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Abstract-A numerical analysis of a laminar hydrogen-oxygen diffusion flame in a flat plate boundary 
layer was carried out in order to investigate its non-equilibrium and close-to-equilibrium structure 
at various positions in the boundary layer. Variable properties including thermodiffusion and l! 
elementary reactions between 8 species were used in the calculation. The results show the ignition 
and non-equilibrium development of the flame and the approach to local chemical equilibrium within 
the flame zone. On both sides of the flame zone, due to the low temperatures there, the chemical reactions 

are practically frozen even at large distances from the leading edge 

NOMENCLATURE 

steric factor of the backward reaction rate 

coefficient; 
steric factor of the forward reaction rate 

coefficient; 
pre-exponential factor of the equilibrium 

constant; 
mass fraction; 
mass fraction in the injected gas; 

specific heat at constant pressure; 
mean specific heat at constant pressure; 
multicomponent diffusion coefficient; 

binary diffusion coefficient; 
multicomponent coefficient of 

thermodiffusion; 
activation energy of the backward reaction; 

activation energy of the forward reaction; 
Eucken factor; 

Eckert number; 
non-dimensional tangential velocity; 

non-dimensional specific enthalpy; 
specific enthalpy; 
non-dimensional diffusion flux; 
backward reaction rate coefficient; 
equilibrium constant in terms of molar 

densities; 
forward reaction rate coefficient; 
equilibrium constant in terms of partial 
pressures; 
Chapman-Rubesin parameter; 
multicomponent Lewis-number; 
multicomponent Lewis-number of 
thermodiffusion; 
third body in three-molecular reactions; 
molecular weight; 
mean molecular weight; 
number of species including third bodies; 
reference molecular weight, = 1 kg/k mol; 
number of species; 
exponent of the pre-exponential temperature 
dependence of the backward reaction; 
exponent of the pre-exponential temperature 
dependence of the forward reaction; 

%k ? exponent of the pre-exponential temperature 
dependence of the equilibrium constant; 

pressure; 
Prandtl number; 
universal gas constant; 

number of reactions; 

absolute temperature; 
reduced temperature; 
tangential velocity; 

normal velocity; 
non-dimensional normal velocity; 

tangential coordinate; 
normal coordinate. 

Greek symbols 

ri, chemical production rate; 

r?? non-dimensional normal coordinate; 

8, non-dimensional temperature; 

A, thermal conductivity; 

A thermal conductivity of the mixture; 

pi, dynamic viscosity; 

A dynamic viscosity of the mixture; 

v;-k , stoichiometric coefficient of the forward 

reaction; 

vi, stoichiometric coefficient of the backward 

reaction; 

vjk 1 vi - Vjk ; 
m 

j=l 

vks 9 v%-v;,; 

59 non-dimensional tangential coordinate; 

P> density; 

Qi, collision cross section. 

Subscripts 

4 1, ith or jth species; 

k, kth reaction ; 
W, wall ; 
4 boundary-layer edge ; 
r, reference state. 
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1. INTRODUCTION 

NEXT to the one-dimensional stagnation point flow, 
the flat plate boundary layer represents the most 

generally adopted flow configuration to study bound- 
ary layer diffusion flames. Although two-dimensional, 
the hydrodynamic aspects of the problem are fairly 
simple and well understood, whereas the interaction 
of heat and mass transfer with non-equilibrium chemi- 

cal reactions is rather complex and plays the major 
part in the analysis. Its practical importance in many 

modern engineering applications such as combustion 
chambers, reaction engine nozzles and high tempera- 
ture heat exchangers is revealed by the great number 
ofexperimental and theoretical studies which have been 

carried out in recent years. Experimental investigations 

consider the combustion of ethyl alcohol in oxygen [l] 
and in air [2] as well as the combustion of methane 
and propane in air [3,4]. The theoretical works on 

the problem are generally based on several simplifying 

assumptions, of which the most important ones are: 
(I) local similarity of the flow; (2) a single chemical 
reaction; (3) neglection of the reverse reactions and 
(4) local chemical equilibrium. 

The assumptions (2) (3) and (4) may be summarized 
to give: (5) the flame sheet model. 

Theoretical investigations of laminar flat plate 
boundary layer diffusion flames based on the assump- 

tions (1) and (5) are reported in [I, 21 and [5S9]. 
Recently, a numerical analysis based on the assump- 
tions (2) and (3) was reported, which considered the 
non-equilibrium features of the flow [lo]. 

In flat plate chemically reacting boundary layers, 
the local Damkiihler number is based on the distance 

from the leading edge as appropriate reference length. 
Consequently, the local Damktihler numbers may grow 
from zero at the leading edge to very high values at 

positions far downstream. The local equilibrium is 
attained when the Damkohler numbers of the fastest 
independent reactions asymptotically approach infinity 
[l 11. An asymptotic expansion of the system of govern- 
ing equations in terms of high Damkohler numbers 
shows that this limit is singular. Related to this singu- 
larity, the numerical solution of the governing equa- 
tions becomes extremely difficult [ 12-151 in close-to- 
equilibrium flows, whereas the equilibrium solution 
based on the law of mass action is relatively easy to 
obtain. 

In the present paper the development of a hydrogen- 
oxygen diffusion flame running through the stages of 
mixing, ignition and non-equilibrium combustion to 
reach the close-to-equilibrium combustion state far 
downstream of the leading edge is analysed numeri- 
cally. Behind an impermeable leading section of 
0.15 cm, gaseous hydrogen is injected at a constant rate 
into the oncoming oxygen stream (Fig. 1). The leading 
section is assumed to be highly heated in order to allow 
ignition to occur. Rather than to assume a single over- 
all reaction, a set of 15 elementary reactions between 
the species H, HZ, 0, OH, HzO, 02, HOz and H,O1 
is used in the calculation. To obtain a realistic picture 
of the mixing and ignition process, multicomponent 

urn= 20 m/s 

02 

Boundary layer edge 

Flame zone 

Tw c 700 K 

VW =o 2 m/s 

HZ 

FIG. 1. Flow configuration. 

diffusion as well as thermodiffusion is included in the 
analysis. The non-similar characteristics of the flow are 

followed from the leading edge to a downstream 
position, where the flame is fully established and the 
profiles of velocity, temperature and concentrations 

become nearly similar. 

2. GOVERNING EQUATIONS 

The set of r elementary gas phase reactions occurring 
in the n component system is given by the reaction 
equations 

m m 
1 vjkXj* C v$Xj (k= 1,2 ,..., r). (1) 

j-l j=l 

The boundary-layer flow of a chemically reacting gas 
mixture over a flat plate with zero pressure gradient 
is described by the boundary layer equations. Using 
the similarity variables 

5 = (PP)sW (2) 

these take the non-dimensional form [ 16,173 : 
continuity 

momentum 

(3) 

energy 

concentration 

2uJ$+v$= -$+r, (i= 1,2 ,..., 4, (7) 

In these equations, the following non-dimensional 
quantities have been introduced: 
tangential velocity 

(8) 
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normal velocity 

v=$&g+&)) (9) 

temperature 

enthalpy 

B=; (10) 
i 

(11) 

diffusion flux 

(12) 

if& 

chemical production rate of the species 

(13) 

where the quantity & is defined 

The mean specific heat and mean molecular weight in 
these equations are 

n 

Tp= 1 CiCpi (15) 
i=l 

(16) 

The non-dimensional similarity parameters are defined: 
Chapman-Rubesin-parameter 

(17) 

Prandtl number 

pr = 5 
x ’ WI 

Eckert number 

Lewis number 

(20) 

Lewis number of thermodiffusion 

First local Damkiihler number 

Non-dimensional activation energy 

E,k 
bk=E. 

I 
(23) 

Finally, the equation of state of an ideal gas mixture 
is given by 

pa = p ; T. 

The boundary conditions of the differential equations 
(4)-Q) are as follows 

q = 0: 

G-5) 

f' = 0 (26) 

(27) 

Jj+ V(Ci-CT) = 0 (28) 

rl=%+: 

f’=l (29) 

u=; (30) 
)I 

Ci = Ci*, (31) 

In the heterogeneous mass balance at the wall, equation 
(28), c; denotes the concentration of the injected gas. 
Heterogeneous reactions have been neglected for sim- 
plicity. The initial conditions at the leading edge are 
determined by substituting 5 = 0 into the equations 
(4)-(8), and solving the resulting ordinary differential 
equations nume~~lly. 

3. NUMERICAL CALCULATIONS AND PROPERTIES 

The above system ofdifferential equations was solved 
using an implicit fourth order Hermitian finite differ- 
ence method described in [18] and [19]. The main 
difficulty in solving the resulting difference equations 
consisted in linearizing the chemical production rate. 
It was found that at large Damkijhler numbers only 
a Newton-Raphson iteration technique was able to 
give satisfactory results. The higher order accuracy of 
the Hermitian finite difference method allowed to re- 
duce the number of grid points to as few as 26 across 
the boundary layer between r~ = 0 and qa = 50. The 
step size in flow direction was varied continuously so 
that not more than 2 iterations were required at each 
position. Thus very small steps were to be taken during 
the ignition period and at large distances from the 
leading edge where local equilibrium was approached. 

The following auxiliary relations were used to cal- 
culate the non-constant properties of the system: The 
specific enthalpy is defined 

f 

T 

hi = /I: f + CpidT (32) 
T 

where h: is the reference enthalpy at T+ = 298.15K. 
The specific heat cpi is approximated from [20] by 

cpi= A~~BiInT+CiT-‘+DiT-2. (33) 
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Table I 

H HZ 0 OH 
_____ ~.-- _______.____ 

~~tkmol~g) 1,008 2.016 16GIO 17008 
h&(kcal/mol) 52.1 0.0 59-56 9.290 
q,(kcal/mol) 3.416 - 0.2526 8.835 6217 
z,(kcal/mol Ink) 1.735 2.618 1.763 2642 
A,(cal/mal) 4.968 - 9.772 0.8094 0.3987 
B,(cal/mol In K) 0.0 2,256 4.962 1.048 
C,(cal Kjmol). lo-’ 0.0 16.47 8.198 -3.133 
@(Cal K’/mol) 10m4 0.0 - 15.15 - 10.30 16.61 
Q(‘Q 2.708 2,827 3.050 3.147 
(dk)i(K) 37.0 59-7 106.7 79.8 

_- 

Hz0 02 HO2 HA 

~~(krnol~g) l&O16 32@00 33.008 34,016 
~~~cal~rnol) - 57+0 0.0 5.00 - 32.53 
xiA (kcal/moI) l-487 743 1 4.188 8.956 
rt,,(kcal/mol ink) 3.508 2.865 3.839 3.238 
A,(cal/mol) 1.699 I.053 16.24 - 2.507 
B,(cal/mol In K) 1.534 I.072 - 0.2046 0.263 1 
Ci(cal Kjmol). lo-’ -27.16 - 2.583 - 39.24 -6.136 
@(Cal K’/mol). 10m4 59.92 6.404 57.23 - 1.061 
%(A) 2.641 3.467 3.517 4,196 
h’k)i(K) 809.1 106.7 79.5 289.3 

-. - -- 

Aj Bj cj Oj 
__- 

In@‘.‘) 0.021414 -0122085 0.505088 - 0.074757 
In QlW - 0.042775 -0.13594 Q4607I7 - 0@61149 

The constants Ai, Bi, Ci and Ri and h: are given in 
Table 1. The viscosity and the thermal conductivity of 
the mixture are [21,22] 

where 

(34) 

(35) 

‘P 

pi = 2.6693 _ 1O-J @f~ T, 
&p2)(~*) 

Li = 3’751”i ~ Ei 
I 

&=;+ i (&,, 
i k=l k 

(38) 

kfi 

The Eucken factor Ei is evaluated by [23] : 

MI cpi 
Ei = 0~11.5+0~534----. 

R 

The binary diffusion coefficient is given by 

~,, = 0.0018583. T3’2(Mi+ Mj)1,‘2(MiA4j)-‘!2 
v pa$2’“J’(7y) 

-. (41) 

The Lennard Jones collision integrals in (36) and (41) 
were approximated to a maximum error of 2.5 per cent 
(see Table 1) by 

~n~c’~~~=Aj+BjlnT*~CiInT*-‘+DiT*-2. (42) 

The reduced temperature in these formulas is defined 

T T 
F=m or 7;f =oij (43) 

with 

(s/‘k)ij = { (slk)i(slk)j} “’ * (44 

The collision cross section ~ij to calculate the binary 
diffusion coefficient is given by 

(45) 

Values for Oi and (s/‘k)i from [24] are listed in Table I. 
From equations (36) and (41) pi is obtained in g/ems 
and ~21, in cm2/s, if one introduces T in K, c in A and 
p in atm [21]. The multicomponent diffusion co- 
efficients D, may be obtained by inversion of a matrix 
with the following coefficients [17] 

k-l k ,k 
kfi 

Aii = 0. 

If the elements of the inverted matrix Of A, are denoted 
by A;’ this leads to 

The multicomponent coefficient of thermodiffusion is 
calculated from the equation in [25] by 

Dt=+k$,ci’i 

k=I 
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Table 2 
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1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 

Reaction 
~___.. 
O,+H+O+OH 
H,+O-+H+OH 
H20+H-tH2+OH 
0H+OH-tH20+0 
OH+OH-+H+HO, 
H,+O,-+H+HO, 
H02+H02-+H202+0Z 
H~O~+OH~H~O+HO~ 
H202+H-+Hz+HOt 
H,Oz+H-+H~O+OH 
H2+M-+H+H+M 
H,O+M-+H+OH+M 
H,Oz+M-+OH+OH+M 
HO~SM-+O~+H+M 
02+M+O+O+M 

4k 
(m3jkmols) 
_- 

2.2.10” 
1.7.10’” 
8.4.10” 
5.8. lo9 
1~2.1O’O 
5.5.1O’O 
2.0 * lo9 
l.o.lo’” 
2.3. IO” 
3.2.10” 
2.2.10” 
2.2.1O’j 
1.2. 1Ol4 
2.4.10” 
2.5. lOI 

nJ-k 

0.0 
0.0 
0.0 
0.0 
0.0 
o,o 
0.0 
00 
0.0 
0.0 

X::: 
0.0 
0.0 
0.5 

E,/R 
(“Kf Ref. 

8400.0 PTI 
4715.0 

10050~0 [:!I 
390.0 

20200.0 I::$ 

29 100.0 0.0 [:s] 
WO 

4600.0 &] 
4500.0 

48300.0 [:;I 
529000 
22900.0 [:;I 
23950.0 [291 
59300.0 c301 

where C& is set constant equal to 0.93 as a compromise 
between experimental [26] and theoretical values [22) 
for C$. 

The reaction rate coefficient is approximated by 

kfk( T) = B,* T”fk exp (4% 

The required constants for the 15 reactions used in 
the calculation are taken from [27-301 and are given 
in Table 2. The equilibrium constant is 

&k(T) 
K,,(T) = -. 

(RT)“** 
WI 

To evaluate E<,,(T) from the given thermodynamic 
data, the quantity 

np = thC -.d”i 
1 

T (51) 

has been approximated from [ZO] (see Table 1) by 

np 
- = niA+n;Bln T. 
R (52) 

This teads to 

K,,(T) = &,,TnP*exp (53? 

with 

Bpk = 'ZXP i VikniA 

i=l 
(54) 

npk = $, vik%B 
AH, = i V,h:Mi. 

i=l 

(55) 

(56) 

Since (53) has the same form as (49), the reaction rate 
coetiients of the backward reactions takes the form 

k,(T) 
k&(T) = ~ = 

UT) 
BuTnbkexp (57) 

The calculation was carried 
values at the boundaries 

%(X) = 1 0 

0.2 m/s 

1 28OOK 

out using the following 

for x <f 

cfx) = 

i 

linear between 28OOK for EC < x < x 
and 700K 2 

. 0 

c 7OOK x > x0 

ug = 20m/s 

T,=3OOK 

1 i=oz 

cib = 0 i = H, Hz, 0, OH, H20, HOz, H201 

c; = 
1 

1 i=Hz 

0 i = H, O,OH, H,0,02, HO,, H202. 

4. RESULTS AND DISCUSSION 

The results of the numerical calculation are plotted 
over the boundary layer coordinate 9 in the Figs. 2-8. 
The velocity profile (Fig.2), although quite different 
from the Blasius profile, is very little affected by the 
development of the flame and stays nearly similar. The 
oncoming oxygen dissociates during the flow over the 
highly heated leading section generating atomic oxygen 
concentrations up to co = 7.5. lo- 5 close to the wall. 
When the oxygen mixes with the injected hydrogen 
right behind the leading section, the reaction mechan- 
ism in initiated. Starting mainly with reaction 2 (Table 
2) and partly with reaction 6, H, OH and HOz radicals 
are formed. Branching reactions, such as reaction I in 
combination with reaction 2, produce further radicals. 
When final products such as Hz0 and HzOz are formed 
by radical recombination, heat is released and the 
ignition process speeds up. 

In Fig. 3 the temperature profile is shown at 
x = 0.155, 0.166, 0.168 and 0.568~~1. There is only a 
slight increase in temperature between x = 0.155 and 
0.166 cm corresponding to the induction period where 
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0 IO 20 3-o 40 

7) 

FIG. 2. Velocity profiles. 

I I I I 
0 I.0 2,o 30 40 

‘7 
Fro. 3. Temperature profiles. 

_..- 0568 cm 

0.168 cm 

FIG. 4. Molecular hydrogen profiles. FIG. 6. Water vapour profiles. 

mainly radicals are formed. ~tweenO.146and 0.168 cm 
though. i.e. within 20pm or 1 ps (based on the free 
stream velocity), a very sharp rise of the temperature 
maximum is observed close to the wall. The corre- 
sponding concentration profiles of Hz, O2 and I-I20 
are shown in the Figs. 4-6 respectively. From Fig. 4 
it is seen, that at .x = 0,166 the hydrogen is mainly 
transported by convection and diffusion and is not yet 
affected by chemical reactions. At x = 0.168 cm though, 
a rapid consumption of Hz is observed close to the 
wall, where a local minimum in the Hz-profile appears. 
Ignition has taken place, but the diffusion flame has 
not yet reached the region q > 1 where a higher 
hydrogen concent~tion is maintained. As the Aow 
moves on, due to heat conduction and convection, a 
weak deflagration wave travels across the boundary 
layer, displacing the temperature maximum to higher 
values of q and consuming the hydrogen on the right 
of the flame front totally (Figs. 3 and 4). At the same 
time all the oxygen on the left side of the flame front 
is consumed and Hz0 is produced in the diffusion 
flame (Figs. 5 and 6). 

06 

FIG. 5. Molecular oxygen profiles. 

1 

c 
Hz0 
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2-8 cm 

-75 

r) 

FIG. 7. Downstream solution. 

8 

Reaction 3: HE0 +I4 +-H2+OH 

Reactton I I H,+M -H+H tM 

-0.5; I I I 
I 2 3 

t7 
FIG. 8. Approach to local chemical equilibrium. 

In Fig. 7 a logarithmic scale is used to plot the 
concentrations of H, H,O, OH, O2 and Hz0 along 
with the temperature over n at 2.8 cm from the leading 
edge. The values of the concentrations of HOz and 
Hz02 were less than 10e4 and are not shown in this 
diagram. It is seen from Fig. 7 that a rather broad 
flame front appears within the boundary layer at r~ = 1 
with a maximum temperature corresponding to about 
2700K. The OH and 0 concentration profiles have 
their peak at the same position as the temperature 
profite while the maximum of the H-radical profile is 
shifted to the left. Molecular hydrogen and oxygen 
diffuses across the flame front and the profiles cross 
each other at a value of lo-’ close to 1 = I. 

Due to the high temperature within the flame front, 
the reaction velocities are very high and local equi- 
librium is approached locally. This was verified by 
calculating locally the affinities Ak of the 15 reactions 
considered 

With this definition, the quantity S,, equation (14) 
becomes 

Rather than Ak itself, the quantity 

&= I-exp 6 
( ! 

which appears in the brackets on the RHS of (59) and 
thus in the con~ntration equation, has been plotted 
over r~ for two typical reactions, the reaction 3 and the 
reaction 11, in Fig. 8. At large values of the equilibrium 
constant and low concentrations of the species on the 
RHS of the reaction equation, the affinities take large 
negative values. Thus the quantity D, approaches 
unity. On the other hand, as the local chemical equilib- 
rium is approached, the affinity must vanish and Dk 
approaches zero. It is seen from Fig. 8, that the value 
of Drr is unity everywhere in the boundary layer except 
for a small region around n = 1, where it takes values 
of about 0~1.5. Thus, the reaction is far from chemical 
equilibrium on both sides of the flame and close to 
equilibrium in the flame front. The value of O3 which 
is unity in the outer region, remains zero between 
r] = 0.2-1.5, and changes its sign for g < 0.2 close to 
the wall. Here Ak obviously becomes positive due to 
the injected hydrogen. The region of local chemical 
equilibrium of this reaction is much larger than that 
of reaction 11. 

5. CONCLUSIONS 

There are several stages in the development of a 
hydrogen-oxygen diffusion flame, which have been 
revealed by a non~quilibrium computation: The mix- 
ing, ignition and the non-equiIibrium and close-to- 
equilibrium combustion. The approximation assuming 
boundary layer similarity is valid only at a relatively 
large distance from the leading edge, where the diffusion 
flame is fully developed. In this region there appears a 
broad flame zone with relatively high radical concen- 
trations. Within the flame zone, the local chemical 
equilibrium is gradually approached, while outside of 
it the flow is practically frozen. This confirms the 
physical reasoning of Libby and Economos [31], 
who proposed a “flame zone model” based on local 
chemical equilibrium in the flame zone and frozen 
flow outside. 

Mathematically, this model is justified in the limit 
of very large activation energies. The exponential tem- 
perature dependence of the local Damkohler number 
has the limit 

-8,&-r) cm for 8> 1 
e \v / 

z.z 

lim psk -+ GO 
i 

1 for 6=1 (61) 
0 for D < 1. 

If one assumes a value of T, = 1000°K for the reference 
temperature, it may be seen from Table 2 that the non- 
dimensional activationenergies of most of the reactions 
take large values. Consequently, as the local Damkohler 
numbers tend to infinity within the region T > T, in 
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view of the limit (16), the local chemical equilibrium 
is approached there. On the other hand, the flow is 
chemically frozen in the region T < T, as the local 
DamkGhler numbers tend to zero. This behaviour is 
well illustrated by the shape of Dk in Fig. 8. 
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ETUDE DUNE FLAMME LAMINAIRE DE DIFFUSION DANS UNE COUCHE 
LIMITE SUR UNE PLAQUE PLANE 

R~um&-Le calcul numerique dune flamme laminaire de diffusion entre hydrogine et oxygene fut execute 
dans le but d’examiner sa structure dam le domaine de non-equilibre et dans l’approximite de l’equilibre 
i des lieux divers de la couche hmite. Le calcul tient compte des proprittes de matiere variabhs, la 
therm~iffusion in&se, et de 15 reactions blementaires entre 8 composants. Les r&hats mettent en 
evidence l’allumage et le d~velop~ment de la flamme dans le domaine de non-~quilibre, ainsi que le 
rapprochement a l’tquilibre chimique local interieur a la zone de hautes temperatures. Les reactions 
chimiques son pratiquemment cteintes aux deux cot& de la flamme mime a de longues distances du bord 

avant de la plaque &ant donne ies basses temperatures presentes a ces endroits. 
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UNTERSUCHUNG EINER LAMINAREN DIFFUSIONSFLAMME 
IN EINER EBENEN PLATTENGRENZSCHICHT 

Zuaammenfassung-Es wird eine numerische Berechnung einer laminaren Wasserstoff-Sauerstoff- 
Diffusionsflamme in einer ebenen Plattengrenzschicht durchgefiihrt, urn deren Flammenstruktur im 
Nichtgleichgewicht und in der Nahe des Gleichgewichts an verschiedenen Orten in der Grenzschicht 
zu untersuchen. In der Rechnung werden variable Stoffwerte einschliel3lich der Thermodiffusion und 
15 Elementarreaktionen zwischen 8 Komponenten beriicksichtigt. Die Ergebnisse zeigen die Ziindung 
und die Entwicklung der Flamme im Nichtgleichgewicht sowie die Annaherung an das ortliche chemische 
Gleichgewicht innerhalb der Flammenzone. Auf beiden Seiten der Flammenzone sind die chemischen 
Reaktionen wegen der dort herrschenden niedrigen Temperaturen sogar in grol3en Abstanden von der 

Vorderkante praktisch eingefroren. 

AHAJIW3 )JH~~Y3HOHHOI-0 I-IJIAMEHH B JIAMHHAPHOM I-IOFPAHRYHOM 
CJIOE HA IIJIOCKOH IIJIACTHHE 

~IXUlsl - BbInOJIHeH WiCJIeHHbIti paC’ieT JIaMHHapHOrO BOnOpOAHO-KUCJIOpOAHOrO ~H~N$~PUOH- 

HOrO IUIaMeHU B JtaMIiHapHOM nOrpaHU’IHOM CJIOe Ha IIJIOCKOi IlJIaCTAHe C UeJIblO BblRCHeHAfl er0 

CTpYKTYpbI B HepaBHOBeCHOM I4 6JIU3KOM K paBHOBeCW0 COCTOIIHHRX B pa3JWiHbIX TOYKaX nOrpaHW4- 

HOrO CJIOII. B paNeTaX UCnOJIb30BaJEiCb IIewMeHHbIe XapaKTeplrCTHKH, BKJIKYiaR TepMOLJH+$Y3AK), 

H LIaHHbIe n0 I5 npOCTbIM peaKWiRM MeXGJy 8 XWDKOCTRMH. npkiBeLleHbI p3yJIbTiTbI n0 npOUeCCy 

BoClUIaMeHeHllR I4 pa3BFiTWi HepaBHOBeCHOrO llJlaM’.ZHH H MeTOnHKa paCYeTa JIOKaJIbHOrO XHMU- 

YecKoro paBHoeecHa BHYTPU 30fibI nnahleau. BCnejqCTB&ie nanminx HW~KI(X TeMneparyp c ABYX 

CTOpOH 30HbI IIJIaMeHH XHMHYeCKWe pei3KUHH B HUX npaKTWIeCKIl3aMOpOmeHbI name Ha nOCTaTOgHOM 

ynanenuri or nepenHei4 Kp0~Kkf. 


