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UNIVERSAL ORTHOMETRIC REAL GASEQUATION OF STATE
FOR MODELING PROCESSESIN ROCKET-AND-SPACE TECHNOLOGY UNITS

A domain of the working parameters of the gas edifior all units of pneumatic automation, limiteg isochore, adiabatic and two isotherms is
formed. The requirements on the real gas equatitabde for dynamic calculations of these units farenulated. The known equations of state for
real gas are analyzed and the reasons of theig Ingihconvenient to use are indicated. To obtaiews equation, it is proposed to use the theory of
orthometric states of gas and the Boyle scaleseasnre its parameters. The form of the target egui chosen and by using the standard tabular
data the values of its three tuning coefficients @istained. It turns out that nitrogen, argon, togp xenon, methane, oxygen, and air have the same
two coefficients of the model, which result bodsis development of the theory of real gas. Singtgrations are obtained for helium, xenon, krypton,
and methane. It is shown that in the domain ofvgarking parameters all thermodynamic properties @aldric characteristics follow from the equa-
tion of state, the formulas for calculating thesections are given. The calculated characteristiescompared with standard tabular data; the maxi-
mum of the compressibility factor error is 0.09.1%. An improved compressibility equation forlrgas in a cavity is deduced. Methods for solving
algebraic equations for the density and temperattistng at the phases of formation of initial ciiecis and at integration of the equations of com-
pressibility and continuity are described. Direntmf further development of the model and its ficatapplications are indicated.
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C.A. LIEBYEHKO, B. 1. KOHOX, I0. O. MITIKOB, O.JI. TPHI OP €B
YHIBEPCAJIBHE OPTOMETPUYHE PIBHAHHSA CTAHY PEAJIBHOT'O I'A3Y
JJIA MOJAEJIOBAHHS IMPOLIECIB Y ATPETATAX PAKETHO-KOCMIYHOI TEXHIKH

Jlna arperatiB MHEBMOABTOMATHUKH PaKeTHOI TEXHIKM BH3HaYeHa 001acTh 3MiHH MapaMeTpiB poO0voro Tifa i chopMyIboBaHi BUMOTH 10 PiBHSAHHS
CTaHy peajJbHOro rasy, NpUAaTHOMY UL JUHAMIYHUX PO3paxyHKiB Lux arperariB. OOpaHa opToMeTpU4Ha (hopMa LIYKAHOIO PiBHSAHHS U OTpUMAaHI
3HAYeHHS 0ro HaCTPOIOBAILHUX KoedilieHTiB. HaBeneHo GopMynu uis po3paxyHKiB TEPMOANHAMIYHKX | KATOPUYHUX (PYHKLiH, BUSHAYCHA NOXUO-
ka Mozeni. OTpUMaHO YTOYHEHE PiBHSAHHS CTHCIMBOCTI PEATbHOTO rasy B MOPOXKHHMHI. 3a3HaY€HO HANPSIMKH MOAAIBIIOTO PO3BUTKY MOzeNi Ta ii
MIPAaKTUYHOTO 3aCTOCYBAHHSI.

Ku104oBi ci1oBa: arperar nHesMoasTtoMatuky, PP/l Oararopa3oBoro BK/IIOUEHHs, Fa30AMHAMIYHHI PO3PAXyHOK, peallbHUii ra3, PiBHSHHS CTa-
HY, (h)aKTOp CTHCIUBOCTI.

C.A. HIEBYEHKO, B. H. KOHOX, I0. A. MUTHKOB, A. /1. TPUTOPBEB
YHUBEPCAJIbBHOE OPTOMETPUYECKOE YPABHEHHE COCTOSHUS PEAJIBHOT'O IN'A3A
JIUISI MOAEJUPOBAHMS MPOLIECCOB B ATPETATAX PAKETHO-KOCMHWYECKOMW TEXHUKU

CoopmupoBaHa YHU(DHIMPOBaHHAs JUII BCEX arperaroB MHEBMOABTOMATHKU 00J1aCTh M3MEHEHHs pabovMX IapaMeTpoB rasa, OrpaHMYCHHas M30XO0-
poit, annabaroii n aBymsa msorepmamu. CopMymnpoBansl TpeOOBaHNS K YPABHEHHIO COCTOSIHUS, MPUTOJHOMY U ra30MHAMUYECKHX PacyueToB.
BbInonHeH aHanu3 W3BECTHBIX YPABHEHHIT PEabHOTO Ta3a M yKa3aHbl PUYMHEL, TI0O KOTOPBIM OHM HEYAOOHBI JUT MCMonb30BaHus. [IpemiokeHo s
HOBOI'O YPaBHEHHUs UCIIOJIB30BATh TEOPUIO OPTOMETPUUECKIX COCTOSHMUIA ra3a U 0oiieBble MaclITaObl M3MEPEHUs €ro napameTpoB. BeiOpana ¢opma
YPaBHEHU U, MPH UCHOIB30BAHNH TaOIMYHBIX JAHHBIX, TIOMYYEHBI 3HAYEHUA TPEX HACTPOECUHBIX K03(duimenToB. OKa3aaocs, 4To y a30Ta, aproHa,
KHCTIOPOJA 1 BO3yXa ABa Ko3(uIIeHTa MOIETN OJIMHAKOBBI, U 3TOT PE3y/IbTaT JAeT UMITYJIbC [T Pa3BUTHS TCOPUM PEATbHOTO ra3a. AHaJIOrHYHBIC
YpaBHEHUs MOJIyYeHbl I Iefusl, KCeHOHa, KpUNTOHA U MeTaHa. [Toka3aHo, 4to B o0yiacTi pado4uX MapaMeTpoB ra3a U3 ypaBHEHUs COCTOSTHUS Clie-
JIYIOT BCE TEPMOIMHAMUYECKHE CBOMCTBA M KAJOPUUYECKUE XapaKTEPUCTUKH, MPUBEACHBI (POPMYIBI TS pacyeTa 3THX (yHKIWif. BeimomseHo comoc-
TaBJICHHE PACUCTHBIX XapPAKTEPUCTHK CO CTAHIAPTHBIMH TaOIMYHBIMH JAHHBIMH, MAaKCHMAabHas MOTPEMIHOCTh (haKTOpa CKUMAEMOCTH COCTaBHIA
0.05 ... 0.1%Ilony4yeHo yToUHEHHOE YpaBHEHUE CKMMAEMOCTU PEAIBHOIO ra3a B MoJ10CTU. OnucaHbl METO/bI PEIICHUs] anreOpau4eckuX ypaBHEHUH
JUTSL TUIOTHOCTU M TEMIIEPATYPbl, KOTOPBIE BO3HUKAIOT NPU (POPMHUPOBAHNY HAYAIBHBIX YCIOBUM U MHTETPUPOBAHUH YPABHEHMIT CKIMAEMOCTH M He-
Pa3pBIBHOCTH. YKa3aHbI HAMPABICHUs AANbHEHIIET0O Pa3BUTHS MOJEIH U €€ MPAKTUUECKUX MPHITI0KEHHIA.

Ki1ioueBble cj10Ba: arperar nHeBMoasToMaTuky, JKP /I MHOrokpaTHOro BKIIOUEHUs], Ta30IMHAMHYECKUI PacueT, peasbHblii ra3, ypaBHEHUE CO-
CTOsHUA, (hAKTOP CHKUMAEMOCTH.

Introduction and formulation of the problem. When developing complex gas-dynamic systems usdiduid-
propellant rocket engines (LRE) as well as pnewnatits mathematical modeling of their dynamic eloéeristics is
performed. The modern level of computerization aestific researches makes it possible to signifigarefine the
mathematical models of these processes and imphevguality and the reliability of the obtaineduks. To this end it
is necessary to revise and upgrade some of theetiwad principles (for example, the principles d#sing the proper-
ties of a gaseous working fluid), which were seadmasis for calculations more than 50 years agonath rare excep-
tions [1, 2], are still being used. First of altdncerns the change of the equation for descrithiegtate of the gas, from
which its refined thermodynamic properties taken sxcount in the calculations will follow.

The domain of working parameters of the gas useébdrautomation units of rocket technology is shamwhkig.1;
it is bounded by isochore and adiabat from aboweiksiting slow cooling and rapid release of gas figas bottles, and
at the junction point the gas pressure reachédR3a.

Experts are aware of the fact that at such presgsheecompressibility factor of the gas speciftess density up to
10-20%, therefore the further ignoring this factor bye tlilynamic calculations (possibly acceptable int-firs
approximation models) a priori causes a distrushtds their results.
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The equation of state of real gas that solvesntieated problem should be of high accuracy anddomplexity
(at the level of the well-knowBeatty — Bridgmaii3] or Novikov — Vukalovich equatiofd]). The error of calculating
pressure in the domain of operating parametersidhmt exceed 0.%, which is higher than the capabilities of the
models [3, 4]. Moreover the equation of state nmaddl for all gases listed in Table 1.

Helium is mainly used as a working fluid to contpsleumatic valves in rocket technology, since & tige high
speed of sound (about 1000 m/s) and provides timénral duration of transient processes after turrongor off the
electromagnetic valves [5]. In Fig. 2, for examg@eajiagram of a multiple launch system of the LR&alled on the up-
per stages of launch rocket vehicles is shown.l®#fe 11 of the pneumatic control unit is filledth helium, and he-
lium or nitrogen pumped into gas bottle 1 can betsr starting-up the turbopump.
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Fig. 1 — Unified domain of gas working parametersautomation units of Fig. 2 — Pneumatic starting system of LRE RD861K,
LRE and inert fluid for spacecratft orientation eregin Yuzhnoye SDO, UA:

(here and belowp — densitiesT — temperatures; to the left from the critical 1, 11 —gas bottles; 2, 13 —inlet and outlet
point there is the two-phase region) pipelines; 3, 12 — pressure regulators; 4 — pneiamat
: valve; 5 — 10 — electro-pneumatic valves.
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Fig. 3 — Spacecraft Deep Space 1 (NASA, 1998kiugines using xenon:
a—Deep Space 1 spacecraft against the backgrouBdrefii's comet;
b — preparation for installation in the launch véaiDELTA Il, McDonnell Douglas, USA.
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350 T,K
Fig. 4 — The Hall-engine-based Electric Jet PrapolSystem (EJPS)
is designed for spacecraft orbit correction, sizdiion,
and interplanetary flights, Yuzhnoye SDO, UA.
IOCI’
Fig. 5 — Domain of working parameters of xenonifor (plasma) engine: ::\' R~
a— gas stored at supercritical pressure [7]; L _
b — kept cooled and liquefied at low pressure [8]. 200 T 350 T ['<
b
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Fig. 7 — Calculated domain of
working parameters of methane and oxygen
for gasified fuel components of
RAPTOR-type LRE.
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Fig. 6 — Setup of RAPTOR-type LRE: Fig. 8 — Calculated domain of
1 — nozzle; 2 — combustion chamber; 3 — fuel pump; working parameters of helium for system [2]
4, 9 —turbines; 5, 8 — gas generators; above cold pressurization of tanks
6, 7 — control valves; 10 — oxidizer pump. of launch vehicle ZENIT, Yuzhnoye SDO, UA.
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Table 1 Basic physical gas constants and critical pointipatars

Gas k R, J/(kg[K) Pers kg/m3 Ters K Per » MP2 Zer
Nitrogen 1.4 296.8 313.1 126.2 3.40 0.2899
Argon 1.667 208.1 535.7 150.7 4.80 0.2857
Helium 1.667 2078 69.64 5.19 0.227 0.3030
Oxygen 1.4 259.8 436.2 154.6 5.04 0.2878
Krypton 1.667 99.22 912.7 209.4 5.49 0.2895
Xenon 1.667 63.33 1109.9 289.7 5.83 0.2863
Methane 1.333 518.3 163.5 190.8 4.63 0.2862
Air 1.4025 287.1 316.5 132.5 3.77 0.3128

In low thrust engines of gas-jet stabilization amtentation systems of spacecrafts compressed asgosed for
creating impulse and/or angular momentum. Theimmisystems of some LRE operate on an injectioooofipressed
gaseous oxygen, which is stored in their gas sotlle same way as argon. The main physical paresnatéhe bodies
used, such as gas constai®s adiabatic indicesk, critical temperatured,, , densities o, , pressurep,, , and com-

pressibility factorz,, , are listed in Table 1; the critical temperatiwdeélow the operating cycle temperatures, which is
required for normal operation of the pneumaticesystDue to this and other reasons other gaseslhasagas mixtures
are not used.

In the laboratory researches of the developed coitspressed air is used, that is why its parametersilso listed
in Table 1. In addition the same table includespii@meters of krypton and xenon used as workindslof the electric
jet engine ([6], Fig3 — 5), and methane used as fuel for the methapgeoxfull-flow staged combustion cycle rocket

engine (RAPTOR-type, Fi®,7). Besides the control systems, helium is usegrassurize tanks with liquid fuel
components (FigB).
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Fig. 9 — Change Abel modef the relative error of calculation % : a— for helium;b — for oxygeng — for methanegl — for nitrogen.

Analysis of the known equations of gas state. If the gas has low density<< g, then it is in the so-called “ideal
gas state” and its thermodynamic properties areritbesl by theClapeyron equation
p=pRT,
binding pressurep, density o, and temperatur& , as well as Mayer’s formulas for specific heatawifes:
¢ =R/(k-1); ¢ = KIR( k1),
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and the simplest equation for enthalpy: h=c,T.

The individual features of the gas are transfetoetthe model by the values of the first two contgdrom Table 1
and its equations remain unchanged, which allowsyws unified approach to modeling any gaseous flui

In work [9] a closed discrete-continual model of 8ystem shown in Fig.is presented. The oscillations of gas pa-
rameters in 8 pipelines are simulated using the&ops of one-dimensional gas dynamics and chainggas pressure
and temperature in 20 cavities. The parametersmpecessed helium used as the working fluid of theumatic system
are described by the equation of state of ideal gas

In work [10] this model was refined to take intacaant the helium compressibility factar used in the equation:
p=zp RT.
It is shown that in the range of operating modethisf system the conditiop << p, is not fulfilled and in some
cavities (for example, in gas bottles) the maximdensity reaches the poifit7p, . As a result, the factar changes

here within the range .1 1.2, which affects the dynamic characteristics.
For helium the conditionil >>T, holds in all cavities of the system, which meamst the gas is in the high-

temperature region. That is why to simulate itsperties the simplest model of real gas (&l model Fig.9,a) is
used, in which

z=1/(1-gp)=1+b p/T, h=c, T+ p, bb=¢/R, ¢, =0.002862nT /kg ,
and the gas state equation has the form p/p=RT+B R

In work [10], simple formulas were obtained foradhting the speed of souadin a pipeline and the gas flow
rate m ; through throttles taking into account the changéne compressibility factor. In the gas comprebgitequa-

tion for thei —th cavity of volumeV, the modulus of elasticity and the formula for #meergy flow during mass ex-
change are specified:

¥ . o ; -1) . T +b,(1-1/k) p, m. >0;
VB gy [R %0 |y D ] FRATOR W
kz p Nk p kp ' T, +b(1-1/k) g, m; <0,
whereQ, is the heat flow extending into the cavity wallsthe continuity equation:
m=->,m, @)

the mass flowrh ; is calculated taking into account the amendmentie formulas of Saint-Venant. The temperature
is from the closure equation:

ZT=T+h p= p(R), 3)

which for this model is linear.

Note that the temperature can be obtained in aotlagrby integrating the energy conservation equadiot from
(3) the pressure can be found. But this approanbtisised for the following reasons:

— it complicates the use of the method of invasdat calculation of pipelines;

— for pipelines of small cross section the equafiwrenergy is replaced by isotherm formulas;

— the compressibility equation is considered tartmee trustworthy and its solution is directly cadligd in the ex-
periment.

Unfortunately, for other gases from Table 1 theditton T >>T, is not fulfilled and the Abel model has an inad-

missibly high error (Fig9,b — d). At the same time the maximum relative density 0, here is greater than that for
helium, and reaches 1 (Fig.a, Fig.8).

For these gases tMan der Waals modét more accurate [11], where the dependence afdheressibility factor
on density and temperature is the following:

z=1/(-c,p)-a,pIT.

The constants, and a, are expressed in terms of the parameters of ttieatipoint (Table 1); that is why using
the Van der Waals equations would be a good solutiche problem. However, even for this modeligitittdensities
P = p the noticeable deviations of the results fromtttide values given in monographs [12 — 17] are vesk in ad-
dition to this fact the Van der Waals gas has @t eapacityc, that does not depend on pressure, which is natabe

with the real gases from Table 1.
In [12 — 17] alongside the tables describing tlezriiodynamic properties, the so-called virial equreiof real gas
are given in the following form:
z=1+ > B(MP' =1+ > 3 b o/ T, (4)
i=1,2,.. i=1,2,j= 0,L,.
These equations approximate the experimental dasawide range of changing parameters includingatiea in
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Fig.1. But the sums in (4) contain about 50 terms amglimpossible to reduce this number without aoserloss of ac-
curacy. The closure equation for the temperafurées no longer linear as (3) but of high degreer(fréth for argon to
7th for nitrogen and air) and its solution is labas. That is why using virial equations for caltirig the transient pro-
cesses is considered irrational.

Analysis of these and many other models of realrgasals a general pattern — they were compileaiéonains
rectangular in the coordinatgs—-T or p-T . When moving along the upper boundary of suclctangle the decrease
in temperature results in the drop of entropy, #iedgas parameters approach the critical valuesn Tdhensure the high
accuracy it is necessary to complicate the equatiGtate.

In the process of gas consumption from gas battlesvorking fluid of the automation units presergasd with
noticeable heat exchange with the walls increatsesinitial entropys,, which for all gases is higher than the entropy of
the critical point. As the result, the adiabattu tipper boundary of the area in Fig. 1 passesdusignificantly below
the critical point.

As a result of the above mentioned facts it is peghent to involve well-known models for solvingetproblem
under consideration and it is necessary to develogw model of real gas which in the best way iagyto take into ac-
count these features. The authors called this nedehthe orthometric high-entropic gaseous flidd its equation of
state (abbreviated) — the

OGF-equation

If it turns out that among the thousands of presipproposed equations of state of real gas itspbete namesake

is found then it will have to be remained but tlif not affect the practical significance of theoposed solution.

Orthometric equation of state of real gas. The term orthometric state of gas was introduogal thermodynamics
by A.l. Bachinsky[18] in the beginning of the 20th century. By antietric, he understood such combinations of tem-
perature and density for which the compressibfltstor z equaled 1.

On the thermodynamic surface of the graph of timetion z= f(p, T) the conditionz =1 is obviously satisfied
by the straight linepo =0, which corresponds to the ideal gas state. Anal abat is not obvious but is a firmly estab-
lished scientific fact, the condition is satisfieglthe straight line (FidLO)

plp, +TIT, =1, (5)
where T, is theBoyle temperaturand the densityy, is called theBoyle densityTheir values are given in Table 2; the
values of the associated pressyxe= Rp, T, and temperature of the inversidp are also shown there.

T
>

cr

in

Fig. 10 — “Ideal curves” of a thermodynamic surfate-ideal gas(z=1), 2 —Boyle( z;, =0), 3 -Joule — Thomsohh}, =0).

Bachinsky called the gas satisfying condition (Bahometerand attributed its equation of state to Yan der
Waals typesince Van der Waals gas turned out to be the sshglrthometric model. All gases from Table 1 are o
thometers. The compressibility factor of any gabameter is described by the formula:

2=1+y (0. TP /oy + TIT,-1), (6)
where the functiony(p, T) takes into account the individual characteristitthe gas and can be determined by proc-
essing the results of the experiment.

Acting in a similar way Bachinsky obtained the etiprzs of state for isopentane and ethyloxide. Type tof the
functions (0, T) turned out to be different and was not used byathitors of this work. Bachinsky could not get a

one-type equation of state for any class of gaseause during his life period the necessary exgariah materials were
unavailable.
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Table 2 — Orthometric scales and inversion tempegat

Real gas T, K Py, kgl Py, MPa T, K Tp =Tk Po = Py T+
Nitrogen 3252 1130 109.1 6111 2.5769 3.6085 D879
Argon 408.2 1870 158.9 746.1 2.7089 3.4908 1.8278
Helium 24.21 211.8 10.65 28.4 4.6647 3.041¢ 1.93%6
Oxygen 407.0 1549 163.8 786.6 2.6329 35517 1.93p7
Krypton 566.6 3232 1817 1036.4 2.7059 35414 1829
Xenon 791.0 3892 195.0 14469 2.7301 3.5068 _ 1.82p2
Methane 507.5 579.1 152.3 10100 2.6603 35416 7197
Air 342.1 1215 119.3 642.8 2.5819 3.8382 18790
Vander Waals) _ - - - 2.6667 30000 | o
model

The straight line of orthometric states is noweadltheideal gas curveby analogy with the Boyle, Joule — Thom-
son, etc. curves (Fig0), but its deviations from the straight line hana been detected in experiments. The authors
[16] believe that its straightness is a consequehpaysical law which is yet to be discovered.
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Fig. 11 — Approximation error of the ideal gas @uby virial equationsa — for air [13];b — for nitrogen [15];
¢ — for oxygen [14]d — for argon [16]g — for krypton [16];f — for xenon [16]g — for methane [17] — for helium [12].

As for virial equations (4) from [12 — 17], thisrudition holds approximately as illustrated in Fig. Moreover,
for nitrogen, oxygen, and air, virial coefficienB (T) are negative at temperatufe= T, . This contradicts the require-

ments of [18] resulting from the physical meaniffighese coefficients and complicates the analysis.
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Fig. 12 — Thermodynamic surface level lingép, T) for the virial air equation [13].

In [16], a differential relation between virial déieients in the vicinity of the Boyle temperatunas noted:
B;(M =B (MAT/a) (-1 j=2,3,... 7)/(
The consistent implementation of this idea leadant@pproximate replacement of the thermodynamiacse
Y(p,T)=(2p, T)-D/p
by the ruled surface and results in the equality
2=1+pB(T+ TP/ py). 8)
Note that formula (8) is a special case of (6). Wgkeved that with reliable values of the viriak€icient B (T) it

opened the way to creating the desired equaticitadé of gas. However, verification of equalitié} énd (8) using the
data from works [12 — 17] dispelled these hope® atcuracy of equality (7) is poor even fpr2 and formula (8)

provides a good approximation of the table daty amla small vicinity of the ideal gas curve. Moveo, the best one
was the ruled approximation of the surface for argtich is theoretically justified in [16].

The cause of failure lies in the errors of the eiogl virial equations obtained in [12 — 17] by tle&ast squares
method as well as in the change in the slope ofabe lines of the function(p, T) (Fig.12) which is not taken into

account in equation (8).
In monograph [16] and in a number of other workss hypothesized that if we choose the end pahtbe ideal
gas curve as scale values and change to dimenssoqlantities
w=plp,, 8=T,IT, m,=pl p
for density, temperature, and pressure, the equeati state of many gases will be the same. Batabsumption is ex-
actly fulfilled only for Van der Waals gases, whieguation in the new (Boyle) coordinates becomes:

z=1/1-w)-wb;
or in orthometric form:

1+ L o(1-6m-
z-1+1_wﬂtu(1 o1~ w)). (9)

Fig. 13 shows the graphs of virial coefficie®gd) describing the cross sectian=0 of the surface of the func-
tion
Y(w,0)=(z(wb)-1)/w,
determining the deviation of gas from the idealestAnd Fig.14 shows the graphs of the functions
Q, = (zZ(w1)-1) /e,

which correspond to the cross sectidrr T, of the thermodynamic surface for nitrogen, argmxygen, and air (the
curves coincide for argon, krypton, and xenon).
As one can see there is ho complete match, bubéogapw(0.07; 0.3) in Fig.14 the differences are leveled by
choosing an individual constant that determines the vertical displacement of ttaplgs, and for the valuas < 0.07
in calculating the compressibility factor they @msignificant since hered, &/ =0and z(w,1)= 1. After aligning the
curves they are approximated by the dependence
y=c/(1-cl),
which generalizes the function
y=1/1-w),
used in (9), and fof — 0 provides the same asymptotics asAbel model
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Fig. 13 — Graphs of virial coefficiers, (&)

Fig. 14 — Sectiong =T, of thermodynamic surface
for air, nitrogen, oxygen, and argon.

for air, nitrogen, oxygen, and argon.

The values of the constantkand ¢ are given in Table. 3; it turned out that for thgases the constant=1.278.
The valuec' corresponding to the recalculati@non the critical density is also given. For air=1/3, which is fully

consistent with the theory of the Van der Waals pas for the other gases #1/3. Let us change in (6) to the Boyle
coordinates:

z2=1+¢, (0,0)w(1- 601~ w))
where, as follows from the previous argument,
Ypy(wl)=cll-cw)+d.
Based on this result and the known inversion teatpeesT, corresponding to the root of the equation

6B, (6)+ B(6) =0,

for all graphs shown in Fig. 6 a one-type approxiomais derived:

B,(6) = (c+d#){1-6), #0(0.5; 9,

where y=0.45.
Table 3 — Constants of orthometric model
Gas o c' d 14
Nitrogen 1.278 0.354 0.800 0.45
Argon 1.278 0.366 0.500 0.45
Krypton 1.278 0.361 0.600 0.45
Xenon 1.278 0.365 0.600 0.45
Oxygen 1.278 0.360 0.670 0.45
Oxygen-HT 1.278 0.360 0.765 0.45
Methane 1.278 0.361 0.670 0.45
Methane-HT 1.278 0.361 0.716 0.45
Air 1.278 0.333 0.750 0.45
Helium-LT 0.578 0.190 0.400 0
Helium-HT 0.578 0.190 1.000 1.00
This means that the initial orthometric equatiorstate of gas has the form:
c
z =1+{ + dey}w(l—e 1- w)). (10)
l-cw

To simplify the solution of the closure equationagproximate replacement is performed in (10):
& =y@H+1-y.
Equation (10) was further tested using amendmel)t {ilis also recommended for practical use ofrtiualel.

The constants for the helium-LT equation (fbx 50 K) are given in Table. 3 to compare results ancegaiza-

tions; in automatic units such temperatures areeaized. A similar equation was obtained for tneHT in the high-
temperature rangel(>100 K); its constants are also given in Table. 3

(11)

Comparing the results one notes that the valuglseohpproximating coefficientd, y that simulate the effects of
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the association of atoms (formation and decay oftdived dimers [19]) for helium undergo restruing in the tem-
perature range of 50 100K. The coefficientc determining the size of the force field of an indual atom does not
change.

A similar restructuring of the model occurs witlhet gases from Table. 1 @t> 600 ... 70(K, that is why the re-

sults obtained cannot be extended to their higlp&gature range.
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Fig. 15 — DeviationsAk; of the thermal adiabat index of real gas fromsfa@dard value of the indicatés , %:
a— for nitrogen;b — for helium;c — for oxygen;d — for methane.

Thermodynamic functions of gas. For helium and argon the heat capacitigs ¢, in the ideal gas state do not
depend on temperature and for nitrogen, oxygenaamich the rangel =160 ... 36(K this dependence is weak and can
be ignored. As a result, the known formulas [20]tfee calculation of specific heats,c, and enthalpyh are simpli-
fied and take the form:
wﬂgdiu
000 w

C\/=REEki+j;’92G;%EI%U  Cp=Gt REE@Z/ ;,]; h=h’+ceT+(z1) R+

where 2,=2-6000206; z,= z+wdZdw; h,’ — sublimation heatc,q = kK[R/(k-1).

For convenience of integration and differentiatemuality (10) is reduced to the form:

7= ¢ 4 C7lp o+ doly B +1-y)1-60+wid),
1-cldv C

which implies
—1 (c-Hi(2-cw) _

Zy = + dw[ﬁy92(1—w)+1— y] oz, 28w dw(B+1-y) (20— 2- Bw)

1-cw (1-cw)?

2
w5 077 dw _ 2 _ o w0z dw c-1 1 _ L
jOH G;%E-I%—Zydﬁ wlfl-w/?2); 0%%_T%Fa} w-dwl(1-w/2){{2y8+1-y)-y].
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Note that in the helium-HT model the coefficiemtsy =1 and the results are significantly simplified:

+6% - w); zwzl—wz_:w)—%’w—wWE(Zw— 2- Pw);
(1-cw)

2 —

J'wHZE—Io—ZEI%)=292wEﬂ1—w/2); wﬂt—ldigc—lljhi—w—a)tﬂ(z—w)w—l].
0 96° w 000 w ¢ 1-cw

From here the working formulas for calculating sipeed of sound are obtained:

a=.1z,(q/¢)RT;

and two adiabatic indices of real gas [21] are dedu

, = 1
v 1-cw

kpzigzﬂ;k-l—z (Cp/C\/)zﬁ_ .
& z z+(6/e)(3- ¥

For ideal gas these indices are the same and équeatd for real gas they are different and satiafy differential

adiabatic equations of different form:
dp_ 1 dp. dT_k-1.gp
p k,p T Kk p
For the range of gas working parameters the indiickf varies widely and its change must be taken intmat.
Whereas the indicatok; deviates from the valu& no more than by % (for helium — by 0.46) which can be ne-
glected (Figl5). For this reason to calculate the gas flowuplothe throttle at critical pressure drops one ussthe

theory described in [10] and keep common with fijammendation to include a correction factor oftifpe 1/v/z in
the Saint-Venant formulaThe same correction can be applied in the casmmfcritical pressure drops, taking into ac-
count the known errors of the flow coefficients.

Theerrorsof the model. To test the OGF-equation, its thermodynamic fumdiwere compared with tabular data
from [12 — 17], and from [22] for argon, which dedd the standards of the USSR and the USA. The (eabsolute
value) relative deviations of the compressibiliagtior 6z, specific enthalpyoh, and speed of sounda were calcu-
lated for 200 points from the domain of working graeters located on 10 polygonal chains (Ejg.The results are
shown in Table4.

Table 4 — Average deviations from standard valtes,

Gas oz oh Ja
Nitrogen 0.068 0.054 0.125
Argon 0.156 0.233 0.157
Oxygen 0.091 0.059 0.233
Air 0.067 0.040 0.082
Helium 0.032 0.041 0.057

In addition to the mean values the maximum dewuatiorere controlled which turned out to be as smaslthe
mean ones. The nature of the changezoérror for nitrogen, methane, oxygen, and heliurshiswn in Figl6. The
boundary of the domain of working parameters issigposed on the level lines. Within this domaie tieviations do
not exceed+0.1 % but at low temperatures and high densities (whiezegas entropy is significantly lower than the-val
ue s ) they are large. Here the shape of the line okthner level is close to the adiabatic graph, whicthe line of the
entropy level. That is why it should be recognitleat in order to maintain the high accuracy of tinedel it is the de-
crease in entropy that requires the complicatiothefequation of state of real gas.

The lowest error values for the OGF-equation wa@ for helium; compared with the model of Abéky de-
creased by an order of magnitude.

Note that the tabular data have their own erroishasvn for example in Fig.5. The greatest errors are observed in
argon, which is explained by the smaller amourgxqferimental material. But even here the situaisomproving and
if the virial equations [16, 1975] and the US stmad[22, 1999] are compared, the discrepancy (wesare that the re-
finement) of the results averaged for the parantatege under research is:

0z=0.064 %, Jh=0.051%, Jda=1.22 %.

It should be noted that the OGF-equation has aulzdéd critical point at which the pressure is egéimated by
about 20%. This point corresponds to the critical compteaitisi factor z, = 0.35 which is 15% higher than for real

gas but lower than the valug, =0.375 for Van der Waals gas. In the vicinity of the ical point the developed model
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cannot be used but, as a rule, pneumatic automatiids are not designed to work with a two-phaseking fluid.
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Fig. 16 — Change of the relative error of calcolatz,%:a — for nitrogenp — for helium-HT;
¢ — for oxygen-HTd — for methane-HT
(the dotted line indicates the change of gas paemé the turbopump assembly of the engine RAPT&ERRceX, USA).

The compressibility equation of real gas. Its formal derivation uses the equation of statd the first law of
thermodynamics; we show its main points. The equati state in differentials is:

% = i [_M +i B(ﬂ— ,
p z p z T
where z,/ z is the change in the thermal pressure coeffi@adtthe ratioz, / z,, describes the change in the coefficient

of volumetric expansion.
On a short time interval any gas-dynamic processbeaconsidered as the result of superpositiom@fdiabatic

and isochoric processes. For adiabat and isocheget
%:d_p dps - % dkhujm— dQ
kop o K,p Kk, ZT ¢m '
where Ah is the difference of specific enthalpies betwdendas in the cavity and the gas of small ndrssparticipat-
ing in the exchangedQ is a small portion of heat going into the wath; is the mass of gas in the cavity.
We add the left and right sides of the equations:
£:%+ Zy E{Ahde— dc_
kKop o K G zmT
Analyzing the coefficients of the resulting equatige note that
zMsz—V, do_dm_dv 3 =kT—1

R " p m V'gk, Rk’
besides it is permissible to assume tkat= k. As a result, fori — th cavity we get the equality:
H:_\]i +E_E ZAh,j T, + Q. (12)
k,o.i [n A k|:|ﬁ) j
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which is a generalization of equation (1).
When using equation (12), the heat of sublimatig% in the formula for calculating the specific enfhals not
taken into account because it does not affect ahgevof the enthalpy differenash ; betweeni —th and j -th cavities.

Solutions of closure equations. In Boyle coordinates pressure, density, and teatpes are related by the equation
HLH =1+ |:

l-cw
Algebraic form (13) of the gas state equation isduism the method of dynamic calculation of the eysfor form-
ing the initial conditions and numerical integragtithe equations.
The initial conditions for each cavity are pressyreand temperatur& , thus 7z, = p/ p, and 8=T,/T and the

density p = ap, is determined from equation (13). After elementaaysformations we get the equation:
At + Bw® + Cw? + Dw+ E=0 (14)

- +yd 8+(1—y)d}w(1—9(1—a))). (13)

with known coefficientsA, B, C, D, E.
Algebraic equation (14) is solved by either using poliroots procedure of the Mathcad package thériterative
cycle:
E+Aw’*+Bw’+ Cw?
! D' . j=0,12..

To achieve the required accuracy it is necessahat@ 10 iterations. Since the initial conditiome determined
here, this task does not affect the overall compjex the calculation method of the pneumatic eyst

After integrating the differential equations in tBeyle values of pressurg, and densityw, from equation (13)
the temperature is found. Thanks to approximatid) ¢his equation fo@ turns out to be quadratic, the positive root

corresponds to the initial temperature. The singpl@tion of the problem, which is repeated millimfgimes for each
cavity during the simulation of the pneumatic sgstallows to escape the complexity of the calcataglgorithm.

%:O;wjﬂ:_

Per spectives of further research. The OGF-equation and its thermodynamic functiaesused by the Yuzhnoye
State Design Office for developing the new autoaratinits for rocket technology; results valuable $oience and
practice will be published.

To simulate the conditions of super cold superdharf?] of the fuel tanks of the Zenit-type launahicle the or-
thometric equation of state is refined to expaadiéld of use. Similar works concern the refinetmefixenon orthomet-
ric equations which are relevant for the storagthisfworking fluid in a cooled liquefied state.

The third perspective direction is the developn@rgimilar equations for gas mixtures arising frgasification of
oxygen and methane in the gas generators of thtioRapgine.

Besides, the orthometric equations of methane tsndiktures can be used in calculating the equifgraged in the
transportation of natural gas via high-pressurelpips. Newly developed space scientific techn@sgieed to be use-
ful in solving problems on the Earth.

Conclusions. The domain of variation of the working fluid paret@rs for pneumatic automation units is formed
and the requirements for the equation of real gaalde for dynamic calculations are formulated.

The analysis of the known equations of state dfgaa is performed and the reasons for which tlayot be used
to solve the indicated problem are shown.

It is proposed to use the theory of A. I. Bachinskyprthometric states of gas and the Boyle scadifhigs parame-
ters for obtaining a new equation.

The form of the initial equation is chosen and Isjng tabular data the values of its coefficients @lptained. It
turnes out that nitrogen, argon, krypton, xenorygex, methane, and air have two same coefficieintiseomodel (out
of three) and this new result gives impetus todéreelopment of the theory of real gas.

It is shown that in the domain of variation of tiwerking fluid parameters all thermodynamic propestincluding
caloric characteristics follow from its equationstéte and simple formulas for calculating thesefions are given.

The calculated characteristics of gas are compardide tabular data; the average and maximum earot ex-
ceed 0.P4.

A refined equation of the compressibility of realksgn a cavity is obtained and the methods forisglthe closure
equations for density and temperature arising atsthges of the formation of initial conditions antkgration of the
compressibility and continuity equations are déyti
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VK 539.3
E.T. AHIOTHH, I'. A. THATEHKO, IT. A. EFOPOB

HECTALHMOHAPHOE JE®OPMHUPOBAHUE NOAKPEIIVIEHHBIX UJINHAPUYECKUX
OBOJIOYEK

[TpemnoxxeH MeTo MICHTH(HKALMN HECTALMOHAPHON HArpy3KH, BO3ICHCTBYIONIEH HA [MAPHUPHO-ONEPTHIE MOAKPEIUICHHBIE LIMIMHAPUYECKHUE 000-
Jo4yKkH. PaccMOTpeHsI aBa ciydas: moaKperieHne 1ehopMupyroIerocs 00beKTa Mo BCEii ANMHE OXBATHIBAOIICI 00010YKOM, TOAKPETIIeHHe pedpamu
JKECTKOCTH, MIUPUHA KOTOPBIX MaJla O CPABHEHUIO ¢ JJIMHOM 000/104KkH. B kauecTBe BCIIOMOraTe/IbHOTO dTala peleHus OCHOBHOI 3a1auy PUBOAUT-
Csl pelIeHre MPSAMOI 3aauH 110 UCCIIEA0OBAHUIO Ae()OPMUPOBAHHOTO COCTOSIHUS CHCTEMBI, JOCTOBEPHOCT KOTOPOTO MOATBEPKAACTCS MyTEM COMOC-
TaBieHus ¢ MKD. JlocToBepHOCTh penieHus 3aa4u MICHTU(UKALMY HOATBEP)KACHA ITyTEM COMOCTABJIEHUS C UCXOJAHBIMH JTaHHBIMU COOTBETCTBYIO-
mmeit mpsiMoit 3agaun. MiHTerpansHeie ypaBHeHNs BombTeppa, momydaemsie Mpy PEMICHUH 3a/1a4, aHATM3UPYIOTCS YHCIeHHO. HeKkoppekTHOCTh mocTas-
JICHHBIX 3a]1a4 MIPEO0I0JIeBaeTCs ¢ UCMONb30BaHueM MeTona peryisipusaunu A.H. Tuxonosa.
KmoueBsle cj10Ba: 000104Ka, peOPO KECTKOCTH, YCJIOBUE KOHTaKTa, paa Oypwe, npeodpasosanue Jlamnaca, MeTo peryaspusalum.

€.I'"AHIOTIH,I'. O. THATEHKO, I1. A. EI'OPOB
HECTALIOHAPHE JE®OPMYBAHHS NIIAKPINIVIEHUX DUWJITHAPUYHUX OBOJIOHOK

3anponoHoBaHO METOJ iAeHTH(]IKallii HeCTaliOHAPHOTO HABAHTAKEHHS, SIKE Ji€ Ha MapHipHO-00MepPTi MiAKPIIUIeHi IMIiHAPIYHI 000I0HKU. Po3rms-
HYTO JIBa BUMNAJKHU: MiJKPIIUIEHHS 00’ €KTY, O Ne(OPMYETECS, 3a BCIEIO JOBKHHOIO 000JIOHKOIO, IO OXOIUIIOE JaHy, MiJKPIIICHHs pedpaMu xKOopCT-
KOCTi, IIMPUHA KOTPUX € MO0 Y TMOPIBHAHHI 3 JOBKHHOIO OOONOHKH. Y SKOCTI DOTMOMDKHOTO €Tamy pO3B’s3Ky OCHOBHOI 3a[a4i HaBOAWTHCS
PO3B’ 130K NpsIMOI 3aja4i 3 JOCIIUKEHHs 1e)OPMOBAHOTO CTaHY CUCTEMH, JOCTOBIPHICTb SKOTO MiJATBEPIKYEThCs HUIsXoM 3ictaBieHHs 3 MCE. Jlo-
CTOBIPHICTb PO3B’A3KY 3a1aui iaeHTH]IKaLl MiTBEpKeHA MIIAXOM 3iCTaBJICHHS 3 BUXIHHMHU JaHUMH BiJNOBIIHOI MPsMOI 3a1adi. [HTerpanbHi pis-
HsIHHA BospTeppa, AKki oTpuMaHi mpu po3B’ 13Ky 3a1a4, aHATI3yIOThCs YrceTbHO. HeKOPEKTHICTh MOCTABICHHUX 33/1a4 A0JAEThCS 3a JOTIOMOTOI0 METO-
ny perynspusauii A. H. Tuxonosa.
Kio4oBi c10Ba: 000710HKa, pedpo HKOPCTOKOCTI, YMOBA KOHTAKTY, psia Pyp’ €, neperBopenHs Jlamnaca, MeTo perymspu3arii.

YE. G. YANYUTIN, G. A. GNATENKO, P. A. YEGOROV
NONSTATIONARY DEFORMATION OF REINFORCED CYLINDRICAL SHELLS

The article suggests a method of identifying ndimtary load acting on hinged reinforced cylindtishells. Two cases are considered: reinforcement
of a deformable object along the entire length witiclosing shell, reinforcement with stiffeners ws@avidth is small compared to the length of the
shell. As a substep of solving the main problera,gblution of the direct problem of studying théotimed state of the system is given. The reliabilit
of solving the direct problem is confirmed by comgan with FEM. The reliability of the identificath problem solution is confirmed by comparison
with the initial data for the corresponding dirpcoblem. Volterra integral equations obtained i@ piocess of solving the problems are numerically
analyzed. The ill-posedness of the problem is s with using Tikhonov's regularization method.

Key words: shell, stiffener, contact condition, Fourier sgrieaplace transformation, regularization method.
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