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Abstract We study turbulent diffusion of chemically reacting gaseadmixtures in a developed turbulence. In our previousystud
[Phys. Rev. Lett80, 69 (1998)] using a path-integral approach for a deltaetated in time random velocity field, we demonstrated
a strong modification of turbulent transport in fluid flows lwithemical reactions or phase transitions. In the presadyste use
the spectral tau approximation, that is valid for large Régs and Peclet numbers, and show that turbulent diffusidgheoreacting
species can be strongly depleted by a large factor that isatieeof turbulent and chemical times (turbulent Damkdéimember). We
have demonstrated that the derived theoretical dependénasulent diffusion coefficient versus the turbulent Ddnler number is

in a good agreement with that obtained previously in the migalkemodelling of a reactive front propagating in a turtniléiow and
described by the Kolmogorov-Petrovskii-Piskunov-Fisbguation. We have found that turbulent cross-effects, idhulent mutual
diffusion of gaseous admixtures and turbulent Dufouresffd the chemically reacting gaseous admixtures, are ssits/e to the val-
ues of stoichiometric coefficients. The mechanisms of thaulent cross-effects are different from the moleculassreffects known

in irreversible thermodynamics. In a fully developed tuemee and at large Peclet numbers the turbulent crosstefiee much larger
than the molecular ones. The obtained results are appticddd to heterogeneous phase transitions.

TURBULENT TRANSPORT OF ADMIXTURES AND TEMPERATURE

Turbulent transport in flows with chemical reactions is cfagrinterest in various applications, ranging from comibust

to physics of turbulent atmosphere of the Earth. During #heades turbulent transport of passive scalar and partiakes
been subject of an active research in analytical, numeaindllaboratory studies. However, impact of chemical reasti

on turbulent transport have been studied mainly numeyieat! in the context of turbulent combustion.

Combustion process is the chemical reaction accompanibeésyrelease. Turbulent combustion can proceed as volume
distributed chemical reaction (e.g., as a homogeneousiguofithe turbulent premixed gaseous mixture) or propagsite

a flame front in a turbulent flow separating fresh unburnetidnd combustion products. Turbulence in these systems is
created by an external forcing and can be enhanced by iiatimrstability of the flame front. In a turbulent atmosphére t
most common are the volume distributed chemical reactiwhe during wild fires propagation of the turbulent flame
front is of particular interest in the atmospheric and indakapplications.

For the first time the effect of chemistry on turbulent difirswas studied analytically in [1] by means of a path-inggr
approach for the Kraichnan-Kazantsev model of the randolta-derrelated in time velocity field, and it was found
that turbulent diffusion can be strongly depleted by chaieactions or phase transitions. It was also shown in [1]
that there exists an additional non-diffusive turbulent td number density of gaseous admixture (proportional ® th
mean temperature gradient multiplied by the number demdityaseous admixture) and additional turbulent heat flux
(proportional to the gradient of the mean number densityasegus admixture) in flows with chemical reactions or phase
transitions. In the present study (for details see [2]) westigate turbulent transport of chemically reacting gase
admixtures in a developed turbulence using a spectral taroaph (high-order closure procedure). We have derived the
following equation for the turbulent flux of reacting admires,(n; u), and the turbulent heat fluxg w):
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where using a mean-field approach, we decomposed the numbsitydof the admixturess and the fluid temperature
T into the mean quantitiesy s and7’, and fluctuations; andd. We decompose the velocity field in a similar fashion,
and assume for simplicity vanishing mean fluid velodify= 0. In Egs. (1) we used the following notations:

Dg is the coefficient of turbulent diffusion of the number déynsif admixtures:
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Da, = 719/7. is the turbulent Damkdhler numbet, = £y /ug is the characteristic turbulent timeg is the characteristic
turbulent velocity in the integral scalg of turbulence;. is the characteristic chemical tim®y = ru?/3, vg is the
stoichiometric coefficient that is the order of the reactidith respect to species, Zg;l vg is the overall order of the



reaction,c,, = >_7", v3/Ng andm is total number of species)}"""(3) is the coefficient of the mutual turbulent
diffusion of the number density of admixturdés = —D} P V InT is the effective velocity of the number density of
admixtures due to the turbulent thermal diffusion, dh;ﬁm is the coefficient of turbulent thermal diffusion:
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v = ¢,/c, is the ratio of specific heatd;, is the activation energyy is the universal gas constad® is the coefficient
of turbulent diffusion of the temperature amf P¥ is the coefficient that describes the turbulent Duffor effec
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To elucidate physics of the obtained results we considemples of chemical reactions proceeding in a stoichiometric
mixture. For a small concentration of reactive admixturgs, << N s, the characteristic chemical time varies from
1073 sto10~2 s, whereN ; is the ambient fluid number density. For typical values obtlgnt velocity in atmospheric
flows ug = 1 m/s and integral scale = 100 m, we obtain characteristic turbulent timg = ¢/uq = 102 s, so that the
case of large turbulent Damkohler numbéds,. = 7o/7. > 1 is of the main physical interest.

The stoichiometric coefficients is known as the order of the reaction with respect to spetié®r a simplified model of

a single-step reaction the overall order of the reactiohdsnolecularity of the reaction, indicating the number afipkes
entering the reaction. In general the overall order of mhetical reactions is 2 or 3, though for complex reactions the
overall order of the reaction can be fractional one.

Let us consider first the simplest chemical reactibr+ B, assuming a large turbulent Damkdhler numbéxs, > 1.

An example of such chemical reaction is the dissociatien:— O + O. As follows from Egs. (2), turbulent diffusion of
the number density of admixturesﬁg = DI /Da, = r.u2/3, which means that the turbulent diffusion of admixture
is determined by the chemical time. This is in agreement Withresult obtained in [1]. The underlying physics of
this phenomena is quite transparent. For a simple firstrarkdemical reactiod — B the speciesA of the reactive
admixture are consumed and their concentration decreasels faster during the chemical reaction, so that the usual
turbulent diffusion based on the turbulent time> 7., does not contribute to the mass flux of a reagénthe turbulent
diffusion during the turnover time of the turbulent eddiggffective only for the product of reactioB, Applicability of

the obtained results requires the conditifayDa,. > 1 to be satisfied, wherBe = u?r /3 is the Peclet number.

Let us determine the turbulent diffusion coefficients foe #econd-order chemical reaction that is determined by the
following equation:A + B — C + D. An example of such chemical reactionfis+ O, — OH + O. The numbers of
species in this reaction are stoichiometric coefficientsictv define number of moles participating in the reactione Th
stoichiometric reaction whereby the initial substancegaken in a proportion such that the chemical transformditithy
converts them into the reaction products, can proceed aswise reaction also. For this reaction we obtain= 2/N,
whereN 4, = N = N. On the other hand, using Eqg. (2) for the turbulent diffusioefficients of specied and B,

we obtainD’ 5 = 1 D¥ (1+Da_'). Correspondingly for the third-order reactiod,+ B + C' — D + E, we find

DY g o =2D{ (1+Da_'), where we have taken into account that in this ease= 3/N.

Consider the stoichiometric third-order reaction witHeliént stoichiometric coefficients of the reage2ts+ B — 2C

(for example, the chemical reacti@® + O — 2CO or 2H, + Oy — 2H,0). In this casen,, = 2/N (where we
took into account that for the stoichiometric chemical t@acwith optimum amounts of reagen®: = 2Ny, ), and

the turbulent diffusion coefficients of specidsand B are as follows:D% = DY /Da,, D% = : DI (14 Da_").
Since the specied have a larger stoichiometric coefficient and, correspagigijdarger number of moles participating
in the chemical reaction, they are consumed more effegtivethe reaction and the turbulent diffusion coefficient for
the speciesi decreases much stronger than that for speBie¥he derived in the present study theoretical dependence
of turbulent diffusion coefficient versus the turbulent Da@rhler number is in a good agreement with that obtained in
[3] using mean-field simulations of a reactive front progagain a turbulent flow and described by the Kolmogorov-
Petrovskii-Piskunov-Fisher equation.
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