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Effect of Chemical Reactions and Phase Transitions on Turbulent Transport
of Particles and Gases
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Strong modification of turbulent transport in fluid flows with chemical reactions or heterogeneous
phase transitions is analyzed. It is shown that turbulent diffusion may be strongly depleted in chemically
reacting flows or in flows with phase transitions. In addition, the existence of nondiffusive heat
and mass fluxes of the components in the systems with chemical reactions or heterogeneous phase
transitions is demonstrated. These fluxes can be interpreted as “turbulent” analogs of the known
cross-effects in irreversible thermodynamics. The mechanism of turbulent cross-effects is completely
different and is associated with turbulent transport in reacting flows. The analyzed effects may result in
the excitation of a large-scale instability which causes formation of large-scale inhomogeneities in the
spatial distributions of temperatures and number densities of admixtures. [S0031-9007(97)04944-2]

PACS numbers: 47.27.Qb, 47.70.—n

The problem of turbulent transport in flows with chemi- cross-effects is completely different and is associated with
cal reactions (or phase transitions, e.g., evaporation dourbulent transport in reacting flows.
condensation) is of fundamental importance in view of Consider a mixture of reacting gases or droplets ad-
various applications (e.g., physics of turbulent atmo-vected by a turbulent fluid flow. Reactions comprise ether
spheres of the Earth and planets, environmental physicshemical reactions or heterogeneous phase transitions of
turbulent combustion). In recent years transport of pasthe first kind (e.g., evaporation or condensation). It is
sive scalar by turbulent fluid flow has been a subject ofassumed that densities of gaseous admixtures and spatial
an active research. The nature of the intermittency andensity of droplets(p; = n;m;) are much smaller than
anomalous scalings [1,2], and the mechanisms of forthe fluid densityp,, and that turbulent fluid flow is not
mation of inhomogeneous structures of scalar fields iraffected by chemical reactions or phase transitions. Here
turbulent fluid flows [3,4] were elucidated recently. In m; andn; are the mass and number density of droplets,
particular, the inhomogeneous structures in scalar fieldeespectively. Temperatures of the fluid and gaseous ad-
(e.g., the number density of inertial particles or gasesjnixtures (or droplets) are assumed to be the same. The
are formed due to the effects of turbulent barodiffusionnumber density:; (¢, r) of admixtures and the temperature
and turbulent thermal diffusion which cause additionalfield T((z,r) are determined by equations
turbulent nondiffusive fluxes of particles [3,4]. At large A o — (T,
Reynolds and Peclet numbers these turbulent fluxes arean’/at TV iv) = @il (. T) + V- (Vm), (1)
much larger than the molecular fluxes. Inertial particles aT;/at + (v - )Ty + (y — DTV - v)
and gases are concentrated in the vicinity of the minimum
of the mean temperature of the surrounding fluid. = Bl Ty) + V- (kVTy), (2)

However, turbulent transport in chemically reactingwhere 7, is the fluid temperature, functiow;(n,Ty)
flows and flows with heterogeneous phase transitiongs the source of gaseous admixtures (or dropleisy
remains poorly understood. In this Letter we show(ni,n,,...,n;) are the number densities of admixturas,
that turbulent diffusion can be strongly depleted byare the stoichiometric coefficients with appropriate signs
chemical reactions or phase transitions. We have fountbr chemical reactions (o&x = —1 in the equation for
that there exist additional turbulent fluxes of numberevaporating droplets number density, amds a number
density of particles (effect of turbulent mutual diffusion of molecules in a droplet in the equation for vapor number
of admixtures) and additional turbulent heat flux which isdensity), 8 = AE/psc,, AE is the energy release (or
proportional to the gradient of number density of particlesabsorption) in an elementary act (e.g., an amount of
in flows with chemical reactions or phase transitions.heat required for an evaporation of a droplet, or energy
Cross-effects (e.g., heat flux caused by concentratioreleased or absorbed during a chemical reactien),
gradient, Dufour effect) are well known in irreversible is the specific heat of fluid at constant pressite=
thermodynamics (see, e.g., [5]). Many of them werep kpTs/m,, m, is the mass of molecules of the fluid,
discovered more than 100 years ago. In this Letter wexp is Boltzmann constany; is a random velocity field of
show that similar effects can occur also in turbulentadmixtures which they acquire in turbulent fluid velocity
reactive flows. Certainly the mechanism of “turbulent” field v, «; is the coefficient of molecular diffusion of
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admixtures, k; is the coefficient of molecular thermal
conductivity, 81(n, Ty) is the rate of energy release, and

v is the specific heats ratio. We consider a low-Mach-

number compressible turbulent fluid flow. The velooity
of the fluid satisfies the continuity equation

aps/at + V- (ppv) = 0. 3

The velocity of gaseous admixture equals the fluid ve-

locity, whereas the velocity of particles (droplets) is
determined from the equation of motion for a particle:
dv;/dt = (v — v;)/7; + £, wherer; is the characteris-
tic time of momentum coupling between the particle an
surrounding fluid (Stokes timef, = F/m;, andF is the
external force. The fluid velocityw is determined by
Navier-Stokes equation. Equations (2) and (3) yield

an/al‘ + (v - V)Tf = ,BI(n,Tf) + KfATf, 4)

where we change notations ! 3 — S (see, e.g., [6]).
Consider homogeneous equilibrium with= 0. This
equilibrium can exist in a turbulent medium when Re
uolo/ ks > 1, wherel, is the maximum scale of turbulent
fluid motions, uy is the characteristic turbulent fluid
velocity in the scal€y. In this case in the equilibrium
V - v = 0, because for low Mach numbers and=
0 the fluid velocity divergenceV - v « Pe 'AT,/T
(see, e.g., [6]). Now we study deviation from this
equilibrium. Linearizing Egs. (1) and (4) in the vicinity
of the equilibrium we obtain a system of equations for
small perturbations

da” /ot + (vg - V)aP = Pgaﬂ + KgAaB + T, (5)
where the notationCza? assumes summation ove,
Pg = h*(31/3aP), andvg = vA, if « = B andvg =0
if a # B; similarly x5 = P, if @ =8, kg =0, if

) () ()
v} ()

B _
“ (Kf B

the notation c;;; is the column of the elements
C1,C2y .., Chy I‘,- —HEO)b,‘, b; = V- Vl‘(l), V,'(l) are
the perturbations of velocity, and is the velocity at the

equilibrium.

Uiy
0
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We study the large-scale dynamics and average Eq. (5;
For

over an ensemble of random velocity fluctuations.
this purpose we use the method of path integrals (se
e.g., [2-4,7,8]). The solution of Eq. (5) with an initial
condition atr = 1y is given by a modified Feynman-Kac
formula,

a®(t,x) = M{G§(t,10) aP[10, &(1,10)]}

ftGg(t, ) JPLY, E(t, 1)) dr’

to

+ M[
whereé = Eg are Wiener paths,

70

d

t—1t, R
Egi0) = xo5 = [ Vgl &l i)ds
+ k) Pw(t — 10),

6g =1,ifa=p,andé; =0,if a # B, 1, =1 — s,
and M{-} denotes the mathematical expectation over
the Wiener paths. FunctioG; is determined by the
equation dG/dt = P¢Gy with the initial condition
Gp(t = 19,10) = 65. The solution of this equation is
given by Gg = 65 — vlexd—(t — t0)/7.] — 1}Pg,
where 7. = —A7! is the relaxation time related with
chemical processes (or phase transitions),is the
eigenvalue of the equationsPzW# = AW® and
WoPg = AWg. Here the eigenvectorsV* and Wy
satisfy the identitiesP W*Wg and W, W* A
Thereforer = PS = —Zf=1 i—]l is the trace of the ten-
sorPj andPePy = APg. Here7; ' = —a;(al/an;) —
B(AI/aT).

The use of the technique of path integrals (see, e.g., [4])
allows one to derive equations for the mean fields

9A% /a1 + V - (USAP) = V - (B4VAP)
+ PgAP — V- J%, (6)

where A* = (a®), U = Vg + oP§Vj, By = (85
xPODL + kgd, J* =(ruglP), & =35,., Dj
<T(u$)m(uz)n>: o=r1{l+ T*[GXH_Z/T*) —1]/2}, X
[l = 7 — 72In(7. + Re ")), s = (¢ — 1)/ = q),
T« = T¢/70, To = lo/ug, Re. = min{RgPg}, Re =
loug/v is the Reynolds numbery is the kinematic
viscosity, Pe = lyuy/k; are the Peclet numbers, =
V; +u;, V; = (v;) are the mean particles veloci-
ties, u; are the fluctuations of the particles velocity,
Vi =(vg), v = V5 + ug, and 7 is the momentum
relaxation time of random velocity fiela;, which de-
pends on scale of turbulent motion. We use here the
dependencer(k) = 7o(k/ko)' "7, where k is the wave
number,ko = I, ', p is the exponent of the spectrum of
the kinetic turbulent energy of fluid, ang = 2p — 1.
We use here for simplicity & correlated in time random
process to describe a turbulent velocity field. However,
the results remain valid also for the velocity field with
a finite correlation time, if the mean number density of
articles varies slowly in comparison with the correlation
e of the turbulent flow. For simplicity here we
consider the cas&;) = 0. Notably, Eq. (6) shows that

+

@n effective mean velocityUg) of gaseous admixtures

does not coincide with a mean fluid velocityz) due to
chemical reactions or phase transitions.
The equation for the mean temperature reads

aT /ot =V - (BVT + > S’kVNk>
k=1

+ B > (1/dNoNk + B(31/aT) T, (7)
k=1
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B = kr[l + xB(a1/3T)o] + k¢ (8) ity a reactionA — C when the inverse reactio@ — A
[see Eq. (6)], wherel = (T;) is the mean tempera- does not occur. The derivation of the equation for the

ture, partial derivative$ol/9N), and (31/9T), are cal- mean fields by method of path integrals shows that when
culated at the equilibrium8; = yB(91/0Ny)oDx, and T > 7c the turbulent diffusion coefficient is given_by
k7 = loup/3 is the turbulent thermal conductivity. For Bi ~ 7.(u®) [see Eq. (10)]. Herer. is the characteris-
S|mp||c|ty, hereafter we consider the case of a zero meaHC chemical time,T is the correlation time of the VeIOCity
VelocityV = (0. The term which is proportiona| taNk field. This eXpreSSion for the turbulent diffusion coeffi-
in Eq. (7) can be interpreted as a turbulent analog of théient can be obtained by simple estimation. Indeed, we
effect of Dufour [5]; i.e., it describes turbulent transport of average linearized Eq. (1) over the ensemble of the turbu-
heat due to the number density gradient of chemically relent velocity fluctuations and subtract the obtained aver-
acting admixtures. The second term in Eq. (8) describedded equation from Eq. (1). This yields an equation for
an effect of chemical reactions (or phase transitions) o#he turbulent componer) of the number density of the
the turbulent heat flux. Whe@(31/9T), < 0 the chemi- reagent

cal reactions result in a reduction of the turbulent thermal

conductivity. 90/9t — DA® = —(u- V)N —R — O/7,,
Now we calculate the flu{J*. We use an equation
(ru;b;) = {(rub) + (r;v3/T.)(ruA0) [3], where vi = Wheren, =N + 0, R =(u-V)® — ((u-V)0). For

simplicity we consider here the casé-u = 0. The

T + 6, 6 are fluctuations of temperature, and are Mmagnitude ofo®/9r — DA® + R in inertial range can
fluctuations of velocity of the surrounding fluid. This D€ estimated a®/7. Thus the turbulent fiel is of the

L St Hel® u
equation follows from a solution of the equation of Order of® ~ —7(u - V)N, wherere = 7 b+l
motion for particles withp, > p; and small Stokes Now we calculate the turbulent flux of reagefit J; =
time, i.e.,vi = v — 7,(dv/di) + O(?) (see, e.g., [9]), (WO) ~ —7e(uu;)V;N. Sincer > 7. We obtain t.hgt
where p, is the material density of particles. Here we 7eff ~ e Thereforezthe turbulent diffusion coefficient
use the equation of state and Navier-Stokes equation fdf 9iven byB: ~ 7.(u%). Without chemical reaction the

fluid, and an equation for turbulent thermal figwg) =  turbulent diffusion coefficient is given bgo ~ 7(u?).
~(B — k;)VT — 3"_, 5, VN, which is determined from This means thatB; < By; i.e., the turbulent diffusion

Egs. (4) and (7). This yields the fluk* and therefore coefficient is strongly reduced due to chemical reactions.

; ; ; The above estimation shows that depletion of turbulent
Eq. (6) for a mean number density of the particsis
gi(\q/esl z)y Y particlé diffusion cannot be described simply as an additive sink

n term in the equation for the mean number density.

ON;/ot =V - (B,-VN,- + Z StVN; + W,VT) The physics of this phenomenon is as follows. During
k=Lk#i transport of admixtureA by a turbulent fluid flow the

number density of the admixturé decreases due to the

P chemical reactioqh —>.C with a very shorF timer, << 7.

Bi = Di[1 + (0I/aN)osi] + «i . (10) ;I;S)ljso;u;blrjéznt diffusion does not contribute to the mass

- gentA. The turbulent mixing is effective

where S = D;(91/9Nk)ogi, Wi = rrl(&i + m:)/To +  only for the product of reactio’. The situation becomes

kgTo/my, Ty is the temperature at the equilibriuffi; =

n

+ a; D (01/dNy)oNx + a;(01/0T)T, (9)

(81/((?)T)0§i]' mi =0 for gaseous admlxtures&gi = more complicated for a multicomponent chemical reaction
(3N; "/Pe (m;/m,)InRe, for particles [3], N;” is  with the inverse reaction. The effect of depletion of the
the mean number density at the equilibriurd; =  turbulent diffusion is similar to that for the reactign—
N,~(0)D,»/KT, i = x(aiDy/D; + Bni/Ty), and (i =  C. The total chemical relaxation time is determined by
Zi(k = i). The first term in Eq. (9) describes turbulent an equationr, ! = Z§=1 7”-]1, where7; is the relaxation

diffusion, and the third term determines turbulent thermatime of the j component. The components with the
diffusion. These processes are modified by chemical reime 7; > 7. have the turbulent diffusion coefficient
actions (or phase transitions). The second term in Eq. (9)-By, whereas turbulent diffusion coefficients for the
corresponds to a mutual turbulent diffusion of admixturescomponents withr; ~ 7. are strongly reduced.
caused by chemical reactions (or phase transitions) in Now we discuss the mechanism of the mutual turbulent
turbulent fluid flow. diffusion of admixtures. Note that the mutual molecular
Note that wherw;(d1/9dN;)y < 0 the chemical equilib- diffusion of admixturess caused by interaction between
rium is stable. For gases; = 0. Thus it is seen from gaseous admixtures due to collisions of molecules of the
Eq. (10) that the “effective” diffusion coefficier®; can  gaseous admixtures. In turbulent flow with chemical re-
be much less than the coefficient of turbulent diffusionactions inhomogeneities of the number density of one of
D; when |(31/0N;)oé;| — 1. This implies that chemi- the reagents causes fast change (on the chemical reaction
cal reactions (or phase transitions) can result in a stronime scaler.) of the number density of other components
depletion of turbulent diffusion. Consider for simplic- due to the shift from the chemical equilibrium. Similarly,
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the inhomogeneities of the number density of the admixthe molecular weight of the surrounding fluid. For ex-
ture cause heat release (or absorption) due to the thermainple, whenp, ~ 10~! g/m?, T ~ 300 K, and Re ~
effects of the chemical reactions, i.e., additional nondiffu-10> we find that the minimum size of droplets for which
sive turbulent heat fluxes. These fluxes can be interpretethe instability is excited must be larger thah um. This
as turbulent analogs of the known cross-effects in irreinstability is completely different from that studied in
versible thermodynamics. [3,4] since it is accompanied by the change of the tem-
Now we show that the equilibrium state is unstable withperature distribution. In addition, this instability strongly
respect to large-scale perturbations (in scales are muaepends on the latent he@t of the phase transition, and
larger than the maximum scale of turbulent motions). Thet can be excited even for homogeneous distribution of
mechanism of the instability is as follows. Large-scalethe equilibrium mean temperature of fluid. On the other
temperature perturbations of the mean temperature (e.dhand, the instability studied in [3,4] is not excited when
mean temperature reduction in some region) result in adluid temperature is homogeneous.
cumulation of droplets in the regions with temperature The similar instability can exist in chemically reacting
minimum due to the effect of turbulent thermal diffu- flows. However, the mechanism of the instability is
sion. Evaporation of droplets causes further temperatureomplicated by the additional factors, e.g., photochemical
decrease in this region. The latter results in the increasand electrochemical processes. These effects are the
of the droplets number density and temperature reductiorsubject of an ongoing study.
Therefore the instability is excited. This simple mecha- In summary, coupling between chemical reactions (or
nism is complicated by the effect of chemical reactiongphase transitions) and turbulent transport yields a number
on turbulent transport: reduction of turbulent diffusion andof new effects: depletion of turbulent diffusion and
turbulent analogs of cross-effects. Large-scale perturbaurbulent analogs of cross-effects known in irreversible
tions of the temperatur€ and the number density of ad- thermodynamics. The discovered effects have a strong
mixturesn; result in the appearance of the additional flowsinfluence on the dynamics of turbulent mixing.
with V - v(D = 0. Itis conceivable to suggest that release We are indebted to P. Clavin for stimulating dis-
(or absorption) of energy during exothermic (or endothercussions. This work was partially supported by The
mic) chemical reactions in the vicinity of the large-scaleGerman-Israeli Foundation for Scientific Research (Grant
inhomogeneities increases, and the temperature of sulo. 1-008-303.0695) and Israel Ministry of Science
rounding fluid increases (or decreases). Therefore th@Grant No. 8429-1-96).
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