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COMPUTATIONS OF THE GAIN COEFFICIENTS OF MULTICOMPONENT
WORKING MEDIA IN COMBUSTION-PRODUCT CO, GDL

A. P. Genich, N. V., Evtyukhin, ‘ UDC 533.6.011.8 +621.375.826
S. V. Kulikov, G. B. Manelis,
and M. E, Solov'yeva

That the real laser working medium is a multicomponent medium [1] must be taken into account in pro-
ducing powerful CO, gasdynamic lasers (GDLs) operating on combustion products. Numerical computations,
in addition to the experimental investigations, play an important role in this area. Such computations permit a
better conception of the mechanism of population inversion formation in the flow and insofar as is possible the
replacement of a tedious experiment.

The optical gain coefficients of complex working media whose compositions are adeguate to the composi-
tions of propellant combustion products from the elements C, H, O and N are considered in this paper. The
analysis and classification of the results are performed on the basis of an examination of the element composi-
tion of the working medium since the atomic composition, the temperature Ty, and the pressure p; of the gas in
the reservoir uniquely determine all its thermodynamic characteristics: the equilibrium components of the
composition, the internal energy, etc. The mathematical model and the method of computation have been
described earlier in [2]. In order to assess how correct the model used is, whether the kinetic constants
needed to compare the computation results with the experimental data in a broad range of working medium
compositions, stagnation parameters, and nozzle characteristics. In this connection, an attempt is made in the
first two parts of the paper to select a set of vibrational relaxation rate constants that would permit matching
the computational and available experimental results in the best way.

1. Flow of a mixture of the gases CO,, Ny, and H,0 through a nozzle was examined. The formulation of
the problem and the computation method are presented in [2]. Since the computations were performed for Ty«
2000°K, then in all cases the chemical processes were not taken into account. In contrast to [2], an implicit
difference scheme with an almost second-order approximation (s=0.44) [3] was used, which permitted shorten-
ing the computation time,
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The following vibrationa! relaxation channels were taken into account

CO,(010) + M — CO,(00°0) + M; (1.1)

Nyl) + M — Ny(0) + M; 1.2)

CO,(0001) 4 N,(0) — CO,(00%0) 4 N,(1); (1.3)

O, (0310) 4 M,

(1.4)
CO, (1110) + M,

€O, (00°1) - M—»{

where M is any of the components CO,, N, and HyO. With the exception of stipulated special cases, it was
assumed that the vibrational degrees of freedom of H,0 are in equilibrium with the translational degrees. In
some cases an additional relaxation channel

H,0(010) + M — H,0(00°0) + M. (1.5)

was taken into account. The vibrational temperatures of all the H;O modes were hence assumed equal. The

* dependences of the rate constants ky; i) {atm~!* em™Y) and the vibrational relaxation times r f) (atm* sec) used
in the computations and the probability of a change in the vibrational energy per collision P 1) on the tempera
ture T are presented in Table 1. The reaction rate constant kH 8'1) for (1.1) with M=H,0 is one of the most
important constants, however its experimental values differ from those of other authors by almost an order of
magnitude [7]. The expression presented in Table 1 for ky 8'1) has been selected on the basis of comparing
computed values of the weak-signal optical gain coefficient o with those measured in [8], whose results are
apparently most reliable {the reproducibility of the values is + 0.04 m'i). The computations were executed for
a minimum-length profiled nozzle with the throat height h=2.3" 10~¢ m and the degree of expansion A/A*=

30 for py=1.25 atm and Ty =1540°K. The molar fraction of nitrogen was YN, =0.7. Results of these computa-
tions (curve 1) are presented in Fig. 1a together with the experimental values from [8], where the value of &
was measured at the ranges 6.3 and 14.3 cm from the nozzle throat. Taking account of the relaxation channels
(1.1)-(1.4) and the set of constants from Table 1 assure good agreement between the computed values of o and
the experimental values in a broad range of variation of the HyO concentration.

Since the selection of the relaxation model and the kinetic constants, which assure the best agreement
between the computational and experimental results, is not unique, it is interesting to clarify the response of
the computation results to the selection of the magnitude and form of the temperature dependence of the most
important relaxation channel constants, and also to analyze certain assumptions taken for the model.

The rate constant kHzg'I) was first given in a form similar to that proposed in [4] on the basis of [9, 10]:

KD = 5. 40T 58/ (4 exp (— 960/T)] atm " + sec ™.
Variation of the factor b showed that the prbposed form of the dependence does not assure simultaneous agree-
ment between the computed and measured o for the optimal (YC Oz/YHZON 10) and low (YCO2/YH20~30) water
concentrations. (In Fig. 1, the curves 2 correspond to b=1.1 and curves 3 to b=1.7, while the remaining con-
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stants are from Table 1). The investigations of kg 8 1) undertaken in [11, 12] showed that th constant has a
positive temperature dependence in the domain T>600°K. The form of the dependence ky Y (T) proposed in
this paper (see Table 1) actually takes account of this feature down to T~ 1000(°K) For T>1000°K the variation
of the temperature dependence showed that the deviation from the quantity kg 6 V'=4.78-10% atm™ * sec™ is
ingignificant although it deg-f %es the agreement with experiment. The response of the computation results to
a change in the quantity k 1 ! (T) (see Table 1) was studied by varying the numerical factor in front of the
constant. Since the deformatxon type of COy vibrations is practically in equilibrium with the molecule trans-
lational motion for high H,O concentrations, the quantity « is slightly responsive to the variation of the con-
stant for YCO /YH 0<9 (a twofold change in kH é 1) (T) results in a less than 10% change in ¢). However, the
gain coeff1c1ent depends strongly on the value§ of this constant for low H,0 concentrations. Thus for YcQ,
YCOZ/YHZO 39 ]ust a 7% diminution in kH é (T) results in halving «.

The channel deactivating the uppe{ esmg level (1.4) is an important relaxation channel affecting the
quantity «. The rate constants proposed in [1} are apparently somewhat exaggerated. Use of
these constants with values of the remamlng constants from Table 1 in computations results in v Lug s of o
WZI c)h differ from the experimental values (Fig. 1, curves 4). The results of computatmns with kCO and

taken in this paper correspond better with experiment. The constant kH is borrowed from [51,
whére is is measured in the range 300-1000°K. For T>1000°K the temperature dependence of kH O‘ was
extrapolated according to the Landau—Teller law. Computations showed a low response of the quantlty atoa
change in this constant for T>500°K.

The computational and experimental values of o were compared for nozzles with very rapidly varying
stream parameters in the throat (the characteristic flow time is ~5°107% sec). Under these conditions, the
assumption of equilibrium between the vibrational and translational degrees of freedom in H,O requires a
special confirmation. Computations taking cha(nnel (1. Q) 1}11:0 acc?u t showed that its inclusion results in small
changes in « (less than 6%). The values of Pg 8% and PY 15 (gsee Table 1) used in these cornputations
are just anrommate and apparently reduced for hlgh temperature2s, which is indicated by the results of mea-
suring T o (1 5) at T>1800°K in [13]. Increasing the constants in the high temperature domain results ina
still smaﬁer change in the quantities @. This shows that the assumption about equilibrium between the vibra-
tional and translational degrees of freedom for the H,O molecules is completely justified.

Results of computations from this paper are compared in Fig. 1b with experimental results of [8] (points}
and with computation results of [8] (dashes) and [14] (dash—dot lines). It is seen that the selection of the
kinetic constants based on the selection of reliable experimental data, the analysis of the response of the com-
putation results to a change in these constants as well as the computational model which apparently reflects
the main features of the relaxation process, permitted an adequate description. Approval of the computational
model and the selected constants by other experimental results [1, 15, 16] confirmed this. A comparison
between the experimental 1 and computational 2 gain coefficient profiles over a nozzle presented in {1}, and the
results of this paper 3 is presented in Fig. 2 (x is the distance from the throat of a plane-profiled, minimum-
length nozzle, A/A* =20; h=10"% m; Ty =1580°K; py=10.2 atm; Yco2=0.099; YN2=0.890, YHZO= 0.011).

2. A thermodynamic analysis shows that in compositions of multicomponent working media, only CO, O,
and H, are present in noticeable quantities in addition to the fundamental laser components (CO,, N,, N,0) for
T <2000°K and take an active part in the vibrational energy exchange processes. Hence, besides the vibrational
relaxation channels (1.1)-(1.4), additional vibrational relaxation channels associated with these components
were taken into account in computations of the flow of multicomponent media through the nozzle. These are
channels (1.1) and (1.4) for M=CO, O,, H, and
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Fig. 2 Fig. 3
CO(1) + M — CO) -- M; (2.1)
0,(1) + M — 0,0y + M; (2.2)
Hy(1) + M — Hy(0) — M; (2.3)
C0,(0001) + CO(0) — CO,(00°0) - CO(1); (2.4)
H,0(0110) -+ 0,(0) - H,0(0000) + O,(1); (2.5)
CO(0) - Ny(1) - CO(1) + Ny(0); (2.6)
CO(1) + 0,(0) — CO(0) - O,(1): 2.7
Ny(1) - 04(0) — Ny(0) - O5(1). (2.8)

The most reliable magnitudes of the kinetic constants for these channels were selected from an analysis
of a large quantity of literature data. The dependences of the quantities kﬁ), Tﬂ and Pi\? on T used in the
computations are presented in Table 2. The missing vibrational—translational transition probabilities were
computed by the Schwartz, Slavskii, Herzfeld theories,

The computed values « of multicomponent media were later compared with the measured values. The
experiments were performed as follows. The working media were obtained by igniting propellant combinations
of C,H,, H,0, N,0, O,, CO,, and N, under isochoric conditions. After the membrane separating the combustion
chamber from the nozzle module has been broken, the equilibrium gas mixture obtained flowed through a plane
wedge-shaped nozzle into a parallel channel with A/A*=29, The total nozzle aperture angle was ¢=30°, h=
5.5+107* m and the nozzle width was 0.4 m. The gain coefficients were measured by a standard method. The
beam of the electric discharge CO, laser passed through the working medium of the GDL at a distance 0.075 m
downsfream of the nozzle throat. The shock originating at the transition point to the widening part of the nozzle
in the parallel channel was downstream of the observation point. The dependence of a on py and Ty which varied
during the efflux according to an adiabatic law, was recorded in each test. The rms error in determining ¢
was 10%. The solid lines in Fig. 3 represent the results of measuring o for four compositions which are con-
veniently characterized by the molar fractions g; of the elements therein (in all cases ¢N=0.6). The passage
from the composition 1 (¢G=0.12, £0=0.26, t{1=0.02) to the compositions 2 (¢£¢ =0.06, £0=0.32, £g=0.02),

3 (£c=0.16, £0=0.22, £1=0.02) and 4 (¢c =0.06, £0=0.20, ¢ =0.14) for identical p; and T, is characterized

by the diminution of Yo, in the working medium and a corresponding increase in Y0, YCO» YHZO- The molar
fraction of N, hence changes insignificantly. Thus, under equilibrium conditions with T;=1400°K and py=

10 atm, the molar % are in the composition 1: N, 69.0, CO, 27.7, H,0 2.3, O, 1.1; 2) N, 64.4, CO, 13.0, H,0O

2.2, 0, 20.4; 3) N, 63.8, CO, 11.6, H,0 1.2, H, 0.9, CO 22.5; 4) N, 68.9, CO, 13.9, H,0 16.1, O, 1.1. A pressure
of pp=3 atm corresponds to Ty=1090°K for the composition 1; Ty=1200°K for the composition 2 and Ty=1130°K
for the composition 4 while py=7.5 atm corresponds to Ty=1180°K for the composition 3. The computed values
of o are shown by the dashed lines in Fig. 3. )

The agreement obtained between the computed and experimental quantities in a sufficiently broad range
of variation of pg, Ty and composition indicates that the computational model and the selected constants are
suitable for a quantitative description of CO, GDLs even with complex multicomponent working media.
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Fig. 4

3. In order to clarify the nature of the dependence of the gain coefficient of multicomponent media on
their composition, the nozzle shape, and the initial conditions, computations of & were executed for 64 compo-
sitions with a fixed T, =1600°K and a range of py from 5 to 20 atm during expansion in plane nozzles of two
kinds, wedge-shaped (see Sec. 2) and profiled minimum-length (h=2- 1074 m, A/A*=30).

The results of the computations are represented in Figs. 4 and 5 in the form of equal gain-coefficient
lines on triangular C, H, O diagrams (¢n=0.6 for all the compositions). The elected area of element composi~
tions corresponds to those which it is expedient fo use as laser-active media {(absence of soot, not too high a
H,0 concentration [25]). There is an area on the diagrams where the CO, H,, O, concentrations in the cor-
responding compositions are quite low. This area is located along a line called the triple-mixture line (the
dashed lines in Figs. 4 and 5 where ¢n=2¢c +0.5 £§). The points on this line correspond to compositions
which contain only N,, CO, and H,0O for the py and T; under consideration. The domain above this line cor-
responds to compositions containing CO and H, in addition, while the domain below thlS line corresponds to
compositions where the main impurity is O,.

Values of ¢ are presented in Figs, 4a and b (py=5 and 10 atm, respectively) for a ra'nge of 0.075 m from
the nozzle throat, while ayax (py=10 atm) are presented in Fig. 5.
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There are two composition domains (and their corresponding compositions) in the expansion of multi-
component media in a wedge-shaped nozzle (see Fig. 4), which are characterized by comparatively high values
of . These domains are on different sides of the triple-mixture line. The domains contract as p; increases,
and shift towards element compositions with smaller ¢ (low YHZO)- The maximums on both sides of the
triple-mixture line are hence denoted more sharply and a minimum value domain {trough) is formed alongside.
An analogous nature for the dependence of o on the composition and pressure was observed experimentally
earlier [26]. : ' '

The general form of the dependence of « on the composition is conserved for the expansion of muiti-
component media into a profiled nozzle (see Fig. 5), however, the influence of the pressure is weaker in this
case. ’
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So complex a form of the diagrams presented is due to the following in the authors’ opinion. The Y
in the compositions diminishes with the shift to either side of the triple-mixture line on the diagram, and Yo
or YQ, increases. The diminution in Y, reduces the gain coeificient but the growth of Yo or Y increases
o because of the simultaneous increase in the rate of cooling the gas in the nozzle (growth of the adiabatic
index) and of the relaxation time of the upper lasing level, However, this latter becomes less essential with
the increase in the fraction of the element H in the medium, and also with the increase in the rate of gas cool-
ing in the nozzle,

The authors are grateful to V. M. Vasil'yev for aid in making the computations of the equilibrium compo-
sitions.
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TAKE-OFF OF ENERGY FROM EXPLOSIVE-MAGNETIC GENERATORS
TO AN INDUCTIVE LOAD USING THE BREAKING OF A CIRCUIT

V. A. Demidov, E. I. Zharinov, UDC 538.4:621.31
S. A, Kazakov, and V. K. Chernyshev

The use of explosive-magnetic generators (EMG) for plasma experiments [1, 2] and for other physical
investigations, along with questions of increasing the electromagnetic energy [3-9], poses the problem of the
formation, in the external load, of current pulses with steep leading fronts in the microsecond range.

One method for the rapid take-off of energy to the load is the breaking of the finite circuit of the explo-
sive-magnetic generator. This is done using commutators based on the electrical explosion of thin conductors
[10-12] or on the basis of the mechanical breakdown of conductors by a charge of explosive [3, 6, 13, 14].

The efficiency of the transfer of energy to the load depends on the active resistance introduced by the
commutator into the breaking circuit, and on the ratio of the inductances of the accumulator and the load. The
parasitic inductance of the commutator has a great effect on the steepness of the rise of the current in the
load.

The aim of the present work was a determination of the form of the pulses of the current and the energy
in an inductive load as a function of the resistance of the discontinuity introduced info the circuit of an explo-
sive-magnetic generator, taking account of the parasitic inductance of the commutating device.

1. Within the framework of an electrotechnical model, the work of an explosive-magnetic generator can
be represented as the decreasing inductance L, connected to an explosive commutator with the parasitic induc-
tance Lg and the variable ohmic resistance R (Fig. 1). At the start of the compression of the magnetic flux, in
an explosive-magnetic generator with the inductance L, there flows the current I. At the moment 7=0 (when
the inductance of the generator has decreased to L4(0)), a switch connects the load L, to the circuit and the
commutator breaks the current in the circuit. Before the start of the discontinuity, the resistance of the com-
mutator is equal to zero; during the discontinuity it rises according to the law R{7) up to some final value.
Taking account of the losses of the magnetic flux arising with deformation of the main circuit of the explosive-
magnetic generator, the current at the moment of the start of the discontinuity, expressed in terms of the
coefficient of the ideality of the system F [4], rises to the value

_ Lo+ Ly \F
LO) =1, (L1?0)+L3) :

Assuming that, starting from the moment =0, there are no losses of the flux in the generator, in
accordance with the Kirchhoff law we set up the starting system of differential equations for finding the cur-

rent in the load
11L1 +j1L1 -‘f‘jaLs + IR = 0,
Ly + LL,—TLy— LR =0, I, = I, + I (1.1)

(a dot indicates the derivative with respect to the time; the parameters of the system (1.1), with the exception
of Lg, the parasitic inductance of the commutator), are functions of the time).

As initial conditions we take with 7=0
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