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Ansoranua—B pafore uanoMen TeopeTHUeCKHi 2HAJIU3 HPOLECCOB Temyo- M MaccoolMeHa
Tejl € MOTOKOM Ta3a NPW HaJHY¥H NPOM3BOJNBHEIX TeTePOTEHHBIX Peariuil, IPOoTeKalomux

¢ KOHeYHO! CRODOCTRIO.

IpoBenen aHATH3 yCTOWUMBOCTH PeUIEHNS, & TarKe NPefeJbHHX 3HAYeHult TeMIepaTtyp
TOBEPXHOCTH, MHTEHCHBHOCTH YHOCA BelleCTBA M KOHIEHTPANMM HCXONHHX IPONYKTOB ¥

CTeHKHU,

IIpnpeneH KadecTBEHHHIH AHAIU3 BIMAHUA HA TeMIEPATYPy HOBEPXHOCTH, HHTEHCHBHOCTD
YHOCA MACCH ¥ KOHIEHTPALMI0 MCXOMHHX NPONYKTOB y LOBEPXHOCTH PABINUHEIX $aKTOpPOB,
XaPaKTepU3YIOUINX TEII000GMeH OTOKA € TeJOM DM HAJMYNMH FeTepPOreHHKIX pearnuil.

Ocofoe BHUMAHME y/eNCHO NPONECCaM BOCIIAMEHEHNA ¥ 3aTYXaHuA.

NOMENCLATURE
activation energy, initial gaseous
chemical component ;
chemical component in the form of solid
phase;
gaseous reaction product;
heat capacity at constant pressure;
diffusion coefficient, characteristic di-
mension of a body;
dimensionless function, equation (6);
enthalpy;
equilibrium constant;
weight fraction of gas in mixture;
dimensionless concentration of a gas
component in equation (9);
Lewis number;
component of solid phase;
molecular weight;
parameter of mass carrying over, equa-
tion (23);
reaction order;
Prandtl number;
universal gas constant;

= pUxD/u, Reynolds number;

reaction heat;
Fay == E(Pl b rmx(PU)tnz; F= r/(iw - iw);

I ”y
radius of an'axisymmetric body;
absolute temperature;
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T, dimensionless temperature, equation (8);
Uw, flow velocity far from a body;
u,  tangential velocity component;
U = u/ Uw;
Hw, velocity outside a boundary layer;
(duw/dx),, velocity gradient of a non-viscous
flow in the vicinity of the front critical
point;
v, normal velocity component;
x, longitudinal co-ordinate;
X = x/D;
y, normal co-ordinate;
z,  kinetic constant;
y*, parameter of a chemical reaction rate,
equation (38);
7,  dimensionless co-ordinate, equation (2);
8 = (pv)i/(pv);
x, temperature coefficient of reaction rate;
A, thermal conductivity;
u,  dynamic viscosity;
v,  stoichiometric coefficient;
(P0)m, = (PD)m,f(pV);
p,  gas density;
¢, surface fraction occupied by mass B,

Subscripts
i, v, k, initial, neutral components and reaction
product, respectively;
!, kind of substance in solid phase;
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m, mode of reaction;
w.  wall parameters;
oc,  parameters outside a boundary layer.

INTRODUCTION

IN MODERN engineering there are many cases of
heat and mass transfer complicated by chemical
reactions proceeding both in a gas phase and at a
surface. This includes a wide range of phenomena
from various kinds of combustion to an inter-
action of high-velocity gas flows with solids.
A number of investigations into such problems
has been published recently [1-3].

The problem considered is very complex since
it necessitates taking into account interconnected
processes of heat conduction, diffusion and
chemical reactions proceeding in the presence of
large velocity, temperature and concentration
gradients. This makes it necessary to introduce
some simplifications bound up with the peculiari-
ties of an incoming flow, properties of chemical
processes, etc. In particular, there is a wide-
spread assumption concerning the extremum
value of the rate of reactions proceeding:
systems are considered either *“frozen”™ or
equilibrium ones.

The aim of the present paper is to analyse
theoretically heat- and mass-transfer processes
in the vicinity of the frontal point of blunt
bodies with regard to heterogeneous chemical
reactions, the rates of which are not restricted.

1. FORMULATION OF THE PROBLEM

Consider some plane or axisymmetric body in
a multicomponent gas flow 4 which can react
with the body material B as a result of which the
substance C is formed. Besides reacting com-
ponents, there may also be neutral gases in the
flow.

In a general case, the material of the body is a
finely dispersed, mechanical -component mixture
the grains of which are sufficiently small com-
pared with characteristic body dimensions,

Different velocities with which separate body
components are carried over may roughen the
initially smooth surface of the body, the flow
near the wall acquires a complex turbulent
character and the problem becomes extremely
complicated.

V. P. MOTULEVICH

The boundary layer round the body is a multi-
component mixture with concentration, tem-
perature and pressure gradients, so that the
processes of concentration thermo- and baro-
diffusion will arise in it and the gas density will
change with temperature, pressure and com-
position.

Thus, the analysis of the problem in an exact
formulation, even in the case of laminar fluid
flow, necessitates solving the system of complex
equations given in [4].

Since the development of the method by which
the influence of heterogeneous reactions on the
steady heat and mass transfer can be analysed is
the main purpose of the present paper, a number
of simplifications bound up with the gas pro-
perties and flow conditions is introduced.

(1) The flow develops in the vicinity of the
front critical point. This problem is indepen-
dently of great interest, since this very region
is often characterized by maximum heat flows [5].

{2) The flow is laminar. This assumption is
quite real in the case of a surface suffering no
destruction [1]. If destruction of the surface takes
place, it means that a limited time interval
is considered during which the surface may be
regarded as smooth.

(3) ¢ does not change with time; it is ob-
served when the degree of heterogeneity of the
material is constant.

4) ¢,, A, p, p are constant and the D’s are
equal for different mixture components.

(5) The concentration diffusion alone is taken
into account.

(6) The wall is adiabatic, i.e. heat transmission
inside the body and radiation are considered
unessential.

(7) The influence of surface “contamination”
by reaction products due to their adsorption, as
well as the influence of partial progress of
reaction inside a porous wall, is not taken
into consideration or presumed to be known.

All these simplifying assumptions were made
in order to reveal more efficiently the influence of
various heterogeneous processes on heat
transfer. Moreover, with the help of the method
proposed, one may estimate the relative influence
of these processes on heat transfer as compared
with the cases when reactions do not take place;
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these relative estimations will be of still more
general meaning.

2. INITIAL SYSTEM OF EQUATIONS
The ordinary system of conservation equations
for the boundary layer given in co-ordinates
x-y (Fig. 1) can be transformed by introducing
new independent variables:

diteo x2(a+l)
e=m(@) ey O

= JIHE) @]

where « = 0 for plane bodies and «
axisymmetric bodies.

= 1 for

FiG. 1. Scheme of the body in a flow.

In the considered case for which
(duw/dx), ~ const, and r, ~ x, it may be shown
that the boundary-layer equations are reduced to
the relations:

FE 2 1 Nay
SR+ e = (=0, )
" +fT'=0, @)
K's +fk; =0, ®

all the functions of which depend on 7 alone,
Their physical meaning becomes clear when
analysing the following relations:

— pv
I= Ve ([Quw/dx)e (@ + DT ©)

X
- uwa (7)
= T— Tw
T=r=7r ®
ki - ke’w
lzi o kim - kiz'c‘ (9)

Equations (3-5) are valid only in the case when
all the parameters near the surface characterizing
the phenomenon are constant. Only the boun-
dary condition may be predicted a priori for the
velocity component «,, equal to zero for not too
rarefied flows. As to other values, they are
unknown beforehand and are to be determined
while solving the problem. Nevertheless, on the
basis of the following obvious assumptions:

(a) mass carrying over is proportional to heat
flow from the gas to the wall, equal to heat
release due to reaction;

{b) reaction rate depends only on a concen-
tration of reactants near the surface and the
temperature of the latter;

it may be shown even before solving the problem:
that all the flow parameters are constant in the
vicinity of the frontal point. Thus, boundary
conditions may be given in the form:

a_t77 = 0, _f’ = T:]E.,; == 13 (10)
f=foi f1=T=k=0_ (I

From the analysis of the initial system of
equations and boundary conditions it follows
that:

aty =0,

(1) Temperature and concentration profiles of
all the components are similar, and deter-
mined by the relation:

T—f, - e (= Jifdn)dy

= e (— fifdndy 12
hence:
(To) = [f7exp (— Jo fdn) dn]™* = @( f,)
(12a)

(2) The momentum equation is solved inde-
pendent of energy, concentration equations
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being bound with the latter ones only
through the boundary condition f,.

At f,, = 0, equation (3) was solved numerically
and tabulated by Howarth for a plane case and by
Frossling for an axisymmetric one [8]; an analo-
gous problem was solved by Schlichting [6] at
o = 0 and various f,,.

3. BOUNDARY CONDITIONS AT THE BODY
SURFACE
Since, in a general case, a body may represent
a mechanical mixture of various substances,
then to characterize it we shall introduce

57
= (13)
which is a surface fraction occupied by the
substance B,, the specific rate of which will be
designated by (pv),.t

It is evident that the average rate of the
substance from the unit surface of the body is
equal to

pr = ? (pv)ug. (14)
each of / components of the surface may take
part in m; reactions of the type

z Vim, A; + Vim, By Z z Viem, C. (15)
[ k

Designate a fraction of the substance 4 or C
separated out when reacting with the unit mass
of the substance B; through 6:

I 0 LT T T
R (Pv)m; Vimy ml’
(Pv)km Viem, M
6, = r o Viemi T 17
(o) Vim, T (17

where (pv),,, is the rate of the substance B, from
the unit surface due to the reaction m;.

Tt follows, from the law of mass conservation,
in the reaction m;:

Z 0, X0, =1 (18)
i k

+ Henceforth, the value v alone will be used on the
body surface, the subscript w being omitted for the sake
of abbreviation.
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A. Energy-conservation equation
With regard to condition (6), the energy-
conservation equation at the wall has the form

or
()\—@)w = Fav (pU). (19)
where r.v is determined by the expression
Fav = E (}”l E rm, (PU‘),?;(. (20)
I my
and
N (PL.)m, 21
(pb)ml‘ = “(7){’3 ( )

is a fraction of the substance B destroyed in the
reaction m,, and r,,, is the reaction heat; r > 0
when the reaction is endothermal and r << 0 in
the reverse case.

There is an apparent relation between various

(PU):LZ:

Zg X (po),, = L. (22)
1 ",

Note that the average reaction heat rav
remains unknown till the complete solution of
the problem.

Introduce dimensionless parameters, charac-
terizing the velocity of the substance carrying
over:

- (pv)
m= A/ pu (duw/dx)g (o + 1)]

~ (pv) Re '
=507 @@, e = ) @)
and the average reaction heat:
Fav = (24)

Substituting relations (23) and (24) into equation
(19), we obtain, after some transformations,

(T"),, = Fav m. (25)
B. Component-conservation equation

A mixture component separated out on the
surface during the progress of a chemical
reaction is removed from the latter owing to
convective and diffusion flows:
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ok

kw@@—PD(—lf:@@%¢t

6y Z (PU)‘;N[ oml-

" (26)

The similarity of concentration and temperature
profiles, as well as the assumption that Le = 1,
makes it possible to write this relation in the
form

kw - IE 24 z emz (Pv)tm
m
ko — ky

which is valid for any mixture component.

@7)

= Fav

C. Equation of chemical kinetics

Generally speaking, the rate of the substance
separation on the surface is determined by the
difference of direct and inverse reactions in
which this substance may precipitate. Therefore,
for each of the m; reactions we may write

P im
(Pl’)ml = KmlI;I (;;l: kzw) !
IkI [(P/mk) kyo]® wm,
< [1-k,, ., (28
[ T [l k]] 28)

where the order of reaction n, and the depen-
dence of the equilibrium constant K and the
temperature coefficient of the direct reaction « on
temperature are supposed to be known. In
particular, the Arrhenius law can be used for the
latter:

my

A
Ky == Zmy ©XP | — o |-

It should be noted that equation (28) is
strictly valid only in the case when the substance
B,, separated out at the inverse reaction, settles
entirely on the surface. In reality, this process
may either take place partially or not occur at
all, i.e. the substance B, separated out will be
carried away by the flow. In this case, the
carrying over of the substance is determined
by relation (28), where one should assume that
K., = 0, though the reaction is reversible.
The process stops being purely heterogeneous,
as a reaction will proceed not only on the surface
of the body.

Further, two limited cases will be considered:
the complete settling of the substance B; upon

(29
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the surface evolved at the inverse reaction, and
the irreversible process equivalent to the com-
plete substance carrying over by the flow.

Introduce a dimensionless value characterizing
the kinetic peculiarities of the reaction m;:

Km, I1 [(P/mz) kiw]n‘ml

Y = on e/ dx)g (@ + D]
10 [(p/mz) K™ en

T [(pfm) kauT'oms

X [1 — K ] 30

Then, applying the conservation law to the
destroyed substance of the surface, we may write

yr, = (pv)y, m. 31
Thus, we obtain the system of equations (12a),
(20), (23-25), (27) and (29-31), the addition to
which of both the obvious equality
S ok.=1

b3k

(32)

and the known dependence of the constant of
chemical equilibrium on temperature makes this
system closed. The analysis shows that it is
necessary to solve the differential equation only
to obtain relation (12a). Eliminating (T.) from
equations (12a) and (25), we may obtain the
approximating dependence m = m(Fay) which
should be used henceforth. It should be noted
that this dependence, given qualitatively in
Fig. 2, has a universal character and does not
depend on the specific characteristics of the flow,
body, reactions proceeding, etc.

Consequently, to determine all the parameters
in question, including the rate of the substance
carrying over the surface temperature, it is
essential to solve the system of non-linear alge-
braic equations, which can be, generally speak-
ing, achieved by numerical methods alone.

This is more convenient to perform by pre-
scribing the wall temperature and solving the
whole system except one equation, for example
(20), which should then be used to check the
correctness of the chosen T,

4. HOMOGENEOUS BODY IN THE PRESENCE
OF ONE IRREVERSIBLE REACTION

In a general form, the analysis of the system
obtained is difficult; it is easier to carry it out by
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application to a more simple case; hence a
number of qualitative conclusions will have a
general meaning.

Consider the thermal interaction of the flow
with a homogeneous object, on the surface of
which one irreversible reaction of the following
type is proceeding:
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P /\,nl —1—0
o, 1

RN <_“—1>l

exp lR(T N )]

(38)

Mg [ 7

7

Fi1G. 2. Universal dependence of the parameter of the substance carrying over on dimensionless reaction heat.

v A -~ vB—>n.C (33)
and the number of neutral components is
not restricted.

Obviously, in this case, the initial system of
equations can be obtained from the general one
if we assume that

@ = (pt*),,, = 1; Kn, =0
As a result we shall have

m = m(F), (34)

r " = _.—.1—_
Yy SEY ey AU

ki:x: F "T‘ 0:‘

k'iu' o —1Tr-_7 (36)
v =m, (37)

A. On limiting values of some parameters

The analysis of the system obtained allows
some preliminary conclusions to be made before
the system is completely solved. In particular,
from equation (36) it follows that:

(1) The concentration of primary products
near the wall does not depend explicitly on the
reaction kinetics, flow velocity, form and size of
the body, etc., and for the given reaction it
is determined only by the temperature difference
(Fig. 3).

(2) Since k;, = 0, there exists a minimum
possible positive value of 7:

8,
e

and the maximum value of the parameter of mass
carrying over fimax bound with it (Fig. 2).

(3) It follows from equations (35) and (39)
that there exist extreme values of temperature of
the reacting surfaces. They may change from the
temperature of the surrounding medium to the

(39)

Fmin ==
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maximum one for exothermal reactions, and
from the temperature of the surrounding
medium to the minimum one for endothermal
reactions, and are determined by the general
formula

kiwr
c, 0,

Tp=Te + (40)

(4) Since the minimum temperature for endo-
thermal reactions, T, min > 0, one may con-
clude from expressions (35) and (36) that there

i 7

Ko
FiG. 3. Dependence of the initial component con-
centration near the wall on dimensionless reaction
heat.
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is a minimum concentration of primary products

near the wall

k,-ao r + 0,-c,,Too‘ (41)
r+ T
Ascanbeseen, K, min > 0atk;cr > — 0,¢,Tw,

which, correspondingly, will give rise to rmin and

decrease to Mimax. Such a limit does not exist

in the case of exothermal reaction.

ki'w min =

B. On stability of solutions

From the analysis of the system of equations
(34-38) it follows that the solution may be found
at the point of intersection (or contact) of curves
of the dependences m = m(F) (Fig. 2) and
y* = y*(F) plotted by equation (38).

Stable solutions, at small deviations from
which the system returns spontaneously to the
initial state, are particularly interesting.

In Fig. 4, all possible cases of mutual dis-
position of curves i1 = m(F) and y* = v*(F) in
the region of solution are given.

For the analysis of the stability one should
keep in mind the physical meaning of the values
m and y*. The first of these characterizes the
intensity of heat transfer between the flow and
the body; the second, the intensity of energy
release due to chemical reactions. Moreover, it is
necessary to take into account that, according to
equation (35), 7 and T,. change in the same way

}ﬂ* (a)

Qe ——

3

a——

W e

(b) (c)
K
V4
| m
| ™\ | 1 .
a m ) a ¥
(e}
|
! *
! |
| !
V4 a

F1G. 4. Possible cases of mutual position of curves 77 = i (F) and y* = v¥ (7).
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in the case of endothermal reactions. and, in
that of exothermal reactions, in a contrary way.

We may show that the solution will always be
of the type (a) with endothermal reactions
(Fig. 4), while for an exothermal process any
variety of it is possible.

Consider in detail the case of endothermal
reaction as an example of the analysis of
stability. Let us assume that, for some reason or
other, the system is converted from the equili-
brium state (Fig. 4) into the state (a) charac-
terized by a higher value of 7. As can be seen,
the heat supply to the wall decreases, while the
absorption of it increases, which will lead to a
decrease in 7, until the initial equilibrium
state is reached. We shall observe a contrary
but stable picture for the deviation of the system
into state (8).

Similarly, considering exothermal reactions,
‘we may show that the cases (a) and (b) will be
quite stable, the case (c) quite unstable, and the
cases (d) and (e) unilaterally stable: the system
is stable with respect to deviations from the
equilibrium position on one side and unstable
with respect to deviations of the contrary sign.

Analysing Fig. 4, we may conclude that there
is a stable domain when

dm ( dy*
di \drF )

Moreover, in the case of equality, the solution

(42)
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will be stable from that side where the in-
equality (42) is fulfilled.

Upon differentiation of equation (38) with
respect to 7 and substitution of the result into
equation (42), the stability condition may be
presented in the following form:

n K — 8,

(Inm) S EFkeF¥h TR

I};

I3

""T

(43)

C. Possible types of solutions

It has already been mentioned that, to solve the
problem, the solution of the system of equations
(34-38) is necessary, in particular, the point of
intersection of curves M = m{f) (34) and

= y*(r) (38) is to be found If the first of the
curves is universal and does not depend on the
type of reaction, then the form of the second is
essentially different at the endothermal and
exothermal reactions.

For endothermal reactions (r > 0), it follows
from equation (38) that ¢* increases with in-
creasing 7, approaching some limit (Fig. 3).
This is explained by a simultaneous increase in
the concentration of primary products kg, (36)
and in the surface temperature 7, (35), which
gives rise to the reaction rate.

As can be seen, there is a single solution for
endothermal reactions and it is stable (Fig. 4a).

With exothermal reactions (r << 0), it follows
from equation (38) that the curve y* = *(7)

r aar

FiG. 5. Solution for endothermal reaction.

™
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may have a maximum. This is explained by the
fact that, as always, k,, increases with 7 (36)
while T,, decreases (35), which brings first an
increase and then a decrease in the reaction rate.
Five different versions of mutual disposition
of the curves M = mi(F) and y* = y*(#) in the
region of the solution are given in Fig. 6.
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case, in contrast to the second curve, the “hot”
domain is stable (Fig. 4a), while the cold domain
is stable from the side of low temperature and
unstable from the side of high temperature
(Fig. 4d). Tt will be shown below that this case
corresponds to the “ignition” domain.

Finally, the fifth curve corresponds to the case

¥
#

v

4 min

FrG. 6. Solution for exothermal reaction.

The first curve bears a relation to the domain
of “cold” reaction. In this case there is a single
stable solution (Fig. 4b) characterized by the
point ¢;.

The curve of the second type may have two
solutions: “cold”, characterized by the point c,,
and “hot”, characterized by the points a, and
b, merged.

The cold domain is stable (Fig. 4b) and the hot
one is stable from the side of higher temperature
and unstable from the side of lower temperature
(Fig. 4e). It will be shown below that this case
corresponds to the domain of “extinction”.

The third curve is the most general. Three
solutions are possible in this case: “hot” (point
ay), “intermediate” (point bg) and ‘“cold”
(point cg). The “hot” and “cold” domains are
stable (Fig. 4a and b, respectively), while the
“intermediate” domain is unstable (Fig. 4c).
Thus the existence of the “hot™ and “cold”
stable domains of the course of the process is a
characteristic feature of the third curve.

Two solutions are possible for the curve of the
fourth type: ‘“hot” (point a,) and “cold”
(coinciding points b, and ¢,). However, in this

at which there is only “hot” solution (the point
a;} which is stable (Fig. 4a).

Tt can be seen from the analysis of the family
of curves that all purely “hot” and ‘“cold”
domains are stable, while a purely “inter-
mediate” domain is absolutely non-stable, and
mixed ones, where the “intermediate” domain
fuses with a ‘“hot” or “cold” one, are one-
sidedly stable, i.e. stable only with respect to
deviations of temperature in the direction of the
domain which coincided with the intermediate
one.

D. Ignition and extinction regimes

Tt is known from experiments on carbon com-
bustion {8] that if the temperature of the in-
coming flow increases gradually, then, at some
value of this temperature called the temperature
of ignition, the reaction proceeds with small
intensity at a low value of the surface tempera-
ture and passes with a sudden jump to another
domain, at which the rate of bum-up and
temperature of the burning surface increase
sharply and subsequently continues to remain at
this new higher level.
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Apparently, an analogous picture may also be
observed in other cases of heterogeneous exo-
thermal reactions.

It is easy to investigate ignition phenomena
and dependence of the ignition temperature on
different factors, with the help of curves analo-
gous to those in Fig. 6.

Let the initial gas temperature of the in-
coming flow (7x) be so low that the dependence
y* = y*(F) is characterized by the curve of type
(1). There will be one stable domain with low
surface temperature and intensity of mass
carrying over (point c,).

The analysis of equation (38) show that, with
increase in T.. other conditions being constant,
the process may be illustrated by the curves of
Fig. 6, the ordinates being higher. Moreover, the
wall temperature and the intensity of mass
carrying over will rise gradually, though still
remaining relatively small. The domains will be
stable until we achieve the temperature of the
incoming flow, to which the curve of the type (4)
will correspond.

In this case, a negligible occasional increase
in the wall temperature (or non-vortex flow) is
sufficient for heat release due to reaction to
become higher than heat removal due to con-
vection ; the wall will grow intensely warm, and
the system will pass rapidly on to a new stable
state (a,) characterized by considerably higher
values, both of the reacting surface temperature
and the intensity of mass carrying over. The
further increase in temperature of the incoming
flow will give a small increase of these
parameters.

The temperature of the incoming flow to
which curve (4) of Fig. 6 corresponds will be
called the ignition temperature Tign. Similarly
the “‘extinction” phenomenon may be predicted
and the corresponding temperature of extinction
introduced Text, to which the curve (2) cor-
responds.

1t should be noted that, generally speaking,
ignition may take place at T << T'ign also, with
extinction at Tw > Text. In effect, the analysis of
Fig. 6 shows that for a sharp transition from
“cold” to “hot” domains it is necessary that the
fluctuation of the wall temperature should be
such that:

| 4F | > Fg — 7
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An analogous value leading to a sharp transi-

tion from a “hot” to a “cold” domain should be

AF > Fy — 7y,

When determining the concept of ignition and
extinction temperatures we assumed that these
differences are equal to zero. Thus the more
irregularly the process proceeds (due toirregulari-
ties of the flow, body, etc.), the more considerably
the actual ignition and extinction temperatures
may differ from the theoretical ones.

As can be seen from Fig. 6, the temperature of
ignition is always higher than that of extinction.
An analogous relation exists also between the
surface temperatures (between both “hot” and
“cold” ones) at the times of ignition and extinc-
tion. This is proved by the hysteresis loop
formed by plotting the dependence of the wall
temperature on the temperature of the incoming
flow when the latter increases and decreases
successively (Fig. 7).

Let us analyse the dependence of ignition and
extinction temperatures on various factors
characterizing the process. The analysis of
curves (2) and (4) on Fig. 6 shows that the
following system of equations should be solved
to find Tign and Text:

m = ¥, (44)
dm  dy*
7o d (45)

Two solutions have to be obtained, the lesser of
them corresponds to Tex:, the greater to Tign.

Transforming equations (44) and (45) by
means of relations (38) and (43), we get:

- [P (ki F + Bi)]”

“m (1 +7)
m=——— . B
duw A
\/[Pﬂo(*@;)(a -+ 1)]exp[m]
(46)
d n ko — 8,
AR S warl ey ey 3
A r

(47)

TR C, Pl — (IR
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FiG. 7. Dependence of the surface temperature on the flow temperature with exothermal reactions.

If we assume that the dependence m == #i(F) is
known. then equations (46) and (47) may be
considered as a system with two unknowns,
F and T. the latter being the ignition and
extinction temperature.

However, it is more convenient to make use of
the grapho-analytical method given below for a
qualitative analysis of the dependence of Tign
and Tex: on different parameters characterizing
the process.

In Fig. 8, sections of the curves (4) and (2)
on Fig. 7 corresponding to ignition and extinction
domains are given as solid lines, while dotted
lines stand for the sections of the neighbour
curves of the same family obtained when any
parameters determining the value y* (38) change
at the same values of T. It is evident that, at the
deviation in the direction of a, T« should be
lowered in order to return to one of the transi-
tional domains which means that in this case

~
M|

Fi1G. 8. Dependence of ignition and extinction temperatures on various factors.
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both the ignition and extinction temperatures
will fall. A reverse picture is observed at changes
of the domain deviating the curves »* into the
position B.

Thus the following conclusions may be drawn
from Fig. 8: all the changes of parameters
characterizing the process which favour the
increase in y* (38) bring the decrease in tem-
peratures of the incoming flow corresponding to
the transitional domains. Utilizing these cir-
cumstances, we shall investigate the influence of
various factors on T'ign and Tex;.

It should be noted at once that, as seen from
equation (38), the ignition and extinction tem-
peratures do not depend only on the chemical
characteristics of the reacting substances;
such hydrodynamic parameters as velocity and
density of the incoming flow, as well as the sizes
and the form of the body in the flow, are also of
essential importance.

With increase in (duw/dx),, the value y* (38)
decreases, which gives rise to the temperature
of the transitional processes.

Thus the increase in velocity of the incoming
flow, the decrease in size of the body and the
choice of a more streamlined form favour the
rise of ignition and extinction temperatures.

The dependence of y* on p is essentially
determined by the order of the reaction pro-
ceeding:

n—-1/2 (48 )

It should be noted that in our problem the
influence of the change of p corresponds to some
extent to the influence of pressure change when a
body is in a compressible liquid.

1t follows from relation (48) that, if the order
of reaction n > 3, the ignition and extinction
temperatures decrease with increase in density.
A contrary picture is observed at n << §. Finally,
atn = 4, since v* # f(p), the ignition and extinc-
tion temperatures are independent of density.

The growth of the kinetic constant and
decrease in the activation energy giving rise to
the chemical reaction rate simultaneously in-
crease v* (38) also. Consequently, in this case,
ignition and extinction temperatures decrease.

An analogous picture is observed when the
content of the initial component in an incoming
flow increases. The same effect may occur for an

y*~p
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increase in the reaction heat as well: an increase
of the latter brings a decrease in ignition and
extinction temperatures.

E. The analysis of the influence of various factors
on the main characteristics of the process

Usually, the rate with which the surface under-
goes destruction, the surface temperature and, to
some extent, the concentration of the initial com-
ponents near it are of the most practical interest.

In most cases the diagrams plotted make it
possible to solve qualitatively (and quantitatively
at exact plotting) the problem of the influence of
various parameters of a flow and of a body in it
on these characteristics of the process. All the
values in the right-hand side of equation (38)
except 7 can be considered parameters of the
family of curves y* = y*(F).

The analysis of Figs. 5 and 6 shows that
with endothermal and stable exothermal re-
actions (both “hot” and “cold” ones) the
description of the process by the curves cor-
responding to greater values of y* brings a
decrease in 7 and an increase in #. (Parameters of
the non-stable domain behave in contrary fashion,
but they will not be considered.) In most cases,
this causes an increase in the mass carrying
over, a decrease in concentration of the primary
components near the wall and in the surface
temperature for endothermal reactions, and an
increase in it for exothermal reactions. Hence-
forth such changes will be called *““‘conventional”.
However, there may be exceptions to this rule.

The physical explanation of all these effects
can easily be given by the analysis of the relative
influence of the changes made on heat and mass
transfer with surrounding medium and on energy
release at the wall. Therefore, in each particular
case, as a rule, the physical interpretation of the
phenomenon will not be given.

With exothermal reactions, the influence of
the temperature of the incoming flow is con-
ventional : its growth gives increase in the surface
temperature and mass carrying over and brings
a decrease in the content of primary products
near the wall.

An analogous dependence with respect to the
mass carrying over and concentration is observed
with endothermal reactions. An abnormal
behaviour of the surface temperature is
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accounted for by the fact that, in this case, 7,
should not be judged by equation (35), since an
increase in T, brings a decrease in 7. However,
simultaneous increase in the reaction rate (38)
and decrease in concentration of the primary
products may occur only at the increase in the
surface temperature.

On account of relation (48), the influence of
the density depends on the order of the reaction
proceeding; moreover, it is conventional in
every respect with the exception that, even
at n -~ 0-5 when s decreases or does not change,
the substance rate increases in the power less
than the order of the reaction (23).

Thus, with an increase in density at n << 0-5,
the concentration k;,. increases: T, rises with an
endothermal reaction, while it decreases with
an exothermal one; at # = 0-5 these parameters
do not change, while at n > 0-5 they behave in
a contrary fashion.

The rates of the incoming flow, size and form
of the body exhibit themselves through one
general parameter: the velocity gradient in the
vicinity of the front stagnation point (duw/dx)e.
The latter behaves conventionally with respect
to the surface temperatures and concentration:
k. mcreases with (duw/dx), and T, increases
for endothermal reactions and decreases for
exothermal reactions.

As to the mass carrying over, then apparently,
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despite a decrease in m, the intensity of it in-
creases (23) in the power k < 1.

It should be recalled that according to the
assumptions made we do not take into account
the radiant-heat transfer, which in some cases is
of essential importance and can even give
results qualitatively different from those given
above. Thus, radiation from the wall will effect a
decrease in the wall temperature, a fact which is
proved by the equation:

u(Tw - T’JC) 4 eo i: = mr,. (49)

The term characterizing the radiative heat
transfer does not depend on the intensity of
convective heat transfer, so that with the in-
crease of the latter its role decreases, and this
may lead not to a decrease but to an increase in
the surface temperature at the intensification of
the convective heat transfer. This is illustrated in
Fig. 9 where the values:

Yrad = fO'T,f-,

¢ = —aTy, + (aTs + mr)

(50)
(51)

are plotted depending on T,, and should be
equal, according to (49). In the diagram, the
straight line ¢, corresponds to a greater intensity
of the convective heat transfer in comparison
with the straight line ¢,.

As can be seen, the temperature of the surface,

FiG. 9. Influence of the flow of radiative energy on the surface temperature.
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on which the exothermal reaction proceeds,
increases with convective heat transfer. An
analogous influence of radiation is mentioned in
[91.

The increase in the reaction heat modulus
relative to mass carrying over and concentration
k,, reveals itself conventionally: the mass
carrying over decreases with endothermal re-
actions, k,, rises, and, with exothermal reactions,
vice versa. As to the temperature of the surface,
then it can be judged not by equation (35) but by
relations (36) and (38).

The increase in concentration of the primary
products near the wall with simultaneous decrease
in the intensity of carrying over can occur, with
endothermal reactions, only at decrease in the
wall temperature. The reverse change of the
surface temperature at heat release on it is
explained in similar fashion.

The change of chemico-kinetic parameters
leads to conventional results. The increase in the
kinetic constant z and the decrease in the energy
of activation 4 always cause an increase in the
mass carrying over, a decrease in concentration
of the primary products on the wall, and a
decrease of the wall temperature for endother-
mal, and an increase for exothermal reactions.

The increase in the concentration of initial
components in a non-disturbed flow leads to the
conventional increase in the mass carrying over,
decrease in the wall temperature with endother-
mal reactions and increase of it with exothermal
processes.

As to the concentration of these products on
the wall, we ought to judge its changes not from
equation (36), but from the analysis of changes
undergone by T, (35) and y, (38). For endo-
thermal reactions we come to a definite conclu-
sion about the rise of k;, with k;»; for exo-
thermal reactions an analogous conclusion can
be strictly drawn only on the basis of quantitative
eITOTS.

5. ON THE INFLUENCE OF REVERSIBILITY OF
CHEMICAL REACTIONS '

For the case of teversible reactions, with
regard to the remarks made above on the possible
influence of reversibility on heterogeneous
processes, the initial system of equations will
be completely preserved. The difference will lie
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only in the fact that, instead of y;,.., which was
determined by equation (38), it is necessary to
make use of y,, determined by the corresponding
relation of the type (30), as well as to apply the
question characterizing the dependence of the
reaction equilibrium constant on temperature.
The methods of analysis of such a system remain
the same. Apparently, the main qualitative
conclusions do not change either.

It is of interest to discover, at other equivalent
conditions, whether the tendency to reversibility
influences the parameters of the process. It
follows from the analysis of equation (30) that

yirrc v = yrev‘

Physically this means that the velocity of the
disappearance of any component taking part in
the chemical reaction will be smaller if the
presence of the reverse reaction is taken into
account.

Figures 5 and 6 show that the tendency to
reversibility both of endothermal and exo-
thermal reactions (stable cases of solution)
leads to an increase in 7, a decrease in / and to
the growth of k;,, lowering y*.

Thus the tendency to reversibility in reactions
of any type will lead to some decrease in the
intensity of the mass carrying over and to an
increase in concentration of the initial com-
ponents near the wall. From the physical point of
view this effect is obvious.

As to the temperatures of the steady-state
processes, here then the tendency to reversibility
for endothermal and exothermal reactions will
result in contrary consequences: the surface
temperature increases with endothermal re-
actions while it decreases with exothermal ones.

Physically this is explained by the fact that the
reversible reaction has a thermal effect, the sign
of which is contrary to the sign of the straight
line. As a result, some compensating process
arises which increases the wall temperature with
endothermal and decreases it with exothermal
reactions.

As to the temperatures of the transitional
processes (ignition and extinction), then, pro-
ceeding as in the previous sections, it is easy to
show that accounting for the reversibility leads
to some increase in their values which is again
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explained by the “compensation” influence
of the reversible endothermal reaction.

CONCLUSION

The analysis of heat- and mass-transfer
processes in the frontal part of bodies in a gas
flow is given for heterogeneous chemical re-
actions, with highly general assumptions about
their character.

The problem is practically reduced to the
solution of a system of algebraic equations,
and a possible method of solution for this
system 1s given. The limit values of the surface
temperature and of the parameter of the mass
carrying over are shown for a particular case of
a uniform body on the surface of which a simple
non-reversible endothermal or exothermal re-
action proceeds.

The question of the stability of the possible
solutions is analysed.

The influence of various parameters charac-
terizing the process on the intensity of the
substance carrying over, concentration of the
primary products near the surface and the tem-
perature of the latter is qualitatively investigated.

The paper presents the analysis of ignition
and extinction of bodies in a flow of a gas and the

dependence of the corresponding temperatures
on the factors determining it.

The case of the simplest reaction is investi-
gated; however, qualitative conclusions will be
changed little if more complicated processes are
analysed.

It should be noted that the method developed
is easily generalized for reactions of the catalyst
type, as well as for the processes of sublimation
or vaporization.
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Abstract—The paper contains a theoretical analysis of the heat- and mass-transfer processes between
bodies and the gas flow in the presence of arbitrary heterogeneous reactions proceeding with finite
rate.

The stability of the solution, the limiting values of the surface temperatures, the intensity of the
substance carrying over and the concentration of the primary products near the wall are all analysed.

A qualitative analysis is given of the influence of various factors, characterizing heat transfer of the
flow with the body, on the surface temperature, intensity of the mass carrying over and the concentra-
tion of primary products near the surface in the presence of heterogeneous reactions.

Special attention is given to the processes of ignition and extinction.

Résumé—Cet article fait une étude théorique des processus des transports de masse et de chaleur
entre des corps et un écoulement de gaz, en présence de réactions hétérogénes quelconques s’effectuant
a une vitesse finie.

La stabilité de la solution, les valeurs limites des températures de surface, I'intensité du transport
de masse et la concentration des produits initiaux au voisinage de la paroi sont étudiées.

L’auteur a fait également une analyse qualitative de I'influence de différents facteurs caractérisant
la transmission de chaleur entre I’écoulement et le corps, la température de surface, intensité du
transport de masse et la concentration des produits initiaux au voisinage de la surface en présence de
réactions hétérogénes.

Les phénoménes d’inflammation et d’extinction sont étudiés en particulier.

Zusammenfassung—Die Vorginge beim Wirme- und Stoffiibergang zwischen einem festen Korper
einem stromenden Gas, in dem willkiirlich heterogene Reaktionen endlicher Geschwindigkeit auftreten
konnen, werden einer theoretischen Analyse unterzogen.
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Dabei werden der Giiltigkeitsbereich, die Grenzwerte der Oberflichentemperatur, die Intensitét
der iibergehenden Substanz und die Konzentration der Primarprodukte in Wandnahe untersucht.
Eine qualitative Analyse erfasst den Einfluss verschiedener, fiir den Wirmetibergang charakteristischer
Faktoren, wie der Oberflichentemperatur, der Intensitdt der iibergehenden Menge und der Konzen-
tration der Primirprodukte in Oberflichennihe, bei Beriicksichtigung der heterogenen Reaktionen.
Besondere Aufmerksamkeit wurde der Ziindung und Loschung gewidmet.



