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HEAT AND MASS TRANSFER IN THE STEADY WALL COMBUSTION
OF A FILTRATED GAS MIXTURE

G. T. Sergeev UDC 536,46

The influence of external and internal heat and mass transfer on the temperature
distribution in the solid and gas phases and on thé stability of the combustion
zone in "standing-wave" conditions is investigated.

Surface combustion of filtrated fuel, which occurs in porous radiators, refractory pre-
heaters, and chemical-technology processes and apparatus, is a complex phenomenon whose an-
alysis entails taking account of heat and mass transfer of interacting media and the chemical
kinetics of homogeneous reaction of the compoments, In {1, 2], where surface combustion was
investigated for a porous radiator, it was assumed that the temperatures of the body skeleton
tt = (Tr — Tw) /Te and the filtrated fuel ty = (T — To)/T are the same.

In the present work, the results of theoretical investigation of the surface combustion
of filtrated fuel are given, together with an analysis of the conditions corresponding to a
"standing wave,"” taking account of the difference in tp and ty. The results of analytical in-
vestigations are compared with experiment.

The problem is formulated as follows. A stoichiometric gas mixture is filtered through
a semiinfinite body (Fig. 1), consisting of a chemically inert porous medium (— < x < 0) with
impermeable heat-insulated side walls, at a velocity v = (j/p)1, where jy is the total density
of a longitudinal flux of injectant consisting of fuel jg¢ and oxidant jo (i1 = j¢ + Jo)s o1 is
the gravimetric density of the gas mixture. It is assumed that the chemical reaction of the
porous medium with the injected gas does not occurs the thermophysical properties of the in-
teracting media and the porosity of the medium do not change in the course of the process!
the rate of chemical combustion is infinitely large in comparison with the diffusion rate,
i.e.,, the flame-front model is valid; filtrational effects may be neglected. The latter as- -
sumption, allowing the filtration equation to be eliminated from consideration, does not lead
to significant calculation errors, since the present work is an investigation of conditions of
low injection rate of injectant relative to a porous radiator with surface combustion, for

which Ve = 0.37-0.172 m/sec [1, 2], at large filtration coefficients and porosity of the body
skeleton II = 80Z.

The following physical picture is considered. Combustion of the injectant is initiated
by a source (acting only at the initial moment of time) at the end surface of the body (x = 0).

A. V. Lykov Institute of Heat and Mass Transfer, Minsk. Translated from Inzhenerno~
Fizicheskii Zhurnal, Vol. 51, No. 6, pp. 924-931, December, 1986, Original article submitted
October 2, 1985.
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Fig. 1. Temperature distribution in porous body: Tp, for solid;
Ty, for gas mixture; v is the injection rate of the injectant and
u is the velocity of the combustion wave.

Fig. 2. Dependence of the roots kz, k4, and ¢ = :ﬂ; on Ve
(m/sec) . '

In the course of the whole process, combustion occurs in the region x = 0 (in the wall gas
layer and in pores of the body), which is the heat-liberation zone, where Ty* > Tp* (Fig. 1).
The high-—temperature combustion products which form here heat the porous packing. In the
heating zone (x < 0), where Ty > Ty, the packing loses heat to the gas. In addition, in the
cooling zone (x > 0), convective heat transfer of the packing surface with the surrounding
medium occurs. Hence, in the steady process in the combustion zone, Ty* > Tp*. This two-

temperature model is confirmed by experimental investigations of filtrational combustion of
hydrogen-air mixtures [3].

In analyzing filtrational combustion, mobile X, 71 and immobile X, < coordinate systems
relative to a combustion wave moving at velocity u are used below: X =X — PetFo, X = x/ZE,
X = X/ZE, T = T, where x and x are the abscissas} t and T are time; ZE is an equivalent di-
mension equal to the ratio of inertial B, (m™!) and hydraullc B, (m ?) drag coefficients (ZE
B1/B2)3 Per = ulg/at is the Peclet number; Fo = aTT/Z g is the Fourier number. The air di-
rection v is taken as the positive d1rect10n of the combustion-wave velocity u.

The differential equations for the temperatures of the body skeleton and the injectant
are written in the following form [4]

Otx 0%ty

0Fo = GX"’ +p I GX +NuV(t tT),
(1)
ot 8211 oty .
” dFIo == —Pe, X —xNuv (4 —t7) +Kis.

Analytical expressions for the dimensionless parameters x and Kig, which appear in Eq. (1)
and which characterize the thermal inertia of the system and the heat liberation at the sur-
face of the permeable body on account of the combusion, respectively, and also for the Nusselt
number Nuy and Peclet number Pe,, which depend on the internal heat transfer and the injection
rate of the gas and the velocity of combustion-front motion, take the form

_ (=i . Qjpwe
g= -2 Pey— __(_:E)_I_E_, (2)
ay a
avlfg' o
NuV= ar e by = (l_n) CprT EN

where §(X — 0) is a Dirac delta function equal to infinity when X = 0 and zero when X # 0,
© characterizing the heat liberation on account of combustion; Q is- the thermal effect of the
reactiony my, is a coefficient characterizing the completeness of burnup of the injectant; «
(J/m®esec*k) is the internal heat-transfer coefficient between the body skeleton and the in-
jectant, determined by the relation [5]¢ Nu = 0.515eRe®*®°Px°"?® (Nu = «lg?/A1*, Re = jlg/
ur*).
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Fig. 3. Dependence of the injectant temperature ty* at X = 0
and the parameter A characterizing the '"standing wave" on the
Peclet number Pey; the curves correspond to theory and the
points to experiment.

Realization of the flame-front model with an infinitely thin reaction zone allows a §
source to be introduced into Eq. (1) for ty, and hence the solution of the problemmay be ob-
tained in finite form.

Investigating the heat and mass transfer in the surface combustion of a filtrated mix-
ture reduces, in the given case, to analyzing the problem of steady propagation of the reac-—
tion zone, i.e., to solving Eq. (1) with 3tr/3Fo = 3ty/Fo = 0 and the following boundary con-
ditions

X=0, t;=tr, lr==t%, (3)
atl -}-—Blwt*—Kl* (4)
X=—oo0, ty=t; =0, &)

where Biy¥ =gWlg/A1, Bip¥ = a¥l g/AT are the Biot number determining the heat transfer at x =

0; the dimensionless parameter K1* = QjpnplE/ TwAT characterizes the energy source due to com~
bustion of the gas mixture of fuel with oxidant. The first and second terms on the left-hand
side in Eq. (4) are the conductive and convective components of the heat flux. The conditions
in Eqs. (3) and (5) determine the temperature at the body surface and at infinity in the body.
The heat-transfer coefficient of the surface of the permeable body with the surrounding medium
oY appearing in the numbers Bif¥ and Biy¥ is determined by a relation corresponding to the
experimental conditions of [2].

N N
- A 1 £ . : 3
oav= —Zf— Nue—}———t;~(‘ itH+ag—2zVTs+P, Z RTV 5+ Z hjijj) - (6)
1 J j

The first term on the right-hand side here is due to natural convection, the second to gas in-
jection, the third to radiation of the wall and gases, the fourth to conduction, and the fifth
to diffusion of molecules in the coordinate system moving at the hydrodynamic (mean-mass) vel-
ocity VJ(VJ-J /pj); L is the characteristic dimension (the thickness of the gas layer above

a horizontal radlating screen); H is the enthalpy of the gas mixtures hj is the enthalpy of the
j-th gas component in the N-component mixture. For Nusselt number Nug and the component qg,
the following expressions may be written

Nue=c(Gr Pr)", gp=qu-+q,44,. 7

where the constants c¢ and n are functions of the product GrPr, which varies in the range 210-
115,0005 the term qy, is due to the radiation of the screen (permeable surface), q.q to that
of carbon dioxide CO., and q, to that of water vapor H.0.

Calculations by Eqs. (6) and (7) are simplified in that the composition of the combustion
products of the injectant corresponds sufficiently accurately to a mixture of dusty gases [1,
2]. The method of calculating the terms in Eqs. (6) and (7) and the experimental method were
described in more detail in [6].

In the given case — steady propagation of a combustion wave — it follows from the con~-
tinuity equation that [3, 4]

pI(v_u) =pIoc (Um-—u) .
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Equation (1) is linear for the zone —w < X < 0, in which the concentration of the defi-
cient component (the fuel) is Yy = Yy». In the combustion zone, where X = 0, Y1 = 0. The
eigenvalues k¢, 1 = 1, 2, 3, 4 of Eq. (1) are determined by solving the characteristic equa-
tion ‘

%+ (Pep —Pep) ®—[Nuvy (1+4y) +Pe;Pes] x?+Nuy (Pea—yPe px==0. (8)
It follows from analysis of Eq. (8) that, for small flame-front velocities and large
thermal inertia of the solid phase, i.e., when

ULy, 1>1, 9)

the roots ki are real (Fig. 2): k; = 0, k2 > k4 > 0, k3 < 0; the solution of Egs. (1)-(5) for

the region X < 0 is determined solely by the eigenvalues k., k2, and k43 in Eq. (9) and below,
V = Vw. The roots xi, i = 2, 3, 4 corresponding to the parameters of Eqs. (19) and (20) below
vary in the range (Fig. 2): k2 = 0.5-2.7; s = —(0.4-2.5), k4 = (3-30)1072,

As a result of solving Eq. (1), and taking account of the boundary conditions in Egs.
(3) and (5) and also Eq. (9), it is found that

tr=[va (] +valy ) exp uaX—va (5 +valy ) exp uaX] (va—vs) ™
te= [ (¢ +-vaty ) exp xaX— (87 +-valy ) exp %2 X] (y2—v4) 7,

(10)

where
jm= (s Pe ) —1, i=2, 4
Vi Nuy 7 I ? T

From the boundary conditions in Eq. (4), using the solution in Eq. (10), the following
theoretical dependences are obtained for the dimensionless temperature of the gas t1* and the
body of the skeleton tqp* at the surface of the body coinciding with the combustion zone

£t =Ki* [ (xav2—%274) —%~12y4 (x2—%a) +Bi® (ve—v4) Jw, (11)

12 =Ki*[A (n2ya—xaya) + (xa—x2) +Bi? (v2—74) ],
where
W= (y2—Ya) (BigBip-+nans) +BiZ[ (xeve—%4avs) +A (nave—n2vs) ], A==ha/A;.

The solution in Egqs. (10) and (11) of the problem in Eqs. (1)-(5) allows the temperature
values at the surface of the permeable body and their distribution in the solid and gas phases
to be determined sufficiently accurately. Theoretical curves of ¥=9(vx),where ¥=1;/%3,
are shown in Fig., 2, and comparison of theory with experiment for ty* in Fig. 3a. For the gi-
ven conditions, the parameter ¥ varies in the limits 0.89-0.93; the maximum difference in the
theoretical and experimental values of t1* (for the whole range of Pey) is no greater than
+207.

The Peclet number Pey is found from Eqs. (1)-(5). Integrating the first relation in Eq.
(1) over the limits from 0 to —w, and taking account of the second boundary condition in Eq.
(4), a dependence is obtained for qualitative analysis of the dimensionless combustion-wave

velocity Peg
Pe1=s(Bi';’—n), (12)

where
0

n= (Ki* A-1—2Nuv) /t*; 2=1/LTw; J= ) (tx—t,)dx>0.
T 1

The number Pey = 0 when
Bivtr =A-'Ki*—2Nuv, (13)
Per > O when BiqV¥ > n, and Pey < O when Bif¥ < n,
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According to Eq. (8), determining the combustion-wave velocity in the general case en-
tails solving an equation of fourth order in u or Pey. However, this analysis is possible if
the temperature values of the solid and gas phases are known at the combustion surface.

Below, with the aim of simplifying the dependences for calculating the combustion-wave
velocities, it is assumed that, according to [6], convective heat transfer dominates in the
gas phase, and therefore, the conductive term (3°ty/3X* = 0) in Eq. (1) may be neglected.

When tI" = 0, the eigenvalues Ei of the linear steady system in Eq. (1) are determined
by the characteristic equation

w2 wp—Nuy (1—yPey/Pes) =0,
where

XNLIV

(14
PGA ’ )

— 2 Pe
x1,2=——g———i]/‘llé—;—-+NUV( l‘—X—P-#') ; 1})"——'—‘Pe_1+
and ¥, > 0, ¥, < 0.

The solution of Egs. (1)-(5) in the region X * 0 when t;" = 0, taking account of Eq. (9)
is determined solely by eigenvalue ;. When Eqs. (3) and (5) are satisfied, it takes the
form

tr=t* exp uiX, t-I.—.=Pej:\1 [Ki*E(X—0) +xz2 (m14Pe;) Jexp wiX, (15)
where E(X — 0) is the unit Heaviside function,
1 X“-—:O
E o — { > ’
X=0= 10, xo0.

The temperature values at their discontinuity surfaces may be obtained from the second
relation in Eq. (15)

to=yts (i+Pe ) Pel, 4 =[Ki*+ytz (x1+Pey) JPe;. (16)

As follows from the above analysis, Eqs. (10) and (11) correspond to continuous values
of ty and tp (Fig. la); when using Eqs. (15) and (16), it is found that the gas temperature
undergoes a discontinuity at X = 0 (Fig, 1b), i.e., to the left and right of the surface of
the permeable body the values of Ty are‘T%enuiT%, respectively. In both cases, the values of TT*
qualitatively agree.

It follows from an analysis of Egs. (10) and (15) that the temperatures of the body skel-
eton and the injectant increase with decrease in injection rate Pe;, or v, thermal conductivity
A1 and AT, internal heat transfer Nuy, or heat transfer with the surfaces of the body Biq¥
and Bif¥ and also with increase in heat of combustion Ki* and specific heats CpI and CpT- The
difference in ty and ty increases on approaching the combustion surface.

From the second boundary condition in Eq. (4), using Eq. (15), a dependence is obtained
for calculating Pey in the vicinity of the peint X = 0
[ T ti— — » 5
Pe. — Ki*+t1 Pey—yir Bir : (17)
I tretiry,
where Pe, = vly/a; the temperatures ty* and tr* may be determined from Eq., (11), obtained on
taking account of the conductive component in Eq. (1), i.e., when aztI/aX2 = 0.

According to Eq. (17), the waves are cotraveling or opposed, respectively, when
t’IiPev>Ki*+xt; Bi¥, tI* Pe,<<Ki*+y¢: Biv.
If the temperature of the body skeleton and the injectant in the combustion zone are
equal ty* = tp* = t*, Eq. (17) takes the form
—Ki*/t*+Pey—yBir

Pei== P . (17a)

As follows from Eq. (17), the standing-wave stage (Pey = u = ) is realized when

A=Pe,, A= (Ki*+yt:Bi¥)/t;. (18)
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If t§== ty* = t*, Eq. (18) is written in the form

Ki*/t*+yBi¥=Pe.. (18a)

Thus, Egs. (10), (11), and (15) allow the temperature values in the solid and gas phases
to be determined, while Eqs. (17) and (17a) allow the velocity of the maximum—-temperature zone
(flame front) to be determined. Equations (18) and (18a) determine the position of the '"stand-
ing wave." As already noted, according to the formulation of the problem in Eqs. (1)-(5), the
conditions in which the combustion front initiated at the surface of the permeable body re-
mains there throughout the whole process are considered.

A comparison of values of A and ty* obtained from Eqs. (11) and (18) and experimentally
is given in Fig. 3. Note that Eq. (18), characterizing the "standing-wave" state, while re-
latively simple, allows the conditions corresponding to Pey = u = 0 to be determined suffi-
ciently accurately (Fig. 3b).

Calculations using Eqs. (10)-(18) are based on the following parameter values (at a de-
termining temperature To = T,), corresponding to the combustion of methane—air mixture at the
surface of ultralightweight chammotte [1, 2, 4]

A;=0,024, 4x=0,73 W/ (n K); [1=0,8; ¢r1=979, cpr=148 1/(kg-K);
pr=1,15, pr=23750 kg/m*; Trw=T1==293 K; x=7,7; a;=2,1-10-5, (19)
ar=1,315-10-5m?/sec;ly =25-10~¢ m; Q=51-10° T /g, L=0,024m.

The parameters in Eq. (19) correspond to experimental conditions of stable operation of
porous radiators with surface combustion, in the absence of flame displacement (breakthrough
or breakaway). Therefore, questions of flame motion, investigated in more detail in [7], are
of independent scientific interest; they have not previously been considered. The experimental
method was considered in more detail in [1, 2]. The experiments are conducted with combustion
of a stoichiometric mixture of methane and air at the surface of a lightweight refractory and
heating of metallic components by a radiator. Heat transfer (basically radiational) between
the part and the radiator increases the error of calculation by Eqs. (10), (11), and (15),
i.e,, the difference between theory and experiment, since in solving Eqs. (1)-(5) no account
is taken of the time-varying energy source due to the presence of the heated part.

The dimensionless parameters used in Eqs. (10)-(18) vary over the following limits, cor-
responding to Eq. (19) and experiment [1, 2, 4]

Pe,= (0,5--14) - 107% Pey=(2,3—24) 1072 % =22-27;

Nu= (15-57) -10~%; Nuy=0,1+-0,5; Biv=(9—18)-10~%;
Bit=(2—7) - 10 %,=0,58—0,88; Re=0,02—0,10; (20)
Nue=2,3—9,9; Ki*=0,5--2,0; Gr=375—180 000.

It may be supposed that Egs. (10), (11), (15), and (17) are valid when the parameters in
Eq. (20) vary over broader limits.

These conditions correspond to the case of low injection rates, since v << 3 m/sec. Ac-
cording to [3], the dependence u = u(v) is U-shaped in this case. With v,, v,, and vy (v,"<
v* < v,), the combustion-wave velocities are u, = 0, |-u*|= Uy, uz2 = 0, respectively, where
u; = 0 is the first "standing-wave" state and u, = 0 is the second "standing-wave" state.
When v < v,, collapse of the combustion occurs; when v > v, flame breakaway occurs.

NOTATION

A, Cps My P, thermal diffusivity, specific heat, dynamic viscosity, and gravimetric den-
sity; T, temperature; g, acceleration due to gravity; Pr = u/cpd, Prandtl number; Gr =@L3gp/
u?, Grashof number; ® = 2(T* — T,)/(T* + Tw);ij, thermodiffusion coefficienty A, thermal
conductivity. Indices: T, skeleton of body; I, filtrated mixture of fuel and oxidant (in-
jectant); «, value as X+ #x I, quantities referred to the body skeleton and injectant; m,
maximum; e, natural convection; j, j=-th component of gas mixture; w, wall surface; =, combus-
tion zone.
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CHARACTERISTIC STATE-TRANSFORMATION TEMPERATURES
OF A QUARTZ GLASS-CERAMIC WITH UNIDIRECTIONAL HEATING

G. A, Frolev, A. A. Korol', V. V. Pasichnyi, UDC 536.45
V. Ya. Berezhetskaya, E. I. Suzdal'tsev, and
V. S. Tsyganenko

This article examines characteristic ablation temperatures of a quartz glass-—
ceramic. The emissivity and transparency of materials are evaluated.

Quartz glass-ceramic has been widely used in many areas of technology in recent years.
The working temperatures encountered in some of these applications are significantly higher
than the melting point. In particular, a device made of quartz glass-ceramic and designed
to afford protection from heat at such temperatures is very effective because of the large
amount of heat generated by all of the physical-chemical changes that take place during abla-
tion. According to [1], the total heat release from glassy materials changes relatively lit-
tle and may be about 11,000 kJ/kg for quartz glass. The high viscosity of melts of materials
based on quartz glass makes it possible to determine the fraction of evaporation [2]. The
rate of destruction of a quartz glass—ceramic is nearly independent of the amount of oxygen
in the incoming gas flow, and it usually does not contain a low-temperature component (binder).
All this provides grounds for the conclusion that quartz glass—-ceramic is the most suitable
material for studying the processes of heating and destruction during high-temperature uni-
directional heating.

However, a pure quartz glass—ceramic has partial transparency, especially at temperatures
above the melting point., Thus, its optical properties depend on the size of the heated vol~-
ume. Moreover, a thermocouple installed in such a material will give exaggerated values of
temperature due to radiative heat transfer.

Unfortunately, there is presently almost no data on absorption coefficients above the
softening point not only for quartz glass-ceramic, but also for quartz glass. This makes it
impossible to calculate emissivity with destruction of the surface of the material and to

evaluate the error of the readings of a thermocouple inserted in a partially transparent med-
ium,

Thus, the above-noted advantages of quartz glass-ceramic are partly offset by a serious
shortcoming - its partial transparency at high temperatures.

Institute of Problems of Materials Science, Academy of Sciences of Ukrainian SSR, Kiev.
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