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Abstract. The aim of this work is to describe the light scattering sgecf a quaternary reacting gas mixture from the
macroscopic field equations derived from the kinetic BGKetynodel proposed by the authors in a previous paper. The stud
is developed in a hydrodynamic regime for which the systethefield equations of constituent number densities, moament
and temperature of the mixture is closed by the constit@iueations for rate of reaction, diffusion velocities, gre® tensor
and heat flux vector. The spontaneous Rayleigh-Brillouattscing is calculated from the constituent density péstions of

the linearized field equations, and its line shape is drawtwio different mixtures of the Hydrogen-Chlorine systernwing

the induced chemical reaction effect.
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INTRODUCTION

When light interacts with a gaseous reactive mixture atntfoglynamic equilibrium, the corresponding spectrum of
the scattered light gives back a lot of information on nooigrium thermodynamics and transport properties of
the gas and, in particular, on the decay of the thermal defisittuations which is mainly ruled by the transport
coefficients. Many papers have been written on this mattdrinvexperimental and theoretical grounds (see e.g. the
review article [1]). The present paper deals with a gas méxaf four constituents undergoing a chemical reaction
of type A+ B = C+ D described by the BGK-type model proposed by the authorsampthvious paper [2]. Elastic
cross sections of rigid spheres and reactive cross sedtitimgactivation energy are considered. In the hydrodynamic
description of the mixture, the reactive balance laws ferfiasic fields of constituent number densities, mean vglocit
and temperature of the whole mixture are closed at the N&tighes, Fourier and Fick level in a flow regime for
which the chemical affinity is a small quantity. Accordinglye transport coefficients of diffusion, shear viscosityg a
thermal conductivity are explicitly determined and the midd suitable to study the light scattering phenomenon. The
main purpose consists in evaluating the spectral distabuif light scattered by thermal density fluctuations. The
analysis here follows the hydrodynamic approach used isethesearch works (see e.g. paper [3]) for which the gas
density fluctuations involve low frequencies and long waarggth. The spectral distribution is directly related to the
dynamic structure factd®(qg, w) which is explicitly computed, once the auto and cross cati@h functions of the
density fluctuations have been determined through the &oeLéplace transforms of the field perturbations predicted
by the linearized hydrodynamic system of the assumed riétaxenodel.

MODEL EQUATIONS

At the aim of studying the light scattering phenomenon indbaternary reactive mixture, an approximate kinetic
model equation compatible with the BGK-type approach haslmensidered. The main idea underlying this model,
first proposed in paper [2], is to replace each elastic anctiveacollision term with a single relaxation term keeping
the individual character of each elastic and reactive sioli, namely,
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where the quantitieéEB and zgy denote elastic and reactive collision frequencies, rdltdethe hard-spheres and

line-of-centers cross sections, respectively. The eldgg and the reactivég‘y reference distribution functions have
the Gaussian form detailed in paper [2]. They have been@tplevaluated imposing that the production terms for
mass, momentum and total energy are the same for both thexamaite model equations (1) and the exact Boltzmann
equation. The chosen model is capable to describe a chemédianism which affects the transport of masses due
to the behavior of diffusion, the transport of momentum duéhe behavior of shear viscosity, and the transport of
energy due to thermal conductivity. In particular, all sport coefficients for this model are known in dependence on
the elastic and reactive collision frequencies, mass atretions of each constituent and temperature of the whole
mixture. The model equations (1) lead to the balance equafm the number density of each constituent and to the
conservation laws for momentum and total energy of the méxivhich read
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Above, ng, uf' ande, denote the number density, diffusion velocity and formatsmergy of each constituent,
respectively, whereas symbols without indexes refer tanthele mixture. The ternt, on the right-hand-side of Eq.
(2)1 represents the reaction rate of the constitwenthose explicit expression is (see paper [2])
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In the previous expressioriéf) denotes the first approximation to the forwaa 1) and backwardq = —1) rate
constants, andl denotes the chemical affinity for the forward reaction
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wheres; is the steric factoriag a mean diameter of the colliding spheres, apdhe activation energy of the forward
and backward reaction. The closure of the above system &tahier-Stokes, Fourier and Fick level is assured by the
constitutive equations. They relate the transport flugspij, g; to the basic fields of constituent number densities
Ny, Mixture velocityv; and temperatur&. These relations express the link between the constitgtieatities and the
thermodynamical forces through the transport coefficiehdiffusionD g, shear viscosity and thermal conductivity

A. The constitutive equations can be written in the form
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In particular, observe that the Fick law (6) can be rewrittethe explicit form
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whereAqg are related to the diffusion coefficients. The closed systérthe reactive field equations (2)-(3) and
constitutive equations (6)-(7) will now be linearized anduan equilibrium state of the mixture, characterized by
constant number densities”, mixture temperatur@, and vanishing mean velocity, through the expansions of the
basic fields B

Na = N+ Mg, Vi =V, T=To+T. 9)

Above, Ay, Vand T represent small unknown perturbations of the correspanbasic fields. By introducing the
expansions (9) together with the constitutive equationg&pinto the balance equations (2)-(3), one obtains the



followg)ng linearized hydrodynamic system, witly, pop denoting equilibrium quantities for the whole mixture and
N=73a-aNa:
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HYDRODYNAMIC APPROACH FOR LIGHT SCATTERING PROBLEM

To study light scattering phenomenon in the consideredtiveamixture, one can start from the hydrodynamic
equations in the approximate linear theory (10)-(15) tadbs the response of the equilibrium reactive system to the
incident light field. The deviations of the light field due te interaction with the system can be examined in terms of
the time-correlation functions of the partial number dBesifluctuations. Such correlation functions provide gadlée
tool to evaluate the intensity of the light scattered by #eactive mixture. The knowledge of auto and cross correlatio
functions of the partial number densities leads to the extadn of the spectrum of number density fluctuations with
scattering vectoq, which is also known in literature as the dynamic structadrS(q, w). Its definition [4] is given
in terms of the auto correlation function of the spatial Feutransform of the dielectric constant fluctuatida(x, t).
Since such correlation is a real and even time-reversatiftmc¢he dynamic structure fact8(q, w) is explicitly given
by

S(q, w) = Re[(3e(a,iw)d¢(a, 0))], (16)

wherew is the shift in the angular frequency in the scattering psecand
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is the Laplace-Fourier transform of the ensemble averagaefielectric fluctuation over the initial state of the
mixture. For the considered quaternary reactive mixture,dielectric fluctuatiorde(x,t) is a linear combination
of the constituent number density fluctuations whose coeffisa, denote the constituent’s atomic polarizabilities,
namely

D
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a=A
Equation (18) extends the Clausius-Mossotti equationéoctinsidered dilute gas mixture (see the book [5]). Con-

sequently, from Eqgs. (16) and (18), the dynamic structucéofacan be expressed in terms of the Laplace-Fourier
transforms of the cross and auto correlation functionsettmstituent number density fluctuations, that is

aaay Re[(8na (q,iw)dny(q,0))]. (19)
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By invoking the Onsager reciprocity regression hypothedgnch states that the spontaneous microscopic fluctusation
regress to equilibrium according to the same hydrodynaavis lwhich govern the relaxation to equilibrium of the
macroscopic perturbations, the dynamic structure facsumes the equivalent form
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In order to determine the correlation functiofi (q,iw)ny(q,0)), first write the Fourier-Laplace transform of the
linearized hydrodynamic equations (10)-(15) in the follegymatrix form:

(iwl +M(q))¥(q,iw) = ¥(q,0), (21)

wherel is the identity matrix and
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is the vector of the Fourier-Laplace transforms of the figddtyrbations. Moreover, the elements of the so-called
hydrodynamic matrisM (q), besides the system parameters, depend on the equilibi@ateresid transport coefficients.
Their explicit expressions will be provided in the extengager [6]. Next, the algebraic system (21) will be solved for
Ny (g,iw). Multiplying the resulting equation biy,(q,0) and performing the ensemble average over the initial states
of the system, one gets
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where the equal-time correlation functiépf,(q,0)|?) is known from the assigned initial conditions. Finally, the
dynamic structure factor can be evaluated as
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LIGHT SCATTERING SPECTRUM

The theoretical analysis of the previous section is herdiegpo two different mixtures of the Hydrogen-Chlorine
system where the elementary bimolecular chemical reattjsiCl = HCI+H occurs. The considered mixtures have
different equilibrium constituent concentrations, thensaequilibrium temperatur® = 1500K and positive value
of the chem|cal afﬁmtyA which corresponds to an exothermlc reaction. Accordingip cases are investigated,

namely: (a)Xa = xB =0. 33 andxa = xg'=0.17; (b)xy 1= 0.1, x5 = 0.618, &' = 0.082 andxy'= 0.2. In case (a)
the concentrations,’, Xg» Xo andxp of the constltuents ig-l CI HCI and H, respectlvely, were assumed in such a
way thatxy’ = X5 andxC Xp - Moreoverxy andxg’ were chosen antf’ andx! were obtained from the constraint

X+ Xg + X+ xeq 1 and from the mass actlon Iaw In case (b) the concentratﬁ?mde were chosen, anxg’



TABLE 1. Partial uniformity parametery & 15).
A7 YB yc YD
case (a) 10.062 16.449 29.255 5.081
case (b) 7.165 9.551 18455 3.415

andxgq were also obtained in the same manner as before. The valules thnsport coefficients, activation energy,
Arrhenius parameter and steric factor are those of papdof2he mixture of case (a) and those of paper [7] for the
mixture of case (b).

In Figures 1 and 2 the light scattering spectrum is represkeas function of the reduced angular frequeagyq
for different values of the uniformity parametgr= (tcq) %, with T an effective relaxation time; the adiabatic
sound speed of the mixture agdhe intensity of the scattering vector. Sincis proportional to the ratio between the
wavelength of the incident light and the effective mean frathrc, the hydrodynamic equations (10)-(15) can be used
to describe light scattering spectrum if the conditjor- 1 holds. In this case, the light scattering spectrum has the
well-known triplet shape consisting of a central Rayleiglaland two Brillouin peaks that are shifted symmetrically
about the origin. The widths of the Rayleigh and Brillouinds depend on the transport coefficients. The Brillouin
shifts are proportional to the adiabatic sound velocityhefmixture, so that the position of the Brillouin peaks moves
outwards of the center of the spectrum when the adiabativdseelocity of the mixture increases. Furthermore, in the
kinetic regime(y ~ 1) the central Rayleigh and lateral Brillouin peaks tend tceldien whereas, in the hydrodynamic
regime(y > 1) the intensity of the peaks grows and they become narrowesdfeatures can be recognized in Figures
1 and 2 for the selected range of the uniformity paramgtém addition, the results shown in these figures allow to
appreciate the effects of the chemical reaction, since tixeunes of cases (a) and (b) have been considered in the
reactive case (solid line) and also when the chemical madiabsent (dashed line). In both pictures, the effectef th
chemical reaction produces higher Rayleigh and lowerdrifi peaks. In particular, the explanation for the behavior
of the Rayleigh and Brillouin peaks is based on the fact thait idths are proportional to the transport coefficients
and these last are smaller for reactive mixtures than fot orees, see paper [2].

To understand better the curves in the figures one definegial paniformity parameter as
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with Ly being the shear viscosity of constituenin the mixture. The values of the partial uniformity paraerstfor

y =15 are given in Table 1 and the partial polarizabilitiessfgtthe conditionsip ~ ap ~ ag/3 ~ ac/3. Since the
polarizabilities of Cl and HCI are almost three times lartieen the polarizabilities of fHland H, the light scattering
spectra showed in Figure 1 and 2 are basically determinelddsgtconstituents. According to the values of the partial
uniformity parameters given in Table 1, it can be verifieddase (a) that both Cl and HCI are in the hydrodynamic
regime since conditioyy > 1 is satisfied. However, for case (b) one verifies that HCkBa#i the hydrodynamic
condition, but Cl does not meet this condition. This exaimy the Rayleigh and Brillouin peaks are less evident in
case (b) than in case (a).

One may also obtain that the effect of the chemical reactiothe Rayleigh and Brillouin lines are less pronounced
by decreasing the temperature of the mixture. Lastly, itripdrtant to mention that the light scattering spectrum
of gaseous mixtures is very sensitive to the presence ofmilediffusion effects, in particular, when the molecular
masses of constituents are very distinct. Note that theideresd hydrodynamic model does not take into account
thermal-diffusion effects, so that an improvement in tigétiscattering predictions can be obtained if these eftaets
introduced into the model. The introduction of these efféato the hydrodynamic model and their influence on light
scattering of a chemically reacting gas mixture will be thbjsct of a forthcoming paper [6].
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FIGURE 1. Light scattering spectra as functions of the reduced andrdguencyw/cq for different values of the uniformity
parametey. Case (aka = xg = 0.33,%c = xp = 0.17. Reactive mixture (solid line) and inert mixture (dashied).

FIGURE 2. Light scattering spectra as functions of the reduced andrdguencyw/cq for different values of the uniformity
parametey. Case (b)xa = 0.1, xg = 0.618,xc = 0.082,xp = 0.2. Reactive mixture (solid line) and inert mixture (dashied).
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