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The issue of creating multicomponent gas mixtures intended for use in plasma installations is considered. A dy-
namic method for obtaining gas mixtures based on supercritical outflow of gases from tanks through calibrated
holes. It is shown that with an appropriate choice of the volume of capacities and areas of critical holes, a high accu-
racy of the specified mixture composition can be ensured. If it is necessary to generate a gas mixture from compo-
nents having different adiabatic parameters, it is suggested to correct the initial pressure of the gases in the tanks.
This will also allow compensating for the errors associated with the manufacture of structural components of the
mixture generator. As an example the calculating a mixture generator based on the proposed method is given, which
confirms the possibility of providing its component composition with an error 0.01%.

INTRODUCTION

Gas mixtures of various compositions are widely
used in plasma coating processes: physical, chemical
and plasma-assisted chemical deposition. So, for exam-
ple, to create coatings of complex composition, the
follow mixtures can be used: N, + CHy [1]; N, + C,H,
[2]; N2 + Ar [3]. The effect of the component composi-
tion of the gas mixture used on the properties of the
coatings obtained has been investigated by many au-
thors. In particular, the effect of the component compo-
sition of the Ar-CH4 mixture on the structural, optical,
and mechanical properties of diamond-like coatings in
the CVD process, and the effect of the component com-
position of the Ar-He mixture on the microstructure of
the coatings in the PS-PVD process were described in
the works [4] and [5] respectively.

The methods of preparing gas mixtures can be di-
vided into two main groups: static and dynamic. The
generator of gases mixture for ion-plasma technologies
based on the static manometric method has been de-
scribed in the work [6]. With this method, a preliminary
cyclical blowing of the mixing chamber by one of the
gases is carried out, then the components are fed up to
the specified partial pressures. The disadvantage of this
method of a gas mixture generating is an increased
consumption of gas used for purging. In addition, using
static methods it is difficult to achieve homogeneity of
the mixture in the mixer vessel during storage, and
generation of mixtures of reacting gases causes serious
difficulties.

These shortcomings are devoid of dynamic methods
for generating gas mixtures, the main ones of which are
described in the ISO 6145 series of standards. At the
same time, the accuracy of providing the component
composition by using such methods today does not
exceed 0.5%. This accuracy is insufficient for many
practically important cases, so the task of increasing it is
actual.

THE PROBLEM STATEMENT

From the known dynamic methods of generating gas
mixtures [7], the method of critical holes is chosen as
the basic method for increasing the accuracy of the

component dosing in the present work. This choice was
made due to the following considerations. The main
idea of this method is that when the gas flows through a
calibrated hole when a critical pressure difference is
reached, the volume flow through the hole stabilizes,
and the flow occurs at a velocity equal to the local
sound velocity. This allows to obtain the required ratio
of gases in the mixture, choosing according to the diam-
eter of the critical holes [8].

When the gas mixture is dynamically generated in
vacuum chambers of plasma installations, the critical
pressure differential between the gas mains and the
working chamber of the installation is automatically
ensured. Therefore, critical flow conditions will be
satisfied in the implementation of any of the known
methods, in certain cross sections of the main lines. The
method of critical holes is one of the most accurate
among dynamic methods of generating mixtures. In the
basic variant of the method, the accuracy of dosing of
components at the level of 0.5% is ensured. Therefore,
the choice of this method of generating gas mixtures for
plasma technologies should be considered an obvious
solution and attempt to implement this approach that
were made back in the 90s of the last century [9].

In the basic version of the method, the constancy of
the ratio of the components is ensured by maintaining
the equality of pressures and temperatures in front of the
critical holes. Ensuring compliance with these condi-
tions is problematic. Let us illustrate this with an exam-
ple of a typical device scheme for obtaining a mixture
by the method of critical holes (Fig. 1), given in the
standard 1SO 6145-6 [7]

In this version of the method, the pressure equaliza-
tion in the gas supply networks is carried out by two
reducers (3 and 15) and two pressure regulators (6 and
18). The pressure control just before the critical holes is
carried out by two pressure gauges (7 and 20). All these
devices can have different errors, the operation of the
regulators inevitably has some (and different) delay. In
addition, the hydraulic resistance of the line is 5-6-7-8,
differs from the resistance of the line 17-18-19-20, at
least because they contain different devices (check
valve 8 and ventilating valve 19). The difference in the
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properties of the gases inevitably leads to a difference in
their temperatures, the passage of the pressure regula-
tors, which directly affects the magnitude of the local
sound velocity.

8 1

Fig. 1. Diagram of the device for the preparation of
binary mixtures by the method of critical openings:
1, 13 — cylinders with gas; 2, 14 — manometer (inlet
pressure); 3, 15 — reducer; 4,16 — manometer (delivery
pressure); 5, 17 — the filter; 6, 18 — pressure regulator;
7, 20 — pressure gauge; 8 — check valve; 9 — hole (com-
plementary gas); 10 — critical orifices; 11 — laughter;
12 — outlet for the calibration gas mixture;
19 — the ventilating valve

The traditional way to improve the accuracy of the
method is to calibrate manometers and critical holes,
increase the accuracy of regulators, and use additional
stabilizers of gas temperature [10]. As it was shown in
[11], avoiding the requirement for the accuracy of dos-
ing of the amount of a mixture, and limiting the re-
quirement to ensure the accuracy of the ratio of the
components, it is possible to increase the accuracy of
the method to 0.1% during the calibration of critical
holes. However, the reserves of further improvement of
accuracy with the help of such approaches are almost
exhausted. Obviously, to further improve the method of
critical holes, it is necessary to use new technical solu-
tions. This is the purpose of this study.

DESCRIPTION OF THE FACTORY METH-
OD OF THE MIXTURE OF GASES

The proposed solution refers to the case when it is
required to periodically fill the working chamber with a
mixture with a specified ratio of components. In this
case, the requirement to provide constant values of
pressure and temperature in front of critical openings
can be avoided. Instead, it is sufficient to provide the
values of these parameters that would ensure a given
ratio of the mass concentrations of the components. This
is most easily achieved by introducing intermediate
volumes of different volumes in the supply line of gases
(Fig. 2).

With such solution, the supply of gases ceases after
the tanks are filled and the preset pressure level is
achieved. Part of the gas path after the valves 10 and 20
is evacuated together with the working chamber. Subse-
quently, the generation of the mixture occurs after the
opening of the valves 10 and 20 accordingly in the mix-
er with critical orifices 21.

Fig. 2. Diagram of the device for preparing binary
mixtures by the improved method of critical holes:
1, 11 — gas cylinders; 2, 4, 12, 14 — reducers;

3, 13 —the valves; 5, 15 — filters; 6, 10, 16, 20 — the
electromagnetic valves; 7, 17 — intermediate containers;
8, 18 — pressure sensors; 9, 19 — temperature sensors;

21 — critical orifices

The gases, thus, freely flow from the cylinders 7 and
17 without the use of any regulating devices. The accu-
racy of dosing of the components in the mixture is en-
sured by the appropriate selection of the areas of the
critical openings, the volumes of the tanks, and the
initial pressures in them.

Without loss of generality, the procedure for such a
choice is considered for the case of the formation of a
two-component mixture. Let it be necessary to ensure
that the mass concentrations of the mixture components

are equal 3 =C,/C, . In case of a supercritical pressure
difference, the instantaneous value of the mass flow

through the critical orifice should be determined by the
expression [12]:

G="—vy, (1)

k+1
where = k(kil
+

injection area; k — adiabatic exponent of gas.
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The ratio of the areas of the critical holes is estab-
lished on the basis of the conditions at the initial instant

of time G,/G,=4, BR=P, =R, T,=T,=T,.

Then, from (1) we obtain:
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where M;, M, — molar masses of the gases forming

the mixture.

We will proceed from the fact that in the course of
the flow of gases from the tanks ensure the equality of
the temperatures in them. Substituting for both compo-
nents of expressions (2) and (4) into formula (3) for the

current temperature, we obtain that relation T, =T,
may be observed identically when the initial tempera-
tures are equal T,,=T,, =T, and the ratio of the

volumes of capacity, given by the expression

M k-1
V, =BV, 22 ®)
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In the case where the mixture forms gases with equal
or close to the adiabatic exponents (for example, N»+O,,
N,+H,, Ar+He and others.), provided

that B, = P,, = P, (4), and the volume of intermediate

containers (5). On the basis of expression (1), the speci-
fied mass-consumption ratio is also automatically en-
sured without use of any regulating devices.

If it is necessary to form a mixture of gases with dif-
ferent adiabatic exponents (CH4 + Ar, CI2 + N2, CH4 +
N2, etc.), when conditions (4) and (5) are fulfilled, the
pressure in the gas tanks at the expiration will vary in
different ways. However, if we abandon the requirement
to ensure the consistency of the ratio of instantaneous
mass expenditures of components, then it is possible to
achieve the accuracy of providing a given mass concen-
tration of gases in the mixture by setting the initial pres-
sures in tanks, starting from the expression:
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where 1 — time of filling the chamber with a mixture.
After substituting expressions (1)-(4) in (6), it is
transformed to the form:
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The time of filling the working chamber with a mix-
ture is determined by the achievement of a preset pres-
sure level. The use of the equality condition for the
enthalpies of the jets emanating from the high-pressure
vessels and the jets that flow into the vacuum chamber
leads to the following relationship between the pressure
change in the vacuum chamber and the filling time [12]:
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In expression (8), the first term stands for the partial
pressure of the first component of the mixture, while the

®)

second one refers to the second component, and Pg
stands for the residual pressure in the chamber after the
process of evacuation. Then, assuming for definiteness
that the correction of the initial pressure occurs in the
capacity of the first component of the mixture to deter-
mine the value of T from (8), we obtain;
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where Pp — the prescribed driving pressure in the cham-
ber of the plasma unit; y,— the prescribed value of the

mole fraction of the component in the mixture.

Let us consider the possibilities of ensuring the ac-
curacy of dosing of the components of the mixture us-
ing the proposed method for the example of the CH4-
Ar mixture, which was considered as one of the vari-
ants in [2]. The following values are accepted as initial
data for further calculations:

— CHy: p=0.7168 kg/m®, M =16.04-10° kg/Mole,
k =1.32, R =518.37 J/(kg-K);

— Ar: p=1.7839 kg/m®, M =39.948-10° kg/Mole,
k = 1.67, R = 208.14 kg/Mole).

The volume of the vacuum chamber of the plasma
installation was assumed equal to 500-10°° m®, the work-
ing pressure in the chamber was 100 Pa. The initial
values of pressure and temperature in the tanks for me-
thane and argon were taken equal to 0.5 MPa and 293
K. The values of the flow rates p were taken equal to 1.
The diameter of the critical hole for argon was chosen
equal to da, = 0.1 mm, and the volume of the intermedi-
ate capacity Var = 5- 10° md.

The values of the diameter of the critical aperture
and the volume of the intermediate capacity for methane
calculated from the dependences (2) and (5) were
rounded taking into account the manufacturing possi-
bilites and amounted to dcy,=0.249 mm and
Vcn,=21.508-10° m*. The further calculations were
specially made for the rounded-off values.

For the given values of the parameters, the time of
filling the vacuum chamber to the preset pressure level
was 5.231 s. Fig. 3 shows the graphs of the pressure
change in the methane and argon tanks at an equal ini-
tial pressure. Because of the error caused by rounding
the values of the critical hole diameter and the volume
of the methane capacity, both pressure and temperature
in the tanks vary in different ways. However, the differ-
ence in temperature in the bones during filling does not
exceed 0.001%. The correction of the initial pressure in
the methane capacity allows us to accurately estimate
the value of the ratio of the mass concentrations of the
components (for the assumed bench-mark data

B =Cey, [Ca = 3.6163462).
The Fig. 4 shows the graphs of the change in the in-

stantaneous ratio of mass flow through the time of fill-
ing the vacuum chamber. Because of the errors associ-



ated with the rounding of the calculated values of the
diameter of the critical hole and the capacity of me-
thane, the initial dependence of the instantaneous mass
flow ratio varies in time. In this case, the maximum
deviation of the instantaneous value from the given
value of B does not exceed 0.3%, and the time-averaged
filling ratio of the mass concentrations of the mixture
components is 0.21%.
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Fig. 3. Dependences of pressure changes in methane
and argon tanks at filling vacuum chamber

The graph in Fig. 4 shows how the ratio of mass
component costs changes after correction of the initial
pressure in the methane methane batch using the de-
pendence (7). We note that in this case the initial pres-
sure value was also set taking into account the real pres-
sure adjustment possibilities (up to 0.01 bar). After such
correction, the error of the time-averaged filling ratio of
the mass concentrations of the mixture components
from the set value was 0.01%.
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Fig. 4. Dependences of the change in the mass flow
ratio of the components of the mixture when the vacuum
chamber is filled

CONCLUSIONS

1. This example confirms that the proposed method
potentially significantly exceeds the basic version of the
method of critical holes for the accuracy of dosing of
gas mixture components. Its use requires high accuracy
in the manufacture of individual parts and pressure
adjustment. However, these settings are made before the
process of generating the mixture begins. During the
filling process, there are no devices that regulate the
pressure or temperature, the presence of which is char-
acteristic of the basic version of the method. This elimi-

nates the inaccuracies associated with the measurement
of parameters and the delays in the triggering of actua-
tors.

2. The values of the flow rates p entering in the de-
pendences (4) and (5) for the areas of the critical holes
and the volume of the intermediate tanks set the rela-
tionship between the theoretical and real flow through
the gas mains and, strictly speaking, are not known at
the beginning of the design calculations . The ratio of
these coefficients can be determined, for example, in the
course of a numerical simulation of the outflow of gases
through critical holes. Another task of numerical model-
ing is the determination of the geometry of the mixer,
which ensures homogeneity of the mixture during its
mixing.

3. The accuracy of the proposed method can be im-
proved by preliminary calibration. In the course of its
implementation, the values of the flow rates in (4) and
(5) must be specified. Another way to improve accuracy
is to control the speed of opening the valves 9 and 19
(Fig. 2), at which the ratio of the areas of their cross-
sections defined by expression (4) is ensured at the time
of opening and closing.
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JAUHAMUYECKU METOJ CO3JJAHUS T'A30BbIX CMECEN
JIJISI TNTIASMEHHBIX TEXHOJIOT U

C.U. ITnanxoeckuii, O.B. Hlunyns, C.A. 3aknunckuit, O.B. Tpughonoes

PaccmoTpen Bonpoc co3gaHusi MHOTOKOMIIOHEHTHBIX I'a30BbIX CMECEH, MPeAHa3HAUCHHBIX JJI1 UCIOJIb30BaHUs B
IJIa3MEHHBIX ycTaHOBKaX. [IpennokeH TuHaMUUeCKUi METO/I MOJIyYEHUsI CMecell ra30B, OCHOBAaHHBIN Ha CBEPXKpH-
TUYECKOM MCTEUEHHUH ra30B U3 EMKOCTEH uepe3 KaauOpoBaHHble oTBepCcTHs. [loka3aHo, YTO MPpHU COOTBETCTBYIOMIEM
BbIOOpE 00bEMa EMKOCTEH U IJIONIACH KPUTHYCCKUX OTBEPCTHI MOXKET OBITh OOCCIieUeHa BBICOKAs TOYHOCTH 3a-
JAHHOTO COCTaBa cMecH. B cirygae He0OXOAMMOCTH TeHEepaIy Ta30BOW CMECH M3 KOMIOHEHT, MMCIOIINX pa3iInd-
HBIC TTOKa3aTeNd anuabdaThl, MPEII0KEeHO MPOU3BOIUTh KOPPEKIMIO HAYaJIbHOTO JABJICHUS Ta30B B EMKOCTAX. JTO
TaK)Xe€ MO3BOJUT KOMIIEHCUPOBATh MOIPELUIHOCTH, CBSA3aHHBIE C U3TOTOBJIEHUEM KOHCTPYKTUBHBIX 3JIEMEHTOB I'€HE-
patopa cmecu. [IpuBeneH npumep pacuera reHepaTopa CMECH Ha OCHOBE MPEAJIOKEHHOTO METOJa, KOTOPbIH HOA-
TBEPKAAET BO3MOXKHOCTE 00ECIIeUeHNs €e KOMIIOHEHTHOTO COCTaBa ¢ MorpemHocThio nopsiaka 0,01%.

JAHAMIYHUA METOJ CTBOPEHHS I'A30BHUX CYMIIIEN
JJIS IVTA3MOBHUX TEXHOJIOT'TH

C.L IThankoecwvkuii, O.B. Illunyns, C.0. 3aknuncokuii, O.B. Tpugonos

Po3risiHyTO NMHUTaHHS CTBOPEHHS 0araTOKOMIIOHEHTHUX Ta30BHX CyMilled, IPU3HAYEHUX JJIsi BUKOPUCTAHHS B
TUIA3MOBUX YCTaHOBKAX. 3allpONIOHOBAHO JTMHAMIUYHHUN METOJl OTPUMAaHHs CyMillIei Ta3iB, 10 0a3yeThCs Ha HAJKp H-
TUYHOMY BUTIKaHHI ra3iB 3 EMHOCTEH yepe3 KaaiOpoBani oTBopu. [lokasaHo, 1110 TP BiANOBIZHOMY BHOOpPi 00’ eMy
€MHOCTEH 1 IUTOIUH KPUTHYHHUX OTBOPIB MOXKe OYyTH 3abe3reueHa BUCOKa TOYHICTh 331aHOT0 CKJIaay cymimi. Y pasi
HEOOXIHOCTI reHeparlii ra30Boi CyMillli i3 KOMIIOHEHT, 10 MAalOTh Pi3HI MMOKa3HUKH aaiadaTH, 1 JJIs KOMIICHCAIlil
MOXHUOOK, MOB'A3aHUX 3 BUTOTOBJICHHSAM KOHCTPYKTHBHHUX €JIEMEHTIB FeHepaTopa CyMillli, 3aporIOHOBAHO ITPOBOAM-
TH KOPEKIIiI0 MOYaTKOBOTO THUCKY Ta3iB B eMHOCTsX. HaBeieHo mpuKia po3paxyHKy reHeparopa CyMilili Ha OCHOBI
3a[pPOMOHOBAHOIO METOJY, SIKUil MiATBEPKYE MONIIMBICTh 3a0e3MeueHHs 11 KOMIIOHEHTHOTO CKJIaJy 3 TOXUOKOO
omu3bko 0,01%.



