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Numerical study of nonequilibrium processes in two-dimensional 
turbulent reactive gas flows 

V. I. GOLOVICHEV, N. G. PREOBRAZHENSKY AND V. A. YASAKOV 
(NOVOSIBIRSK) 

The results of nonequilibrium process analyses for turbulent reactive shear flows designed for 
rapid mixing are presented in the paper. The chemical systems consisted of hydrogen and air 
as well as hydrogen and fluorine have been studied numerically in the turbulent mixing zone 
formed between two coaxial streams. The basic conservation equations for a chemically reacting 
multi-component gas flows, their thermophysical, turbulent transport and optical properties 
are discussed in details. The analysis is performed by applying a modified version of the Cranck­
Nicolson type implicit finite-difference scheme that incorporates the net with non-uniform spa­
cing grids to minimize the truncation errors, and quasi-Iinearization techniques. The principal 
intention of this study is to reveal the macroscopic behaviour of the finite-rate oxidation process 
in the hydrogen-air system, and to analyze parametrically the optimum operating conditions 
for the chemically pumped turbulent flow CW HF-laser. 

W pracy przeprowadzono analiz~ proces6w nier6wnowagi w turbulentnych przeplywach che­
micznie aktywnego scinanego gazu, celem zbadania warunk6w szybkiego burzliwego mieszania 
gaz6w. Zwi~zki chemiczne skladaj~ce si~ z wodoru i powietrza b(ldz wodoru i fluoru badano 
numerycznie w turbulentnej strefie mieszania utworzonej z dw6ch wsp6losiowych strumieni. 
Szczeg6lowo przedyskutowano podstawowe r6wnania zachowania dla przeplyw6w chemicznie 
aktywnych gaz6w wieloskladnikowych, ich r6wnania termofizyczne transportu w strefie burzli­
wej oraz wlasnosci optyczne. Do obliczen przyj~to zmodyfikowanct wersj~ schematu r6i:nicowego 
typu Crancka-Nicolsona zawieraj~cego siatk~ z nier6wnomiernym podzialem oczek celem 
zmniejszenia do minimum bl~d6w obci~ia i quasi-linearyzacji r6wnan. Gl6wnym celem pracy 
bylo wykrycie prawidlowosci w procesie utleniania ze skonczon~ pr~dkosci~ zachodzctcego 
w zwi~zku wodorowo-powietrznym i okreslenie parametr6w, przy kt6rych wyst~puj(l optymalne 
warunki dla turbulentnego przeplywu w Iaserach chemicznych CW i HL. 

B pa6oTe rrpoBe.n;eH aH:aJIH3 H:epaBHOBeCHhiX npou;eccoB B C.D;BHrOBhiX Typ6yrreHTHhiX Teqe­

H:H.R:X XHMHqeCKH aKTHBHOro ra3a C IJ;eJihiO HCCJie)l;OBaHH.R: YCJIOBHH 6biCTporo CMeiiiHBaHIUJ: 

ra30B. XlfMHqeCI<He COe.D;HHeHH.R:, COCTOHIIV{e H3 BO.D;Opo.n;a H B03.D;yxa HJIH BO.D;Opo.n;a H <f>Topa, 

HCCJie)l;OBaH:hl qHCJieH:HO B Typ6yJieH;TH:OH 30H:e CMeiiiHBaHHH, o6pa30BaHHOH .D;BYMH COOCHhiMH 

IIOTOI<aMH. IJo.n;po6H:O o6cym.n;eH:hl OCHOBH:hle ypaBHeHH.fl COXpaH:eHH.fl .D;JI.R: TeqeRHH XHMl{qeC­

I<H aKTHBH:hiX MHOrOI<OMIIOHeRTHhiX ra30B, HX TepMOcPH3Hqeci<He CBOHCTBa, nepeROC B 30He 

CMeiiieHii.fl H OIITHqeCI<He CBOHCTBa • .I(JI.R: pacqeTOB npHRHT MO.D;HcPHU:HpOBaHHhiH BapHaHT 

pa3H:OCTHOH cxeMhi THIIa KpaHI<a-HHI<OJihCOHa, co.n;epmaBunrli ceTI<Y c HepaBHOMepRhiM pac­

npe.n;eneH:HeM .f!qeei< c IJ;eJihiO yMeH:biiieHHH I< MHRHMYMY omH6oi< yceqeHHH H I<Ba3HJIHReapH3a­

u;HIO ypaBeHHH. rnaBHOH IJ;eJihiO pa60Thl .fiBJI.fiJIOCh BCI<phlTHe 3ai<OH:OMepROCTeH B npou;ecce 

OI<HCJieRH.fl C I<OH:eqHOH CI<OpOCThiO, npOHCXO)l;.R:I.IJ;ero B BO.D;Op0-B03.D;YIIIH:OH CMeCH H orrpe.n;e­

JieHHe napaMeTpos, npH I<OTophiX B03RHI<aiOT OIITHMaJihHhie ycrroBH.R: .n;n.R: pa6oThi Typ6y­

JieHTH:oro HF-xHMHqeci<oro Jia3epa HenpephiBHoro .n;eH:CTBHH. 

1. Introduction 

A QUANTITATIVE analysis of nonequilibrium processes in turbulent chemically active 
gas flows appears to be of a great importance in relaxation gasdynamics. Basing on such 
an analysis it seems to be possible to elucidate a role of finite rate processes associated 
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with some specific nonequilibrium phenomena. Certain finite rate processes are likely to 
be very important themselves as well as due to their coupling and interplays. For example, 
the jet propulsion developments and high-speed convective flows CW laser problems are 
associated with extensive studies of flow systems with initially separated reactants, e.g., 
of Diffusion Chemical Reactors (DCR). For these systems of interest an analysis is required 
of various nonequilibrium phenomena contributions in: I) fuel and oxidizer mixing; 2) gen­
eration of turbulence due to evolutions of the averaged flowfield parameters during the 
supersonic nozzle expansion, 3) chemical transformations and 4) molecular energy transfer 
between different modes of the reaction produced excited molecules. 

For the combustion process descriptions, theoretical models are necessary to be devel­
oped which could account the temperature and mixing dynamics in the finite rate reacting 
flows to describe the ignition or quenching phenomena. For the_ CW diffusion chemical 
laser operation, the mixing rate should be sufficiently faster than the both collisional deac­
tivation and convective flow rates to provide an effective transformation of chemical energy 
into the stimulated light emission, while the characteristic time of the cavity flow exchange 
of a lasing gas should be of the same order of value as lifetimes of inverted levels of 
active molecules or "donors" in the prem}xed systems. 

The primary problem in theoretical modeling of such systems is the formulation of 
additional constitutive equations for basic variables participating in the relaxation pro=­
cess as well as obtaining the proper "dissipative" coefficients to be included in the funda­
mental system of conservation equations. The corresponding relations are written in a form 
of parabolic partial derivatives under conditions that the standard mathematical treat­
ment is to be valid. An accurate solution of such a problem has only a principal discrep­
ancy associated with the non-adequate representation of a real physical process by their 
formal treatment. Such an "exact" solution seems to be a more instructive one rather than 
the approximated approach thus giving a possibility of judging the theoretical model va­
lidity and obtaining quantitative details of relaxation processes. 

The development of the solution procedure for governing mathematical system con­
stitutes an important part of this investigation, and it will be discussed separately. 

The chemical systems chosen in this study are hydrogen and air or hydrogen and fluo­
rine. The structure of a turbulent mixing zone between two coaxial streams of initially 
separated reactants is analyzed numerically and the results illustrate some typical examples 
of macroscopic behavior of a hydrogen jet inflammation in air as well as the parametri­
cal analyses of the optimum operating conditions for a supersonic turbulent mixed flow 
HF-chemical laser. 

2. Formulation 

2.1. 

A two-dimensional cylinder coordinate system (x, y, or r) is analyzed. The single 
nozzle/injector flow configuration designed for fast mixing is shown in Fig. 1. Such a flow 
geometry provides inherently faster mixing characteristics as compared to the proper 
slot system. Two parallel non-uniform and confined gas streams, containing oxidant or 
fuel plus diluent or reaction intermediates are subjected to a supersonic motion under 



NUMERICAL STUDY OF NONEQUILIBRIUM PROCESSES IN GAS FLOWS 735 
-------------------------------------

Exfemal jet 
or 

OXIDIZER 
Ue 

CenTral jet 
oF 

FUEL 

i1 

------]· r --.... · Lmes 

;k~ )(;c1: __ w·c~t 
~ 4 5 6 

FIG. 1. Flow model and coordinate system. 
1) sample of streamline, 2) boundaries of a mixing zone, 3) £-boundary, 4) /-boundary, 5, 6) profiles of flow paramters. 

condition of the well developed turbulent flow regime. One of the gas streams is usually 
activated by means of a temperature rise together with an increase in active intermediate 
concentrations. 

Basic equations of the phenomenological turbulent boundary layer theory of the chem­
ically reacting, heat-conducting N-species gas mixture are employed to describe simul­
taneously the convective and turbulent transfer of mass, momentum and energy. It is 
assumed that the gas flow is shock-free, and the mixture is the perfect and ideal gas me­
dium. 

The turbulence concept in phenomenological fluid dynamics theories is adequate for 
a correlation presence between flow parameters on divers hydrodynamic scales. While 
postulating these correlations in a specific form that reduces to the turbulent. viscosity 
model, the spatial fluxes of mass, momentum and energy associated with the turbulent 
exchange can be determined as being dependent on time averaged values of unknown 
variables in governing equations as follows: 

-<(ev)'Y;) = ft,Sc'f}(8(Y;)/8y), 

-<(ev)'u') = ft,(o(u)foy), 
N 

-<(evY}; (Y/)h;) = t-trP't 1(8(h)f8y). 
i=l 

The sign < ) denotes a time-averaged quantity; u, v are the mean velocity components 
in the x and y directions; h, h; are static enthalpies per unit mass for the whole mix­
ture and the i-species, respectively; 1-lr is the effective turbulent viscosity coefficient. 

After assuming the Prp Se,,; number values to be constant (Pr, = 0.85, Sct,i = Prr- 1
), 

the specification of the turbulent transport properties is reduced to the effective turbulent 
viscosity coefficient description that is a function of the averaged flowfield parameters. 
Hence the analyzed system is formally similar to the conservation laws as presented in 
[1], with the effective turbulent transport coefficients replacing their molecular equivalents. 
If the classical Prandtl turbulent viscosity model expressed in terms of a "mixing length" 
is employed, 

(2.1) /-lt = Xtf>lr(o(u)foy) 

it includes an assumption of some level of turbulence to be established instantly in accord­
ance with the development of an averaged profile of the flowfield parameters. Thus, the 
history of the flow development is ignored while it is necessary to consider the initial tur­
bulence level as well as the turbulence produced in the course of jet interactions. It should 
also be kept in mind that the use of the above written expression with regard to jets hav-



736 V. I. GOLOVICHEV, N. G. PREOBRAZHENSKY AND V. A. YASAKOV 

ing equal velocities leads to unreal, i.e., very low mixing rates. Consequently, the model 
of the effective turbulent viscosity has been as proposed in [2] basing on the treatment of 
experimental data obtained for nonreacting coaxial jets of dissimilar gases 

(2.2) 

Here Xt, x2 are the "universal" constants for a given flow geometry, A = uefui is the ra­
tio of the mixing streams velocities. 

Together with the model (2.2) a simple "two-equation" model, k "' s, with some mod­
ifications for axisymmetrical flows was employed. In this model, the effective turbulent 
viscosity is related to k-turbulent kinetic energy, and c is its dissipation rate via dimen­
sional expression 
(2.3) flr = cp,ek2 1 s, 

where e is the density of fluid. 
This model is proved to present the best predictions for the jet flow geometry. In order 

to complete the fundamental turbulent boundary layer system, two additional equations 
were added similarly to [3]. These equations allow for the quantities k and s to be changed 
through convective and diffusive transport and energy exchange between the mean and 
fluctuating flows. Other models are classified by means of a number of supplmentary 
equations used to complete the problem. One can find in [4] the extensive review on such 
a topic to be useful. Formally, the effect of nonequilibrium chemical reactions that creates 
the vibrationally excited product molecules is generally accounted for by introducing the 
source terms, or the relaxation function, in the macroscopic mass balance equations. 
Each of the long-lived vibrational levels of the active molecule should be treated in this 
case as a separate component of a gas mixture. The source term is formed according to 
the stoichiometric relation 

N Kj N 

}; viiXi;}; v;}xio .i = 1, ... , S, 
i=l Kt i=1 

which is based on the mass equilibrium law as it is employed in chemical kinetics: 
s 

(w) = }; <wj;); <wj;) = W;lv;j -v;j) (Rj), 
j=l 

N N 

(2.4) (Rj) = K}((T)) n (c/;i-Kt((T)) n (c)v~}. 
i=l i=l 

(c;) = <eY)/W;. 

Here Wi is the molecular weight of the i-th species; v;i, v;; are the stoichiometric coeffi­
cients of the i-th species in the j-th reaction for reactants and products, respectively; and 
Yi is the mass concentration of the i-th species. It is assumed that the source term written 
in the specific form (2.4) is not changed in the turbulent flow. 

2.2. 

The solution of the conservation equations in a reacting boundary layer can be suffi­
ciently simplified if the dependent and independent variables transformations are used. 
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This mathematical problem is well-known, and possible difficulties are associated with 
the fact that the character of a boundary-value problem is not regular. The conservation 
equations contain the independent variable, x, by means of which the problem becomes 
lhe Cauchy one, but the derivative, o(ev)fox, is not present in the basic equations. 
In order to exclude the gv-function, the von Mises transformation is used; it defines the 

y 

relation of the stream function 1p = J (eu)rrxdy, to momentum components in a form: 
0 

- (ev+(e'v'))rrx = ~~ , rx = 0, 1. 

Hence, the total mass conservation equation is satisfied identically, and the "normal" 
boundary-value problem formulation is valid. An introduction of the nondimensional 
stream function, w, as the cross-stream variable similarly to [5], but with y ::P 1 

y 

w = [ J eurrxdyj(1pe-1jJJ) 11 )1] 
0 

transforms, in general, the boundary layer region to the rectangular one of the unit height. 
The algorithm of the numerical integration in this case is proved to be the most simple 
and efficient procedure. The subscripts I and E, denote the inner and outer boundaries 
of the calculated region where the unknown dependent variables are changed to a suffi­
cient degree. In the von Mises coordinate system (x, w ), the basic conservation equations 
are represented in a generalized form 

(2.5) ocf>jox+ (a+bwY)otf> jow = o(cocf>jow)jow+!Jt;· 

The coefficients a, b, c have the following meanings: 

Here (Jt.t; is the transport coefficient that characterizes the turbulent exchange (Pr, or Scr,i). 
The quantities rf ml and r~mE denote the gradients of mass fluxes through I and E bound­
aries, respectively, of the calculating region with obvious definitions: 

(2.6) 

The finite-difference version of (2.6) is seen to be finite when determined from the 
expression of effective turbulent viscosity in the form (2.2) and (2.3), and it is used to 
calculate a rate of the mixing layer development. The quantity Qt; stands for the "source 
term" associated with the corresponding equation. Table 1 clarifies the particular meaning 
of 4> with respect to different variables in basic equations. 

Special attention should be paid to the effective approximation of the nonlinear terms 
(2.4) in Qt; that take into account the mass production in the course of a chemical reac­
tion. It is well-known, [6-7] that the fast chemical reactions make it necessary to introduce 
small dimensionless parameters, ratios of the specific chemical reaction times in the 
high temperature region to the characteristic hydrodynamic time scale. A similar situation 
is always encountered in the problems of nonequilibrium gasdynamics when the short-
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Table 1. The system of governing Eq. (2.5) 

CONSERVATION VARIABLE I TRANSPORT SOURCE TERM 
PROPERTY 

LAW Ill rfll D~ 
MOMENTUM VELOCITY TURBV LENT PRESSURE GRADIENT 

IN VISCOSITY dr /1 X -DIRECTION lA Y.t - cl x ~u 

CHEMICAL MA SS TURBULENT CHEMICAL REACTION RATE 
SPECIES CONCENTRATION DIFFUSIVITY Ur-i./~u l Y· Jlt/Sct,L L 

AVERAGE S TAGNAT!ON TURBULENT _a_ { c [ (1- j'r )__Q__ ( _i) + ENTHALPY TURBULENT N DTFFUSI VITY ow t ow 2 
FLOW H = 2: n. c n y. -t- Yt/~ ... t o o -1 ( o )oKJ} 

ENERGY ~:1 l l. + c ~ rt:J r t,K l-:lrt,K ow 
+(u2/2)+K 

TURBULENCE TURBVL.ENT 
(jl ou 2 s> k

2 

KINETIC K = (u'u' >Yz DIFFUSIVITY Jr c(-) -er--
ENERGY Yt/g:'rt,K 

t,K OW JAtU 

TURBULENCE 
()lA ' Clu' TURBULENT 

(j) ou E 2 KINETIC :::NERGY f.=\)<- ·-) DIFFUSIVITY 
DISSIPATION u jcr j rt,t. C C1CpK ( ~)- C2KU 

RATE oli o~ .; t rt,e:. 
'---· 

NOTE: C = r 2D(?U ftG~.~~'l( W 1(-l ( \l'E- \jf1 )
2 

; 

COEFFIUENCES IN MODELS OF TURBULENCE ARE: 
1. MODEL, [2] -· X1 = 2.75 •10-S , X2 = 0.075 i 
2.MO!IEL, [3] - C.l"= 0.09-0.04j , C1 =1.44, C2 = 1.92-0.0667f, 

(j> o _ :f _ 11 rE-r1 (llUc 1~1\l 
Jrt ,K= 1.0, Jrt,c-1.3, - 2 ~-ur ~- o:x: IJ( . 

living active particles (e.g., atoms, radicals) participate in the reaction as being intro­
duced in a kinetic scheme to explain the reaction mechanism. In a steady-state numerical 
problem, the different rates of the chemical mass production are manifested in the differ­
ences in scales of the subsequent derivatives, a!J.focf>. This difference of scale presents 
of some difficulty for the computation procedure since it is considered to be necessary 
to approximate either weakly or strongly damping terms in order to get a satisfactory 
approximation of solution when employing the explicit methods. Practically, this means 
that the step size of the difference grid is determined by the fastest stage of the chemical 
process, while the integration interval is determined by the slowest one, it results in an 
excessive computing time. At present, there is no generally accepted method for solving 
the combined systems of gasdynamic and kinetic equations. This fact seems to be in line 
with narrow trends in such topics as well as the result of the algorithms complexity. A wide 
class of algorithms is based on the use of implicit difference schemes together with the 
quasi-linearization (linearization) techniques that provide useful computation procedures 
and fast (quadratic) convergences [8]. 

A similar approximation of the initial problem leads to a sequence of linear equations 
re-arranged in the form 

(2.7) 

and solved by a simple recurrence formula. Here /,m are the mesh indexes of the finite­
difference grid, (xr, wm).::~. 
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The finite-difference form of the source term Q• in Eq. (2.5) is presented as follows: 

(2.8) Q~m = .Q~-l,m+.Q~-1,m. cf>'·m, 

where the "generation" terms 4> do not contain 4> are grouped in .Q~-1.m. It is obvious that 
Q• ~ 0 and .Q• ~ 0. From the linear recurrent-formulae for mass balance equations, 
the condition of a non-negative solution is easily obtained by means of the linear inter­
polation, the latter determines the form of the source term approximation, namely as 
Q• ~ 0. The algorithm as described above has the following useful computation prop­
erties: 

The algorithm gives the stable approximate solutions not oscillating for the rapidly 
changed variables independent of the step size integration employed. 

The algorithm preserves a "band" matrix structure for approximation systems of the 
linear algebraic equations which is determined by the relation for the finite-difference 
approximation of derivatives in the initial differential equations. 

The algorithm allows for integrating with the automatic step size control, the trans­
versal size of the finite-difference grid (when preserving the mesh quantity), and the lon­
gitudinal step size of integration. being changed with regard to the rate of growth of a 
mixing layer in such a way that it leads to a smooth distribution of the calculated par­
ameter. 

2.3. 

The chemical equilibrium conditions were assumed in plenum chamber calculations 
of the mixture composition and thermal conditions in the activated reactant stream. 
Combustion preheat~ng of the centrally positioned hydrogen jet is employed to insure 
the autoignition of the mixture in the mixing layer which is formed between two coaxial 
jets. As a result of preheating, the active intermediates and water vapour are present in 
the central jet. The effect of these admixtures on the ignition process development is 
proved to be rather essential [9]. In a supersonic diffusion laser (SOL) which exploits 
the nonbranched chain reaction between atomic fluorine and molecular hydrogen in the 
mixing and reacting layer, an activated mixture, F 2 /H2 /He(N2) provides the thermal 
conditions for the laser operation in a "cold" pumping regime. An expansion of the pre­
burned products through a supersonic 15-degree half-angle cone nozzle is used to "freeze" 
the reaction so as to obtain high levels of atomic fluorine concentrations to be available 
in the downstream reacting cavity flow. These calculated expansion parameters are taken 
to be initial ones in the mixing zone for calculating the reacting boundary layer equations. 

3. Results and discussion 

3.1. Ignition of a hydrogen jet in air 

The conservation equation, (2.5), is integrated numerically by means of the method 
described above for one geometrical flow configuration when varying the parameters of 
the mixing reagents streams: their compositions (activation degrees), velocities, temper-
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atures and pressures. As a studied gas medium a mixture of an inert non-dissociated ni­
trogen and oxygen which dissociates and reacts with hydrogen according to the scheme 
given in Table 2 is used. The mixture consists of eight reacting components, H, 0, H20, 
OH, 0 2 , H2 , H02 , H20 2 , which take part in 20 elementary stages. The first nine stages 
were suggested in the Duff's model [1 0] and were widely used in similar calculations. Two 
sets (I, 11) of the reaction rates coefficients were considered as presented in Table 2. The 
coefficients used in set I are mainly the same as in [11]. The coefficients of set 11 and the 
next stages were taken according to recommendation of [12]. Figure 2 illustrates the effect 
of the usage of the modernized kinetic data for bimolecular change reactions to be man­
ifested in the ignition lag decrease of the homogeneous mixture in the low temperature 
region, while an opposite influence is observed at high temperatures. Figure 3a illustrates 
the results of the H02 and H20 2 influence, these species being included in the scheme 
chain to explain the reaction mechanism of hydrogen oxidation at high pressures and low 
temperatures, thus exerting the ignition character of hydrogen jet preheated by combus· 
tion in air (Case 1, Table 3). This figure shows axial distributions of the complete mixture 
composition and gas temperatures with and without inclusion of H02 and H2 0 2 into 
the reaction model. 

Figure 3b presents the radial profiles of the same parameters across the flowfield in 
one axial position. When comparing the concentration levels of H02 and H2 0 2 for the 
two cases one can conclude that the availability of these components in the reacting mix­
ture is seen to be essential in the relatively narrow side jet region at a temperature less 
than 1000 °K. The peak values of axial concentrations of H02 and H20 2 in this region 
can exceed all the other active 'radicals' concentrations. The reactions of thermal decom­
position of these species (reverse stages of reactions 10 and 20) play an essential part at 
high temperatures. The radial temperature profiles have typical maxima in the diffusion 
combustion. A noticeable temperature decrease appears due to quenching by a cold oxi­
dation atmosphere at a starting part of the mixing zone. This zone can be observed in 
the direct flame photographs of the diffusion flame as shown in Fig. 4. At constant A the 

Table 1. Chemical model for the hydrogen -air system. 

REACTION REACTION RATE COEFFICIENTS*) 

.No. 
REACTION 

FORWARD BACKWARD 

1 H + 0 2 ::;::: OH + 0 3.0 x 1014 e- s . 81/'T - 2.48 • 10 1~e-0· 6£>/T 
(2 .24 X 1014 e- 8.84"</T) (1.3" 10 13 ) 

2 0 + H2 = OH+ H 3.0 x 1014e-4 .o3/i' 1. 3 x 1014e-2,49/1' 
(1 .74 • to 13 e - 4·76/'f) (7.33 M10

13 e-3 ·6'V"") 
3 H2 +OH = H + H2 0 3.o M 1o1"e- 3· 02/ 'i' ~, 33 " 10 1s e-10.95/"f 

(2 . 19 •10'3e-2·59/T) (8.41 " to13e-•o.s7/T) 
4 2. OH ::;::: 0 + H20 3 .0 " 10 14 e-3·02/i' 3 _12 M 10 1s e -12.51/T 

(s . 75 • 1012 e- o.394/T) (s . 75 "'o '3 e- 9.47/'i') 
5 H2 +M = 2.H +M t.35 M 10 17 e- 5'1/Y'T 1. 0 • 10 16 

(2 .4 M 10 19e- s1.s11,/,'~2 (7. 5 • 10 15/'t' ) 
6 H20+ M - OH + H1-M 9.66.10 1Be-s2.2/'i'/"f 1.0.1017 

(3.4" 105) (9. 26 )( 10 'Yl' ) 
7 OH +M = 0 + H' + M 8 _0 • 10 ''e-52.2/'i"/T \.0 . 10 16 

(2•02 " 10 tse-52.o/y;2 (2 .0 )( 1015/9') 
8 02 +M = 2 0 + M 5. 8 •10' 6 e-6 o.6/Yi" s.o "10 1'~ 

(5. 8 ~ 1o••e- 60·6/i"/T) (6.0. 1014 ) 
9 H2 , + O:z ::;::: 2 OH 2 .72 •1o'3 e -29.2/qo 8.34 • 1010 e-'0·32/-r 

(l.o " 10,6e-3s.:z/"'') (3.42 •10 14e-z6.6V'f) 

*)SET ] RATE COEFFICIENTS ARE IN PARENTHESES . 
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Table 2. (cont.) Possible reactions involving H02 and H202 

REACTION REACTION 
REACTION RATE COEFFICIENTS*> 

No. FORWARD BACKWARD 

10 H0 2 + M :::;:::: H + 0 1 +M 2 .4'• 1o 15e-2'!>.V T' 1.59 •1o'seo.2o'3/i' 

11 H02 + H2 ~ H2 0 2 + H 9.6. 1o 12e-12.1/T 2.34. 1013e-4.G3/l' 

12 H02 -+ H'2 ~ OH + H20 1.o. 10 11 e- 12.0/T 1.65 •109 e-27.o/T 

13 H0 2 + H :;=o OH +OH 2.5 • 10 14e-O.S5/1' 1.2 •1o 1'3e-20.2/T' 

14 H02 +0 :::;:::: OH +02 1.0 •!OB 7. 5 .... 10 12 e- ze.o/ ¥ 

15 H0 2 -t- OH:::;:::: H20 2+0 2.0•1o 1ze-10.6/T 2.B •10 1'3e-~ . 2/'i' 

16 H02 +OH~ H20 +02 3.0. 10 14 2.3 •1012e-'36.G/ 'f 

17 H02 +H 20:::;::: OH-t H2 0 2 
z.a •to 1'3e-1G.4S/'i' 1.0 • 10 ne-0.90G / T' 

18 H20 +OH = H20 2 -t- H s.s. 10 12e-o.S/'r 2.2 •10'2e-2,.o7/ 'i" 

19 H02 +H02 :::;:::: H2 0 2+ 02 5.6. to 13 e- 39.0 / 1' 3.1B x I014e-4.s3 / 1' 
20 H20 2+M = OH+OH-t-M L17•1011e-22.'3 /i' B.4 • 10 14e+2.G7/1" 

* ) THE UNITS OF THE RATE COEFFICIENTS ARE: cm3 mote- 1 sec- 1 - FOR 
BIMOLECULAR REACTIONS, cm 6 mofe-2 sec-2 - TRIMOLECVLAR REAC­
TIONS; T IS ABSOLUTE TEMPERATURE IN K DEVIDED BY 1000; 
M 15 A CATALYST. 

FIG. 2. Correlation of computed ignition delay 
times for stoichiometric hydrogen-air mixture. 
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length of the flame separation is increased up to some limit with an increase of the stream 
velocities (see Fig. 4) after which the hydrogen-air autoignition regime cannot be realized 
in numerical experiments. 

From the formal kinetic point of view, the role of chain-breaking reactions is increased 
with the mixture pressure that leads to the decomposition of active centers, H, 0, OH 
(reverse stages of reactions, 5-8, 20). Moreover, the role of the reverse stage of the reaction 
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FIG. 3a. Chemical composition and temperature histories along centerline for 
hydrogen-air mixing with finite rate reactions (Case 1 of Table 3). Dotted lines 
are for the reacting chain analysis including H02 and H202 species with 20 pos-

sible reactions from Table 2. Solid lines refer to the analysis of 9 reactions. 
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FIG. 3b. Radial chemical composition and temperature profiles at longitudinal 
distance xj2r'J = 8 position for hydrogen-air mixing with finite rate reactions. 
Initial stream parameters and nomenclature are the same as those for Fig. 3a. 
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10, due to formation of the less active radical, H02 , becomes more essential and it in­
creases also the possibility of developing of chains through this radical. Figures 5-6 
illustrate the hydrogen hot jet ignition at the elevated pressures (p = 3 atm, Case 2). It 
is expected that the concentration levels of H02 and H 2 0 2 turn out to be essentially high­
er and noticeably exceeding the quantity of active radicals, H, 0 and OH during the 
induction stage in the side flow region. The ignition is realized in numerical experiments 

Table 3. Initial parameters for mixing streams. 

CASE CASE CASE CASE CASE CASE CASE CASE CASE 
1 2 3 4 5 6 7 8 9 

CE~TRAL JET (j) 
MIXTURE COMPOSITION 
MASS FRACT10N 
FOR H2 /02 /N 2 FOR HdF/1'2(He) 

H 1.5 ·10-s 1.5•10-B 6 .72•10- 6 -0 1.0·10- 8 1.0•10-B 5.0•10- 6 -
H20 0.5508 0.5508 0.5507 -
OH 5.0><10- 9 5.0•10- 9 7. 72•10- 7 -
Hz 0.4492 0.44 92 0.4492 1.0 

N2 0.5 0 .0 0.0 I 0 . 0 o.o 
He 0.0 o.o o.o o.o 0.0 
H2 0.5 1.0 1.0 1.0 1.0 

STATIC TEMPERATURE, "K 1275 1275 115 8 1158 300 1000 ~00 300 -~oo 
VELOCITY, m;sec 9-45 3000 945 945 4004 4004 i -4004 4004 4004 
STATIC PRESSURE, ATM 1.0 3.0 1.0 1.0 

EXTERNAL STREAM (e) 
MIXTURE COMPOSITION 
M ASS FRACTION 

02 0.232 0.232 0.232 0 .2 32 
Nz 0.768 0.768 0 .768 0.768 

N2 0.5 0.5 0.5 0.0 0.0 
He o.o 0.0 o.o 0 . 5 0.5 
F 

I 
0.5 0.5 0.5 0 .5 0.35 

HF(O) 0 .0 0.0 0 .0 0 .0 0.15 
STATIC TEMPERATURE '°K 348 348 348 34s I 600 1000 600 540 482 
VELOCIT Y , m; sec 160.6 510 160.6 160.6 I 2288 2288 1500 2268 2288 
STATIC PRESSURE, ATM 1.0 3.0 1.0 1.0 

FOR COMBUSTION PROBLEM r j = 0.635 CM, 
FOR HF-CHEMICAL LASER rJ = 0.05 CM. 

I 150 10 

5 

0 . 
1()()0 2000 
VelociTy, Uj mjsec 

0.5 .._ __ _J.._ ___ .....J.._ ___ ...__ __ __... ___ .....J-__ __, 

0 10 20 30 

Longitudinal distance, x/2Q· 

FIG. 4. Centerline temperature profiles and the length 'of flame separation- jet velocity history for hy­
drogen-air mixing. The line numeration refers to situations as follows: 1) u1 = 945 m/sec, 2) u1 = 
= 1500 m/sec, 3) u1 = 2000 m/sec, 4) u1 = 2500 m/sec. The rest parameter sare the same as for Case 1. 
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FIG. 5. Radial chemical composition profiles 
at longitudinal distance x/2r1 = 4 position under 
the condition of different static pressures for 
hydrogen-air mixing. Solid lines are for Case 1, 

dotted lines - Case 2. 
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FIG. 6. Radial temperature profiles at different dimensionless longitudinal distar.ce x/2r1 positions: 
1) 4.0; 2) 10.0; 3) 20 for hydrogen-air mixing. Initial stream parameters and nomenclature are the same 

as those for Fig. 5. 
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somewhat nearer to the nozzle exit though in the whole flow region the combustion zone 
dimension can exceed the latter at ambient pressure. The hydrogen jet ignition process 
in air turns out to be rather sensitive to pressure levels in the mixing flows. For instance, 
the ignition of mixture under the same thermal conditions is not realized at p = 0.5 atm 
due to heat losses in the course of the mixing process during the induction stage. Fur­
thermore, the "kinetic prehistory" of the mixing flows exerts a noticeable influence on igni­
tion process behavior. Case 3 has been analyzed to clarify specifically a role of the inter­
mediates in the ignition process. A critical regime was chosen to illustrate the competi­
tion between the heat losses that occur in the mixing process, and heat release due to 
chemical reactions. The initial parameters for mixing streams, the static temperature and 
the mixture composition were obtained from calculations of the equilibrium composi­
tion at a given fuel-air ratio and are presented in Table 3, Case 4. The ignition process 
of hydrogen jet in air activated by heating without molecular component concentration 
changes was analyzed numerically to draw a comparison. It is seen from Fig. 7 that the 
ignition occurs in the first case and is quenched in the second one. A good agreement 
between the theoretically and the experimentally observed positions of the visible flame 
boundary [9] confirms the validity of relaxation processes taken for modelling of the stud­
ied combustion system. 
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8 
~ 
~ 1.5 
t-. 
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~ 
2_10 
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FIG. 7. Radial temperature profiles at different dimensionless longitudinal distance position for hydrogen­
air mixing. Solid lines are for flow parameters of Case 3. The line numeration reffers to positions as follows : 
1) 3.03; 2) 7.0; 3) 13.59; 4) 35.14. Dotted lines are for flow parameters of Case 4. The line numeration 

refers to positions x /2r1 as follows: 1) 3.03; 2) 7.0; 3) 12.15; 4) 30.19. 

3.2. Turbulent HF-chemicallaser analysis 

The primary problem in CW chemical laser system developments is to determine the 
optimal conditions for chemical energy transformation into energy of molecular excita­
tion of active molecules on the base of accurate accounting of the reciprocal interaction 
between the flow transport, chemical reactions and the radiation fields, [13]. 
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Below are presented the numerical results illustrating the efficiency of chemical energy 
transformation in a HF-laser in a case of continuous mixing of gaseous reactants in a tur­
bulent nozzles/injectors system that provides high mixing rates at cavity pressure levels 
of 30-50 torrs. (The other aspects of the turbulence effect are not considered here). The 
experiments of [14] confirm that a well developed turbulent regime exists in the nonequilib­
rium gas flow under these pressures. Gas flows of similar configurations are employed 
in the mixing C02 -N2 GDL's in which the "pumping" gas, the hot nitrogen transfers 
its energy to the cold molecular system, a mixture of C02 /He injected in the mixing 
region, [15]. 

Table 4. Reaction rate coefficients for HF-Iaser. 

REACTiON 
REACTION RAlE COEFFICIENTS*> 

K = aT exp(- C/'T) 
No. REACTION FORWARD ( fi s SACKWt.RD( ) a c, °K 

1 H~ + F = HF (0) + H f 9.0• 1012 0 0.808 
2 H2+F=HF(1)+H f 1.8 •1012 0 0.808 
3 H~+F=HF(2)+H f 9.0•1013 0 0.808 
4 H2 + F = HF (3) + H t 4.5•101 0 0.808 
5 HF (2) + HF (0) = Hl=(l) +HF(I) 8 3.0•107 1.5 0 
6 HF(2l+ Hl=(l). = HF(O) ~ HF(3) f 2.8•108 1.5 0 
7 HF(2)+ HF(2) = HF(1) + HF(3) f 8.38•107 1.5 0 
8 HF(3)+M 1 = HF (2) + M 1 f 1.18•Hl"1 3.6 0 
9 HF (3) -t M 2 = HF (2) "t" M2 f 1.5 · 108 1.3 0 

10 HF (2) t- M 1 = HF (1) + M 1 f 7.78 .. 10-2 3.6 0 
11 HF(2)+ M 2 = HF(1)+M2 f 1.0•108 1.3 0 
12 HF (1) + M 1 = HF (0) + M 1 f 3.89•102 3.6 0 
13 HF(1)+M 2 = HF (0) + M 2 f 5.0•105 1.3 0 
H HF (0) + M3 ::::= H + F + M3 & 6.4•10-5 -1.&2 0.503 
15 HF(1)+M3 = H + F + M3 11 6.4•10-s -1.62 0.503 
16 HF (2) + M 3 = H + F + M; 11 6.4•10-5 -1.62 0.503 
17 HF(3)-~:M 3 = H + F + M3 & 6.4•10- 5 -1.62 0.503 
18 H + H + M 3 = H2 + M 3 f 7.5·10 18 -1.0 0 
19 F2 + M3 = F + F + M 3 f 5.0•10 13 0 17. 65 
20 H + F2 = HF (0) + F f 6.0•1012 0 1.2 
21 H + F2 ::::= HF (1) + F f 6.0•1012 0 1.2 
22 H + F2 = HF (2} + F l 9.0•1012 0 1.2 
23 H + Fz - HF (3 ) + F f 1.3 • 1013 0 1.2 

")THE UNITS OF THE RATE COEFFICIENTS ARE: cm3moee - 1sec-t- FOR BIMOLECULAR 
REACTIONS, cm£.moee-2sec-2- FOR TRIMOLECULAR REACTIONS; T IS ABSOLUTE 
TEMPERATURE IN K DEVIDED BY 1000; M1 - INERT DILUENT, M2 - L HF(v) 1 M3 - THE StJM OF ALL SPECIES . . v 

Optical properties of the active medium containing the vibrationally excited HF(v) 
molecules are characterized by the stimulated emission intensity, and a small signal gain 
coefficients for the inverted P-branch transition of the electric dipole emission. The total 
and spectral line energies are also estimated provided the radiative and collisional pro­
cesses are not coupled through the active medium parameters. 

Figure 8 shows the schematic diagram of a hydrogen fluoride supersonic diffusion 
laser (SDL). Molecular hydrogen and fluorine are combusted in a plenum section to pro­
duce atomic fluorine. The expansion of reaction products through a supersonic nozzle 
array "freezes" the atomic fluorine which is then mixed and reacts in the downstream 
area thus producing the vibrationally excited molecules 'of HF(v). The chemical reactions 
in the mixing zone lead to the population inversion of various vibration-translationally 
excited states of active molecules, HF(v), which are then deactivated by collisions and 
radiation. The kinetic model is believed to describe the performance of HF-chemicallas­
er as listed in Table 4. Exothermic (LJH~ = -31.6 kcal/mole) reactions of cold "pump-
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ing" between H 2 and F (reactions 0-3) lead to the population inversion of the first three 
vibrational levels of the excited HP-molecules ~v = 0, 1, 2, 3). Highly exothermic (L1H~ = 
= -98 kcal/mole) "hot" reactions between H and F2 (reactions 20-23) pump six vibra­
tional levels (v = 0, 1, ... , 6), and the excited HF(v) molecules serve as the energy reser­
voir. Furthermore, the vibrational energy is ll) redistributed between the internal degrees 
of freedom of active molecules due to the resonance V-V energy transfer (reactions 5-6), 
(2) transformed into the translational energy of arbitrary molecules and atoms of the 
mixture by means of the V-T processes (reactions 7-13). It is also considered that in the 
dissociation model the reactions of HF(v)-molecules are either in ground or excited sta­
tes. It is assumed that the mixture components have different characteristic efficiencies 
in the V-T deactivation processes. Relatively slow V-V deactivation reactions of molecu­
lar hydrogen are not considered in our scheme. The numerical values of the reaction rate 
coefficients used in this study were taken from [16]. 

Optical properties of vibrationally relaxing medium are expressed by means of a small 
signal gain coefficient for the inverted P-branch transition v~ j'-+ v,j (v' = v+ 1, j' = 

= j-1) of the vibration-translational spectrum of HP-molecule. For lasing to occur at 
the transition frequency vvi it is necessary for the gain, g~ji', to exceed some threshhold 
value determined by cavity losses. The usual assumptions are made in the optical gain 
calculations. The presence of rotational equilibrium leads to the relation of the total pop­
ulation in the vibrational level v with the v, j sub level population in the form 

2j+l .. n · = n --e-avJU+t> 
VJ V QR(V) ' 

(3.1) j=O,l, ... , V=0, ... ,3, 

where 
00 

QR(v) =}; (2j+ 1)e-aviO+•>, C<v = OR(v)fT. 
i=O 

Here OR(v) is the characteristic rotational temperature for level v; T is the translational 
temperature of the mixture. For the pure Doppler broadened line the P-branch transition 
gain coefficients are written as follows: 

(3.2) 

x - 1-e-aviO+•>[EfJ;t-t.i-t Y(v+ 1)- Y(v)] 
QR(V) VJ ' 

where 

(3.3) Ev+l,j-1 - QR(v) avi[<i+l>-<i-l>,a~a+t] 
vi - QR(v+I)e ~ V • 

Here NA is the Avagadro number, his the Planck's constant, R0 is the universal gas con­
stant; W0 is the molecular weight of active molecule; IM~f 1 ·i- 1 1 2 are the matrix elements 
of the dipole moment for the stimulated emission or absorption. The values of IM~f 1 ·i- 1 1 2 

and other parameters of the active medium employed in [16] were used in the present 

3 Arch. Mech. Stos. 5-6/76 
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study. (The usage of other line shape functions does not essentially complicate the numer­
ical procedure). 

In a uniform medium the transition of the largest gain has the j-value determined by 
the Boltzman form of rotational distribution according to the relation 

(3.4) O(vjmax(2jmax -1) = 1, 

i.e., it is equal to 3 or 4. In a medium with essential spatial non-uniformity of parameters, 
the relation (3.4) is not valid. The so-called phenomenon of j-shifting is usually associated 
with the rapid mixture parameters' changes [17]. 

Molecular 
Fluorr"ne 

.c::=:[> 
h!Jdrogen 

z 

X 
I 
I 

2 

! Xc The tdeal resonator position 

FIG. 8. Schematic diagram of a combustion-driven hydrogen-fluoride supersonic diffusion laser. 

The maximum available optical energy is estimated by reducing to zero all the lasing 
transitions similarly to [16]. It is assumed that the Fabry-Perot cavity has an infinitesimal 
longitudinal length in the flow direction, i.e., it is located at a given axial position, Xc, 

as shown in Fig. 8. The deactivation by radiation is neglected in comparison with deacti­
vation by collisions in the flow region before the cavity. In the longitudinal position xc: 
the gain coefficients are reduced to zero in all the lasing transitions due to I~/' -+ oo stim­
ulated emission, and the total energy at Xc is obtained as being associated with the 
complete population inversion destruction. After assuming that the active molecules ori­
ginally produced by chemical reactions have rotational distribution (3.1) at the local 
translational temperature and vibrational distribution with the total population inversion 
on bands 2 I 1 and 1 /0 it is easy to determine the total number of molecules undergoing 
transitions between (2,j)-+ (1 ,j+ 1)-+ (0,j+2) states of an active HF-molecule. {The 
calculations confirm the availability of such a situation). The number of single-quantum 
transitions is determined from 

(3.5) 

00 

.110 = 2; L110,j, 
j= -1 

L1to.i = n~.i+2-nO,i+2 = nt.i+1-n;,i+l 

where n"1 is the population of (v, j) state after lasing on v jv -I band. 



NUMERICAL STUDY OF NONEQUILIBRIUM PROCESSES IN GAS FLOWS 749 

The zeroth gain coefficient at the distinguished P-branch transition means that 

(3.6) (2j+3)n~1 = (2j+ I)n~-t.i+t· 

From the definition of .1 1 0 ,1 and from Eqs. (3.1) and (3.6) it is easy to obtain that 

(3.7) L1 _ N (2j+ 3)(2j+ 5) 
lO,j - A 4j+8 

X [ Y(1) e-cxl{i+1)(i+2)_ Y(O) e-cxo<i+2)(}+3)] • I 0 I 
QR(l) QR(O) ' 1 = - ' ' ' .... 

Defining numbers of single-quantum .1 21 ,J and double-quantum transitions between the 
above mentioned states on 2/1, 2/0 and I /0 bands, similarly 

Ll21.j = n~'.i+t -n~.i+t, 

Ll2o,j = n~.i+2 -n~.i+2 

and accounting that 

after some algebra one can find 

(3.8) L1 - 2j+5 L1 . 
20,j- 2j+3 21,j• 

(3.9) A (2j+ 1) N { Y(2) -cx
2
j(i+l) __ 1 __ [ Y(I)(2j+ 3) -cx

1
(}H)(}+l) 

L1lt,j = 3 A QR(2) e 4j+ 8 QR(I) e 

- Y(0)(2j+ 5) e-cxo<i+2>0+3>]\ . 0 1 15 *> 
QR(O) f' 1 = ' ' ... ' ; 

Here n~1 is the population in v-level after lasing on 2/1 and 2/0 bands; Y(v) is the mass 
concentration of excited molecules HF(v). 

Thus, under the condition of a complete destruction of local population inversion 
3 

between analyzed v-states the sum }; nv of active molecules (n3 ~ nv, v = 0, 1 , 2) gen-
v=o 

15 

erates .1 10 ,_ 1 + }; (L1 10 .i+2L120 ,1+L1 21 ,i) photones. Here the quantities L1 1o.b L1 20,1 
i=O 

and Lf 21 .i are determined by the relations (3. 7)-(3.9). Hence, the upper limit of an avail-
able radiadve energy can be estimated as follows: 

2 IS 

(3.IO) E(xc) = NAh: }; }; bv Yvvvi• 
0 v=O i=O 

•> Fifteen j-sublevels are taken into account, 

3* 
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where 

15 

b = -~-- [~e-2cxo+ ~ (2j+5)(6j+5) e-cxo(i+2)(}+3>] 
0 QR(O) 3 .£i 3(2j+3) ::J ; ' 

(3.11) 

15 

o, = Q~(ii[ ~ J; e-•,O+l><i+2>+ ! ]. 
15 

b2 = ___ I_ ~ (2j+ 1)(6j+ 13) -cx2J(}+l) 
QR(2) 4 3(2j+3) e · 

}=0 

The ratio of the maximum available radiative energy to the total heat release occuring 
as a result of the pumping reactions determines a dimensionless coefficient of energy 
conversion: 

(3.12) 
3 

rJu = E(xc) j}; (L1h~)Y(v) ~ . 
t/=0 

It follows that the chemical efficiency of the laser system is equal to 

rJ = rJu/ (1 + rJu) • 

The integral of gain coefficient taken along the optical path yields the ratio of output to 
input radiation intensities: 

rE 

(3.13) Gv~i' = lout(x) = 2 J v~l'( )d 
vJ f. (x) gvJ y y. 

1n rl 

The above quantities are used to evaluate the energy conversion efficiency in the laser 
system under study. In spite of the complicated nature of the overall relaxation processes 
that govern the efficiency of the energy conversion in SOL it is possible to emphasize the 
following principal regularities. The pumping reaction rates and V- V exchange processes 
are controlled mainly by initial laser stoichiometry and the mixing rate of initially unpre­
mixed reactants. Rates of V-T energy transfer processes are not limited by mixing rates 
since the collisional partner for HF(v) is weakly dependent on its nature (with accuracy 
of cathalic efficiency). The mixture temperature and pressure become controlling factors 
(CF) for such reactions. At low temperatures a resonance V-V deactivation prevails. 
The non-isothermicity of the reacting system complicates considerably the competition 
between pumping and collisional processes. The evaluation of CF-optimal values and 
mixing rates are considered to be a matter of the practical interest. 

The centerline selected optical gain g~Ji', (v = 1, j = 4) and the dimensionless coeffi­
cient of energy conversion distributions are presented in Fig. 9. Curves numerated accord­
ing to the pressure increase, 2-4, manifest the variation of medium optical properties 
(p2 = 19 torr, p 3 = 38 torr, p4 = 76 torr) for Case 5. The effect of such a pressure varia­
tion appears in an increase of the maximum optical gain coefficients and shortening of 
an active region size. The maximum value of the energy conversion coefficient rJu is weakly 
dependent on the pressure level with emphasizes a slight effect of termolecular processes. 
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In a regime of "cold" pumping a role of 19-23 stages is also restricted. Curve 4 (Case 6) 
presents the effect of mass flow rates F/ H2 in mixing streams. Although this case is an 
improvement of laser characteristics it is not generally valid. The initial stoichiometry 
affects the var~ation of the mixture temperature that changes relative rates of the whole 
complex of collisional processes. The affect of initial stream temperature variations 
(Case 7) on the same parameters of mixture is presented in Fig. 10. In comparison with 
Case 5 the essential deterioration of laser parameters is obvious. Moreover, the regime 
(Case 7) is characterized by the lower peak value of the total output energy and short­
ening of an active region s~ze to be of great importance for a system with a real cavity. 
Hence the mixture temperature rise causes optical characteristics to become inferior due 
to removal from a maximum total inversion state. CF-values can be "optimized" by means 
of gasdynamic control. The variation of the initial stream jet velocities' ratio is proved 
to be rather effective as illustrated in Fig. 11. Here the comparison of laser characteristics 
for Cases 5 and 8 are presented. 

Figure 12 (Case 5, p = 76 torr) shows a collisional cascading effect to be available due 
to a difference in specific times of population inversion destruction on 2 I 1 and 1 /0 bands. 
Radial distributions of optical gain coefficients for selected transitions on 2/1 and 1/0 bands 
can be described by inequality gA;)i < g~:)i. In the downstream flow region these coeffi­
cients manifest a qualitatively opposite behavior, as also seen in Fig. 12. The transversal 
size of a positive gain region for transition on 1/0 band turns out to be considerably lar-
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FIG. 12. Effect of collisional cascading on the 
radial optical gain distributions under the pres­
sure level of 76 mm (Case 5) at the different 
dimension longitudinal positiom, x: 1) 0.292 · 
· to-3m; 2) 1.048 · to- 3 m; 3) 3.131 · to- 3m; 

5.508. 10- 3 m; 5) 9.27. w- 3 m. 
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FIG. 13. Centerline chemical composition histories for turbulent HF-chemicallaser (Case 5, p = 76 mm). 

ger. The optical gain coefficient distribution for such a transition is characterized by a low­
er degree of non-uniformity. Non-uniformity of optical properties is generally caused 
by non-uniformity of thermochemical mixture parameters. Chemical composition and 
radial temperature profiles are plotted in Figs. 13 and 14. The temperature of mixture 
is increased up to a level considerably exceeding the initial one due to the exothermicity 
of pumping reactions and the posterior effect of V-T relaxation processes. As it follows 
from concentration distributions a total inversion exists initially on both 2/1 and 1/0 bands, 
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FIG. 14. Radial translational temperature pro­
files at different dimensionless longitudinal 
distance xf2rJ position~: 1) 1.048; 2) 2.50; 
3) 7.0; 4) 12.93. Dotted lines correspond to the 
flow containing nitrogen as an inert diluent, 

solid lines - helium. (Case 5, 8). 
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FIG. 15. Effect of an inert diluent kind on mixture energetic properties for turbulent HF-chemicallaser. 
The flow parameters and nomenclature are the same as for Fig. 14. 
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FIG. 17. Centerline chemical composition histories for combustion-driven turbulent HP-chemical laser 
(Case 9, p = 19 mm). 
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i.e. n1 , n2 > n0 • A partial inversion on 3/2 band, n3 < nv, gt~+ 1 ~ 0, exists only at the 
beginning of a mixing zone. It proves sufficiently an assumption introduced for the output 
energy evaluation. The effect of thermal condition change in a case of helium displacing 
nitrogen as a diluent is clearly illustrated in Fig. 15. Calculations confirm the well-known 
experimental facts of advantaged low-temperature operation under such a condition. 

A spatial non-uniformity of thermochemical mixture properties leads to the }-shift 
phenomenon, i.e., the }-number for the transition with the maximum optical gain coeffi­
cient consequently differs by I during the process development. In this case it is possible 
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Fro. 18. Radial mixture translational temperature and optical properties distributions for combustion­
driven HF-chemicallaser (Case 9, p = 19 mm). Curve 1 is for mixture translational temperature. 
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FIG. 19. Boundaries of a mixing zone and isogain lines in the flowfield of turbulent combustion-driven 
HP-chemical laser. /, //are the outer and inner boundaries, respectively. Solid lines correspond to g~t 
transition, dottet lines- g~~; 1) 1% cm- 1 , 2) 2% cm- 1 , 3) 5% cm- 1 ratios (p = 38 torr, T1 = 540°K, 
mass fraction in the outer stream are F: HF( 0): He = 4: 1 : 5. Other parameters are the same as for Case 9). 
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to observe a forward j-shift, i.e., j-+ j+ 1, as well as a backward one, i.e., j-+ j-1. The 
longitudinal size of an active region appears to be stretched for a large j-number tran­
sition due to the presence of a forward j-shift. The latter does not occur in the near iso­
thermal flow as presented in Fig. 16 (Case 5, reactant streams are highly diluted with ni­
trogen). 

Flow processes play an important part in laser action development. The choice of the 
turbulent mixing model is proved to be an essential factor of valid prediction. It is instruc­
tive to note that a model in a form (3) requires the "optimization" of specific constants 
for the flow with an axial symmetry. 

In the computational model described above, the question of oxidizing medium to 
be created is practically open since attention is focused on "cold" HF-system with fully 
dissociated fluorine. The degree of dissociation is not considered as a parameter. Typical 
characteristics of the energy conversion process produced by combustion -heated ver­
sion of SOL are presented in Figs. 17-19. It is concluded that the active medium pro­
duced by means of a combustor-scheme has worse energy conversion characteristics. 

4. Conclusions 

It is clearly illustrated that complicated, nonequilibrium chemically-reacting flow 
problems can be successfully analyzed to a sufficient extent of validity. The obvious trends 
exist in approaching theoretical models of combustion and practical systems. The analysis 
of a more complicated nonequilibrium system similar to reacting flows of CW chemical 
lasers is directly effected by the combustion process study. The usage of extremely fine 
turbulent injectors in SOL-flows is resulted in the cavity pressure increase up to the level 
of decades of torrs together with the gasdynamic control in maintaining the proper 
operating conditions. The efficiency of chemical energy conversion (i.e., 32 kcal/mole) 
is found not to exceed 8-10 per cents. The initial gas stream temperatures as well as the 
exothermicity caused by thermal effects of pumping reactions are the limiting factors. 
The usage of low-molecular-weight diluents and the low-temperature operating condition 
is proved to be useful. The numerical analysis predicts the cascading effect as well as 
the high spatial non-uniformity of optical parameters that elucidate difficulties in achieving 
of a sufficient beam quality. 

The applications of an "exact" model of turbulence together with the rate coefficients 
for a chemical model of laser action are required to present valid predictions. 

The displacement effect due to the mixing layer development can be considered addi­
tionally in the present computer program. 
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