/1+2 8



tion of the second virial coefficient, valid in the temperature rangs of fram 125«
3000%¢

» 8,152 1045 3887 8088 8651 3735 a )
108 =1,2303 + 0 Q* + S o + e e ' (/y(;/

where B=in Amega units; 0'-.1%—0— on
When compiling equation of state ve used experimental data 129 and 2] tn the
range of temperatures of fram 0 « 800°C,
For converdence the equation of state was campiled not in virial farm (1) but in
a scoewhat changed forun
PV=RT +B,p+Cop* + ... ()
Plotting of isotherms A 8-9!9:' (PV-R'I\-Byg) in dependence upon @‘ showed, that
up to 0= 360 Amaga units within limits of experimental error the experimental points .
are plotted on straight lines, This indicates, that in the range of densities O = 360
Af%ts equation (15) can be presented in form of
PV”RT+B'P+C,9 +D o, (/ba/)
whereby it beccmes apparont thnt ‘

-

€, = limA, D, = ::, s (16)
'nxe Cg and Dg values determined in this way were refleeted by an analytical methad
of least squares in form of
'C,=a;.+l;;9+c,"f, D, = a,+b,9+c,0,. ([/a)
where »\, is determined from eéuai;ion of the second virial coefficient in conformdty
with (7) and (8), |
Finally for densities of 0 = 360 Amage units and temperatures of fram 0=3000°C

the equation of atato has tha form of
PV=RO4B,p+C, ¢+ Dyt (g@)

ere 10°B, = 2,986 + 0,4506 © + ¢, - a7 |
..lo'c,=-1o.1s4+019559—167011., T 8)
10D, *osm+oo74oe+om4¢. o 19) '
_ 8827 1424 _ 2962 3168 , 1368 -
*,e e-+9'.e'+9" (20)

- . T

FTD=-TT=63-85/1+2 9



In the equations were adoptods F eir layreatizis)beres; ¥ andf = in Amaga units;
V =224,04 cmd/mol; R = 0.36625 desrves s

A check of equation in accardunce wits eijerimental daw;29.2J showed that the mean
error is 0,05%, and the maximum - does wut ¢ ocend 0,16 (the check vas made on 103

pointl).

Domictusions
?’r - energy of iatersction o fwe .oloculeguitunt~d 2t 8 distance r from each
other; k~Boltzmann constant; IAverardo :uibuTy ¢ - Volue of potential curve minimumg

4= intermolecular distance, 3t which ¢ (r) = 0O,
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Leakage of Gas into & Ligquid through the laval Nozzle

R by
M. .G, Moiseyev

Leaknge of a gas stream into a liquid was investigated befare by[l] [2] o But
in these experimenrts was investigeted the discharge of a subsonic air stream into wae
ter. The results, Vg:’.ven in this report, appearsd to be the develoment and expansion
of these investigations over the zane of much higher discharge raves, The experiments
were made on a special installation, The discharge of the atream was realized horizoa
tally into a tank, filled with water, The level of the water colum above the cut of
the nozzle was 300 mm., To assure photog:raph:l.ng. of the stream the tank was provided
with windows, covered with . transparent organic gluass,

It should be mentioned,that the floating stream passes basically only there,whers
the reasure is already lowe This is confirmed by measurements and Mm, In this
vay,the effect of gravity on the outflow of a supersonic gas stream in horizontal
plane within limits of the investigated sectiom is practically nill,

To measure pressure in the stream was used as specially prepared Pitot tube with
electric heating, The tube moved in horizomtal plans with the aid of a coordinator,
Heating of receiving tube,was found necessary, because without it the water froze,and
measurements were impossidlee

In the process of experimental investigation was measured total mressure along
the axis and in transverse direction, The investigation was made at various flow vel-
ocities at the cutput from the nozzle and various unforseen things n.,Under unforseen

things we will understand the pressure ratio. in the ocutput section of the nozzle

- 7 PR PN
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t¢ the pressure in the surrounding medium, Four nozzlea with different M-mumber at
output were useds M, . = 1,733 2,09; 2,58; 3,00, The dismeter of tha critical segtion
of all nozzlea was } mn, angle of opening = 10°%

Measuremsnts along the exdas of ths stream wee

re made at a distancs of up to 20«35 cali- ]

bera of output section of noz~lesl’car the

nozzle, within limits of 3=} caliboxa,me

asurements we:@e made within 1 mmgthen within

2 mm, and further on the basic section

of the stream within larger intervals,

ho o

M
Acrosa stream measurements we realized o 0 20 30 S/d
- within 1 mm, Fig.le Change in pressure p {gage atm)

megsured by Pitot tube,along the axis of the
Certain experimental results are given stream (M, += 2,58); 1-071,5; 2 =1.0

in graphse By studying the curves plo%
ted in fig,l it is evident,that in a gas stream, being ‘discharged into water,should
be distinguished as during the discharge into the air, two sharply differing sections,
Thia fira*f all, is the initial section of the stream,in which sharp pressure fluctu-
ations are observed., measured by the Pitot tube., The length of this section is suffi-
ciently large and it grows with the increase in incalculability (unforseen things).
On tr;a other hand, the -baaic section ,on which a smooth pressure drop is ‘observad,
measured by the Pitol tube,

A comperison of measursment results shows (fige2) that also the nature of pres-
sure fluctuations along the axis of the stream, &nd their value, and leng%h of the
entirs initial section of air supersopic stream, flowing into water and into aix, are
in quite accurate confrrrity. Tuis circumstance indicates,that within the limits of
the initial sectiom of the air flow propagating in water, 1s retained the very same

cortiguration of shosk waves, 3s in a stream,being discharged into the air, And this

.
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indicates, thet within the limitas cf the initial section there is no intensive mixing
of two phases, otherwise tho affinity (similarity) with the stream, spreading in air

medium, would be disrupted. ’
Measuring pressure along the profile of the

P ‘ stream shows, that along the axic of the
\ . stream in the zone of high pressures no sharp
16
b {
e expansion is observed, This circumstance also
U & IS A .
I fa\vﬁ%’? confirms the analogy of initial sections of
N e
o‘k.‘\a’ superscnic air streams ,spreading in the
o “ e 2 s air and in watere, A sharp expansion of the

Fige2eCumparing results of measuring pres-
sure p (gauge atm) along axis in initial stream , observed on photos, and also the
section of stream in water and in air
(dismeter of critical section of nozzle wide zone of lower total pressures-along
8 mm);
l-Mo = 1,963 n = 3422 (in air); 2-2,09; the periphery of the strean indicate, that the
3.0°Un vater); 3-2449; 1.0 (in air)s
4=2458; 1.0 (in water) air stream, spreading in water, has a broad
toundary layer,consisting of gas-liquid mixture, which moves at slow pace in comparison
with the velocity of the central streame The angle of stiream expansicn is 18-25° where-
by a greater angle value corresponds to greater values of incalculability,

On the basis of above findings it can be recocmended to calculate the initial sec-
tion, with the exception of the boundary layer, for the supersonis air stream,flowing
jnto water, as well as for the stream,flowing into an air medium, .

On the basic section of the stream the pressure measured along the axis decreases
smoothlye. The pressure fields, obtained by thg Pitot tube, were rocessed in dimension
less coordinates

‘Ap y .
— =1 (———) .
Ap. Yo (//

In f1g.3 is given the field of pressures,mesasured by the Pitot tube, on the
basie section of air stream in water, Here are rlotted experimental po:lﬁnts.cori‘espond-

ing to various nozzles, conditions and distances from the cut of the nozzle,
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Hesults of experiments are in quite excellent conformty with the solution.obtéinad'

by G.N.Abramovic‘hLl] for vhe problem of the gas stream in a liquid according to whieh

the mrofile of the kinetic head is épproximtely described by depenience

AP . ses I
ap, U (9\)

where xd = y/b.
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Fige3eField of measured pressures on basic section of stream
'S Ap LJ ’ *y
Pt = =ft—}:
8 Pm (.‘/CP) -

1M, =3; B = 1y 5/0=1125 2=3; 13 13; 1; 333 11 16,61 Ue35 15 19455 5= 33 055
Te83 6= 33 045; 10495 7= 24585 0e53 10403 8= 2,58; 13 11483 9= 2.58; 13 17403

10-14733 2; 9¢2; ll= 1.733 5; 18.8
Such a result for the basic section of subsonic air stream in water was obtained

by BeF.Glikman27 ,

It is necessary to mention the pulsating nature of the ocutflow, Pulsations are
accompanied by shocks, During pulsations a part of the 1iquid in the nozzle is repulsed
in direction, opposite of the direction of flow, Pulsation frequency is 0,5 = 1 ce

Designations
pwpressure,measured by Pltot tube; S=-distance from nozzle cutj d-diameter of
output section of nozzle; APy APy~ €Xcess Tressure in given point and on axis_ of stream;

To¥gy - distance from given point and point, where AP = 05 ARjeto axis of stream; '

Tl e 6580 /3 15
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