EFFECT OF THERMODIFFUSION ON INTENSITY OF SURFACE
BURN-OUT IN A HETEROGENEOUS TURBULENT BOUNDARY LAYER
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On the basis of an analysis of the binary diffusion equation in the viscous sublayer of the
turbulent boundary layer an estimate is given of the effect of thermodiffusion on the con-
centration of components at an impervious wall, on the permeability of the wall, and on the
intensity of heating of the reactive surface. Experimental results are presented on the burn-
out of a graphite wall in mixtures of air with nitrogen, argon, and helium,

In studies of a boundary layer involving chemical reactions because of the complex nature of the ef-
fect a number of assumptions are made concerning the chemical reaction rates and the composition and
properties of the gas mixture, In this case, as a rule, only concentration diffusion is considered, where
the diffusion flux of the material is determined by the concentration gradient.

In the context of boundary layer theory barodiffusion can be neglected, since the pressure is constant
across the boundary layer. Moreover, in a binary boundary layer under certain conditions the diffusion
thermoeffect and thermodiffusion [1-3] can become important,

The diffusion thermoeffect is characterized by heat transfer produced by a concentration gradient.
The presence of this effect leads to the fact that the temperature of the adiabatic surface can differ signifi-
cantly from the temperature outside the boundary layer.

Thermodiffusion represents diffusion mass transfer arising in the presence of a temperature gradient
within the gas mixture. The molecules of the heavier gas usually diffuse in the direction of the heat flux,
while the lighter molecules diffuse in the opposite direction. Here the thermodiffusion intensity depends
both on the characteristics of the temperature field and on the ratio of the molecular weights of the compo-
nents under examination. Thermodiffusion leads to some separation of the components of the gas mixture,

Thus, in a nonisothermal binary boundary layer thermodiffusion can lead to a considerable chahge in
concentrations at the wall,

The diffusion equation for a binary mixture, described through weight concentrations, with thermo-
diffusion taken into account has the form [1, 2]

) 9K MiM; dlnT
=0V K, = —pDy, [—ay_l + kT_—z%'zi_——anT_:l @
Here j4, Ky, and V, are the mass flux, weight concentration of the first component, and velocity; T is
the temperature; p the gas density; My, M,, and M are the molecular weights of the individual components
and of the gas mixture; Dy, and D are the concentration and thermal diffusion coefficients; and k1 =DT/Dy,
is the thermodiffusion ratio.

The thermodiffusion ratio depends strongly on the relative content of the two components and on the
ratios of masses and diameters of the molecules. It is therefore sometimes convenient to use the thermo-
diffusion constant &, which depends rather weakly on the concentration of the components:
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Since the diffusion equations for a multiple~component mixture are
very complex we shall first examine a heterogeneous binary boundary layer
in the absence of chemical reactions, We shall determine the concentra-
tions of the components at the wall taking thermodiffusion into account.
Then using the results obtained we will determine the permeability param-
eter b * at the reactive wall which characterizes the intensity of chemical
erosion of the surface.

A diagram of the problem under consideration is presented in Fig. 1.
A wall with a surface temperature Ty, is blown upon by a heterogeneous
gas mixture (henceforth we will examine a mixture of air with helium or
argon) having a temperature T, in the undisturbed current.

A turbulent boundary layer with a thickness 6 develops at the wall., In this case the laminar sublayer
has a thickness y; with gas parameters py, wy, and T, at the sublayer boundary. As the analysis conducted
in [4] shows, for Prandtl and Schmidt numbers P<1 and S<1 the difference in velocity at the boundaries of
the dynamic, thermal, and diffusion laminar sublayers need not be taken into account.

If the temperature were constant over the thickness of the boundary layer, the concentrations of the
components of the gas mixture would be constant, The temperature does vary smoothly over the entire
thickness of the layer from T, at the outer boundary to Tw at the surface, which leads to the development
of thermodiffusion.

The characteristics of turbulent transfer prevail in the region y,;<y < 9. Here the turbulent diffusion
coefficients D* are many times larger than the coefficients of molecular concentration Dy, and thermal dif-
fusion D. In such a case, despite the presence of a temperature gradient, thermodiffusion in the turbulent
center can be neglected. The concentrations of the individual components of the mixture in the region of
the turbulent center can be taken as constant to a first approximation; i.e., the concentrations at the bound-
ary of the laminar sublayer are equal to their values in the undisturbed stream:

K (i)y=yx =K (8o

The processes of molecular transport are established in the region of the laminar sublayer (for y<y;,).
The maximum temperature gradients occur here, which leads to the development of thermodiffusion and a
gradient in the concentrations of the individual components of the mixture.

In the film theory the flow in the laminar sublayer is replaced by the Couette model of flow on the
assumption that the variation in parameters in the flow direction is negligibly small compared with their
variation in the transverse direction. In this case it follows from the continuity equation that the transverse
flow of material is constant across the sublayer cross section:

J =pwy = const = j,
and if an impermeable wall is considered, j=0 in the laminar sublayer.

From Eq. (1), written with (2) in consideration, at an impermeabie wall:

3K dlnT
S = —ok(1—K) 2T ©)
it follows that in this case because of thermodiffusion in the laminar sublayer a concentration gradient

arises such that the concentration diffusion is balanced by the thermodiffusion.

For a small change in concentration due to thermodiffusion one can assume that « =const and, inte-
grating Eq. (3) over the thickness of the laminar sublayer, obtain
v v
o
S___K(i_m —— g =T (4)
w Tw
Hence, with the condition that the concentration of a component at the sublayer boundary is equal to
its value in the undisturbed current K;=K,, we get the equation

K0(1_Kw) 7 Ty \*
Ky (1 — Ko) _< Tl) %)

or an expression for the concentration of the component at the wall:
Ky
K, =
YT Kot U—Ko) (T | TH* (6)
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To determine the concentration of the components at the wall it is necessary to know the temperature
T, at the boundary of the viscous sublayer. As shown in [4], for the flow of a compressible gas at ather~
mally isolated surface and for heat emission from the wall to the gas, the value of the universal coordinate
71 is close to its value in an incompressible fluid; i.e., at the boundary of the laminar sublayer one cantake

@ =mn =116 or ¢, =w/v* =116 "

Let us express the dynamic velocity through the coefficient of friction at the wall:
s/ Tw _ P/t (8
v = = w(,]/! ; 5 )

It follows from Egs. (7) and (8) with the condition of similérity of the velocity and temperature pro-
files that

—Tw—=T1 “po 1/t
“’—T,,,—To—“'GVT -+ _ )

The ratio of densities is determined from the equation of state and the condition of similarity of the
temperature and concentration profiles, From the latter relation one can determine the temperature T, at
the boundary of the laminar sublayer,

Let us examine the conditions under which the experiments on a graphite surface which is being
burned out [5, 6] were conducted:

Ty~ 290°K, T, =~ 2000°K
10° < R. << 3:10°, ¢;/2 = StP%% = 1.2:107°

cy/ 2=Ty/poW,’ is the coefficient of friction, St=jo/pywyb; is the Stanton diffusion number, Rx =powex/ 1, is
the Reynolds number along the length of the surface, and S=pu/pD;, is the Schmidt number.

Solving Eq. (9) relative to the temperature at the boundary of the laminar sublayer we find thatunder
these conditions

T, = 840° K, @, ~ 0.68

Now the concentration of the components of the gas mixture at the wall in the absence of chemical re-
actions and a transverse flow of material can be determined from Eq. (6). Calculations were conducted
for mixtures of air with helium and air with argon. Values of the thermodiffusion constant a as a function
of the concentration of the components were chosen in accordance with the data of [2, 3].

The results of calculations of helium and argon concentrations at the wall as a function of their con-
centration in the main current and taking thermodiffusion into account are presented in Fig. 2. As seen,
the helium concentration (curve 1) can be increased by 20-35% at an impermeable wall for the conditions
under examination. The argon concentration (curve 2) decreases, but not significantly (by 2.5%). In the
absence of the thermodiffusion effect the concentrations of the components at the wall and in the main cur-
rent are the same (dashed straight line).

In an analysis of the effect of thermodiffusion and diffusion thermoeffect on heat exchange at a porous
wall in [3, 7] it is recommended that these effects be taken into account in determining the equilibrium tem-
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perature of the wall, Here the heat emission coefficient is conservative with respect to the thermodiffusion
effect. An analogous model was used by the authors in [5] to analyze the efficiency of a gas screen atasur-
face which is being burned out. It was shown that the laws of thermal mass exchange remain conservative
if the calculations are made with respect to the "equilibrium" concentration of the components at the wall
(with respect to the oxidant concentration determined on the assumption of a gas screen with the absence

of chemical reactions at the surface). In this case the intensity of burn-~out of a graphite wall was deter-
mined from the following equation:

Jo = pow St*b* (10)

Here St* is the Stanton diffusion number. In the case where the reaction C +O—CO occurs at the
surface the permeability parameter is determined by the equation

by* = 3,K (0),* 1L

where K(O)y,* is the oxygen concentration at the wall under the conditions examined in the absence of chem-
ical reactions,

Thus, if the laws of thermal mass exchange remain conservative with respect to thermodiffusion, the
effect of thermodiffusion on the burn-out intensity will only show up through the permeability parameterb,*,

The results of calculations of the permeability parameter from Fqs, (6) and (11) for the burn-out of
graphite in mixtures of air with helium (curve 1) or with argon (curve 2) are presented in Fig. 3 as a func-
tion of the argon or helium concentration in the current, - The dashed line represents a calculation without
taking thermodiffusion into account. As seen, in a mixture of air with helium the thermodiffusion effect is
considerably stronger than in a mixture of air with argon. Here in the first case thermodiffusion leads to
a reduction in the burn-out intensity [by 30% for K (He),~0.6], while in the second case it leads to an insig~-
nificant increase [by 2.5% for K (Ar),~0.6],

In the experimental arrangement which was described in [5] test data were obtained on the burn-out
of PG-50 graphite in a current of various gas mixtures. The burn-out intensity was studied in a current
of air diluted by nitrogen (uniform boundary layer) and in mixtures of air with helium and with argon, The
mass flow of the gas mixture in the tests was pyw,~100 kg/ m?- sec, the temperature of the gas current was
T, ~290°K, and the temperature of the graphite wall was T, =1880-2025°K.

The results of these experiments, analyzed without considering the thermodiffusion effect, are pre-
sented in Fig. 4. In this case the experimental value of the Stanton number was determined from (10) while
the permeability parameter was determined from the oxygen concentration in the main current:

St = J, / pWyby, by = 3/,K (O), (12)

As seen, the test results in mixtures of air with nitrogen K (N),=0,77-0.874 (points 1) and in mixtures
of air with argon K {(Ar);=0.31-0.56 (points 2) practically coincide apart from the dependence on the con-
centration of components in the main current, The test data obtained on the mixtures of air with helium
are stratified as a function of the helium concentration in the main current and are distributed lower (by
40%). The designations of the points in Fig, 4 correspond to the following helium concentrations in the
main current: points 3: 6.2%, 4: 13%, 5: 35%.

The same test data analyzed with the effect of thermodiffusion taken into account are presented in
Fig. 5. In this case the experimental value of the Stanton number was determined from the equation

St¥ =g, /Powobl*
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where by* was found from Eq. (11) with allowance for the effect of thermodiffusion on the oxygen concentra~
tion K (O)y* at the wall in the absence of chemical reactions (Fig. 3). The test data are compared withthe
dependence [5]

St = 0.029R;**S-0-6908 (1 / py)02 (13)

with the condition that P~8=0.71, Here ¥ = (St/ Sto)g « * is the relative law of thermal mass exchange, taking
into account the nonisothermal effect and transverse flow of material at the wall, and uw and p, are the
gas viscosity at the wall and in the main current.

It must be kept in mind that in the case of such a heterogeneous mixture in addition to thermodiffusion
a change in the Schmidt number S as a function of the concentration of the components can be important,
The dependence of the Schmidt number on the ratio of the molecular weights of the diffusing gas M, to the
molecular weight of the medium M, is presented in Fig. 6. The values of S were determined from the co-
efficients of binary diffusion presented in [8-10]. As seen, the available data correlate satisfactorily in
this simple form, and one can use an exponential dependence (for 0.05<M,;/M,<5) in a first approximation
to determine the S number: :

S = 0.76 (M, | My)o ' (14)

In determining the permeability parameter b;* at a graphite surface which is being burned out, dif-
fusion equations for oxygen and carbon [5] are examined in which the coefficients of diffusion of oxygenand
carbon monoxide in the gas mixture are involved. In determining the S number the multicomponent mix-~
ture will be considered as a certain binary mixture, where oxygen O, (or CO) diffuses in a mixture having
a molecular weight M,.

The results of experiments on the intensity of graphite burn-out in mixtures of air with nitrogen, ar-
gon, and helium, constructed with thermodiffusion and the S number taken into account, are presented in
Fig. 7. The designations of the test points are the same as in Fig. 4.

In this analysis the experimental data obtained in a heterogeneous boundary layer (mixture of air with
argon and helium) correlate satisfactorily with the results of experiments in a uniform boundary layer (mix-
ture of air with nitrogen) and are described by Eq. (13).

For the experimental conditions used the maximum effect of thermodiffusion on the burn-out inten-
sity did not exceed 20%. However, for other ratios of components and under more nonisothermal conditions
the thermodiffusion effect can be more important.
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