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Abstract—The problems of the laminar boundary layer where combustion reaction occurs are solved
theoretically taking account of the Arrhenius’ theory of chemical kinetics, of the effects of the impermeable
leading section, and of the fact that the properties of fluid depend on the temperature and concentrations
of species contained in the boundary layer. As the result of this investigation, the following conclusions have
been obtained:

(1) The maximum temperature obtained in the present work is lower by about several hundred degrees
of centigrade than that by the method which has been used in the previously published papers,

(2) The combustion zone occupies about 20 per cent of the boundary layer in width,

(3) In the case of using the test plate with an impermeable leading section, the boundary layer thickness
increases and the maximum temperature goes down compared with the case using the test plate without
impermeable leading section. The impermeable leading section has a great influence on the shear stress
at the wall,

(4) In the case of uniformly injecting the gaseous fuel from the wall, the fuel concentration at the wall

and the maximum temperature change with the distance from the leading edge.

NOMENCLATURE y,  coordinate perpendicular to plate;
C, specific heat at constant pressure; Z, mass rate of formation of fuel.
D, multicomponent diffusion coefficient;
9, binary diffusion coefficient; Greek
E,, activation energy; B,  mass transfer ratio;
g, acceleration of gravity; n, transformed coordinate (see equation
h, enthalpy; (15));
L, latent heat of vaporization; A,  thermal conductivity;
Le, Lewis number; u,  coefficient of dynamic viscosity;
I,  length of impermeable leading section; ¢, transformed coordinate (see equation
M, molecular weight; (14);
Pr, Prandtl number; n, stoichiometric constant;
Q, calorific value of fuel; p,  density;
g, heat flux; z»  frequency factor.
R, universal gas constant;
Sc, Schmidt number; Subscripts
T, absolute temperature; e, free stream flow;
t temperature in degree of centigrade; i,j, speciesi,j;
u, velocity in x-direction; r, reference condition;
v,  velocity in y-direction; t, fuel reservoir;
W, mass fraction of species; w, upper surface of test plate;
x, coordinate parallel to plate; 6, outer edge of boundary layer;
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0, leading edge.
Quantities without subscript i or j
denote those of mixed gas.

Superscript
*  with impermeable leading section.

1. INTRODUCTION

MANY theoretical investigations on the diffusion
flame have been published. Most of them in the
early years have treated the combustion of a
droplet as a spherically symmetric phenomenon
based on the assumptions that the rate of
chemical reaction is infinite, the properties of
fluid are constant, and heat and mass are
transferred only by conduction and diffusion,
not by convection [1-4]. With development of
the jet and rocket engines, the burning process
in the boundary layer on a flat plate have been
solved taking account of the convective heat
and mass transfer [5-7].

These papers, however, simplify the problem
by assuming that the rate of chemical reaction is
infinite, the properties of fluid are independent
of temperature and concentration of species,
and the profiles of velocity, temperature and
concentrations have linear relation with each
other.

The first attempt introducing Arrhenius’
theory of chemical kinetics into the theory of
combustion process was performed by J. Lorell
et al. [8] but the same assumptions used in
literatures [1-4] were applied in this study
except the Arrhenius’ theory. F. E. Fendell [9]
and Y. Mori et al [10] have got the very
interesting results for the counter flow diffusion
flame taking account of Arrhenius’ theory.
However, these studies basing on Euler’s equa-
tion but not on Navier—Stokes’ equation assume
that every property is constant, Prandt]l number
and Lewis number are unity, and the tempera-
ture at the wall is equal to the boiling point of
fuel.

The above papers [8, 9] point out that the
temperature profile in combustion zone, par-
ticularly the maximum temperature is strongly
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affected by introducing the finite rate of chemical
reaction. As it is apparent that the properties
of fluid have a great effect on the burning
condition, the assumption that the properties
are kept constant across the boundary layer is
different from the actual condition in a great
deal, because the temperature and the con-
centrations of species across the boundary layer
change remarkably.

There have never been published the papers
taking account of all the above factors and the
effect of impermeable leading section. In this
paper, the diffusion flame in the laminar boundary
layer is dealt with taking account of these
factors, but the effects of free convection and
thermal dissociation are neglected. For com-
parison, the calculations for the flame sheet
model are performed.

2. GOVERNING EQUATIONS AND BOUNDARY
CONDITIONS
Considering the combustion of hydrocarbon
fuel, the chemical reaction is given as follows

7, (fuel vapor) + 7,0,
+ 7,CO, + n,H,0 =0. (1)

In the case using methyl alcohol as a fuel,
the stoichiometric constants are
=1 =n,=32 n,=-1 =n,=-2
Taking air as the oxidizer and considering that
air is a mixed gas of oxygen and nitrogen only,
the species contained in the boundary layer are
as follows; (1) fuel vapor, (2) oxygen, (3) carbon
dioxide, (4) water vapor and (5) nitrogen
because of neglecting thermal dissociation.
Henceforward, the subscripts 1-5 denote the
above species respectively.

The mass rate of formation of fuel Z is of a
value of negative sign, and according to the
Arrhenius’ theory of chemical kinetics, it is
shown as

Z = —(xpgW,W,M/M,)exp(—E /RT). (2)
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Considering the model shown in Fig. 1, the
following governing equations are obtained.
Equation of continuity,

0 0
a(ﬂu) + @ (pv) =0 3

Fi1G. 1. Diffusion flame model.

Equation of momentum,

N A
P\"ox Uay T dy #6y

Equation of energy,

SOy Oy a4 ok
P\ % ox dy) ~ dy ngay

5
+ Z {pDihi(l — Le) a;;’ }] - % (5)

Equations of continuity of species,

S N D[ W rMZ
PA¥ ox dy |~ dy P i gy g
i=1-4, (6)0)
5
YW, = 1. (10)

i=1

As shown in the above equations (2)~10),
nine unknown quantities u, v, h, w ~w; and Z
are contained, these unknown quantities might
be solved as functions of x and y on the several
boundary conditions.

Introducing the following new variables into
the above equations,

£ =un, (11)
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Ah=h —h,
i=1-5

(12)
(13)

0 = (h — h )/Ah
Ci = (Wl - Ww)/Wir

and transforming x-y coordinates into & — g
coordinates defined as follows, we get the
equations (16)—23).

& = u, {(ow), dx (14)
Y
= j pdy (15)
=708
0
Equation of continuity,
o ov
2¢3€—+5’—1+f~0 (16)
Equation of momentum,
of  off o of
2 o Ve = 5n(A 5n>
a="L  an

" (on),

Equafion of energy,

5
0 00 o[ 00 o,
'—4+V—=—|B— C.=2)+D
2§f66+ on 6'1( 0n+z ’5n>+

op 1 p*DhW (1 — Le)
B = = i = Lo : ’ (18)
(pm), P, Ah(pp),
Y/
 ux(pp),Ahpg
Equations of continuity of species,
oL o, 0 a¢,
2" -2+ Vi = | E .
J " on 6r1< ‘o *F
i=1-4 (192
_PH _1_ _ 2%ZMm, _
“ (pw), Sc; P ul(pw) gW,,p
5
Z (w,.=0 (23)
i=1



1218

where,

% (e
v ‘(pu),ue<f ox ¢(2¢)>'

The boundary conditions at the wall are as
follows,

(24)

f0=0 (25)
0 0) =0 (26)
[(E0)=0 i=1-5 27+(31)
V(£,0) = J28) (pv), {(ow)u,}.  (32)

The boundary conditions at the outer edge of
the boundary layer are as follows,

fién) =1 (33)
8¢, n,) =1 (34)
{(&n)=¢(, i=1-5. (35)+39)

The values of {,, in equations (35)39) are
decided from the condition of the free stream
flow.

The boundary conditions at the leading edge
are determined by substituting ¢ =0 into
equations (16)-(22), that is,

dv

E7"+f =0

or

5
de dC.)
B— + E C.=2)+D
dn fdn

_ 9l d_<Ed_Ci)
dp — dn\ tdny
i=1-4.

As these ordinary differential equations can
be easily solved, the boundary conditions at the
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leading edge are given as follows by taking
account of equation (23).

f0,7) = fo(m) (40)
V(0,n) = Vyn) (41)
6(0,1) = 6,(n) (42)
(Om=_m i=15  (43-H47)

The profiles of temperature and concentra-
tions of species determined by solving the above
governing equations on the above boundary
conditions are refered to the dimensionless
quantities & and {,~{;. In order to get the
profiles of quantities t and W -W, from the
above results, it is necessary to evaluate ¢, and
W, ,~Ws,, from the following boundary condi-
tions.

From the energy balance at the wall, the
following equation is obtained.

5
1 00 ow,
Al Ny
PT{Ah on Z oo },,::o
i=1

= V(O +h,—~h). (48)

The flow passing across the upper surface of
the test plate consists of fuel vapor only, for
which we get the following relation

—-leWhOCI}

V(D) = ———F = 49

©0 {u(l—Wl) N Jy=0 “
_ JpDW,, 3, C

V(C,O)—{ AW 6n},,=0 i =2-5 (50)53)

As the fuel vapor must be saturated at the
wall, the mass fraction of fuel at the wall W
can be determined from the wall temperature
t,, as follows.

w,, = olt,) (54)

Substituting a suitable first order approximate
value of ¢, into equation (54), we can have W, .
And again by substituting W, into equation
(49), V(£,0) is determined. The second order
approximate value of ¢t can be computed by
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substituting the above result of V(£ 0) into
equation (48).

By repeating the above procedure, the accurate
values of ¢, and W, could be determined. The
mass fractions of species at the wall except fuel
vapor W, —W_  can be calculated by substitut-
ing V(£ 0) into equations (50)(53). The mass
flow passing across the upper surface of the test
plate (pv),, can be calculated from equation (32).

In the case with impermeable leading section,
taking £*—n* coordinates from the leading edge
of the impermeable section, we can have the
velocity profile by solving equations (16) and
(17) for these coordinates. As the next step, the
velocity profile is transformed into & co-
ordinates which are taken from the leading edge
of the permeable section. By substituting this
transformed velocity profile into equations
(18)23), the profiles of temperature and con-
centrations of species for this case with the
impermeable leading section can be calculated.

3. NUMERICAL CALCULATION AND PROPERTIES

As it may be very difficult to solve the above
governing equations by analytical method, in
present paper, the finite difference method was
used to get the numerical solution of this
problem. 4

Equations (17)«23) are represented with the
implicit scheme as follows respectively.
Equation of momentum,

(xfm+l,»frln+1.n+1 + ﬂfm+1,nf;n+1,n

+ Vim+1, o w11 =6fm+1n (55)
Xfmt1,n = (Vi 1,./28n) — {4 m+1,n+1
= Ayt 0o JAATTY — (A, JARY)
ﬁfm+ 1,n = 2{(€m+1f:n+ 1,n/A§)
+ (Am+1,n/An2)}
Vrmetn = = Vs y o280 + {(4 41 0is

- Am+ 1,n—1)/4Ar'2} - (Am+ l,n/A'IZ)
6fm+ 1,n = 2€m+1f;n+l,nf;n,n/Aé

Equation of energy,
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a0m+ 1,n0m+ 1,n+1 + ﬁ0m+l,n0m+1,n

+ Vom+ 1,n0m+ -1 = Oom+1,n (56)
Loms1,n = (Vm+1 o/24n) — {(Bm+1,n+1
— B,y .40} — (B, /An?)

Boms 0 = A1 ey JAD + By, /AT
Vometn = — Vw1, w/28m) + {(B,1y oy
— B, i J/AAn*} — (B, 1,,./A’I2)
Oom+ 1,0 = 2Cms 1S ms 1, 0m, /A

+ {i;1 Cimst,n+1 — Cimet,n-1)
X Cimst,ne1 — Cim+l,n—l)/4Aﬂ2}
5
+ {;;1 Cim+1,n(‘:im+1,n+1 - 2Cim+1,n

+ Cim-ﬁ- 1,n- l)/AnZ} + Dm+ i,n
Equation of continuity of species,

aim+l,ncim+ La+1 T ﬁim+l,ncim+ 1,n

+ yim+1,n£im+1,n—l = 6im+1,n

i=14 (57)+60)
%t 1,0 = (Vo 1, /280) = {(Epp sy ey
- Eim+ l,n—l)/4A'12} - (Eim+1,,/A’72)

Bim+ Ln = 2{('fm+1f:n+ l,n/Aé)
+ (Eim+1,n/A’I2)}
Timt 10 = — Vot 1,n/280) + {(E s 1 sy
= Epr1on- 400} — (B, JAN?)
6im+1,n = zémﬂf;n#l,ncim,n/A&) + Fis 1,n

i Cim,nWir =0 (61)

where, subscripts m and n denote the value at
the station £ = mA¢, and n = nAn as shown in
Fig. 2.

X,.(X:4,B,C,{, and E) in equations
(55)+61) are unknown quantities, therefore the
successive approximation method must be used
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to solve these equations by assuming X, =X,
as the first order approximation. As the first
step, let us consider to solve the equation of
momentum equation (55) on the boundary

conditions equations (25) and (33).

@ Known station
O Unknown station

FiG. 2. Finite difference grid.

It is impossible to solve equation (55) because
it has three unknown quantities f ., ..,
Srmwirnand f ., . However, dividing the
domain from the wall to the outer edge of the
boundary layer into n; sections as shown in
Fig. 2, (n;— 1) unknown quantities 1le.
Smet1.1~ fins1.ns—1 @re contained in this do-
main, and (n; — 1) equations which have three
unknown quantities as mentioned above, are
available. Therefore, the velocity profile could
be decided by solving these (n; — 1) equations
simultaneously.

Even in the case of laminar boundary layer
discussed in present paper, it is recommended
to take n; = 80. This fact shows that it might
be terribly laborious to solve these equations
simultaneously. In this paper, the procedure
proposed by F. G. Blottner [11] was used to
solve these equations as follows.

Let us assume the solution in the following
form
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f:n+1.n=Gm+1.nf:n+1.n+l +Hm+1.rl' (62)

This equation implies that

Srvtn-1= CpitntSmatn T Huig ey (63)

Substituting equation (63) into equation (55)
and comparing with equation (62), we get the
following results.

04
Gm .= — fm+1,n (64)
T Bfm+1.n+yfm+1.nGm+1,n—1
H 5.Lm+1 n me+1 nHm+1 n—1
m+1i.n
! ﬁfm+1n+)fm+1nGm+1n 1
Asf, ., ,=0atthewall(n=0)and f,,  ,#0
at n = 1, we get
Gpii,0=0 Ho o i,=0 (65)

Substituting the above results into equation
(64), wecanget G, ,, jandH, , . Byrepeating
this procedure, all G, ,’s and H__ .’s up to
G,i1.5-1and H . across the boundary
layer are determined, and then f7 . s can be
found from equation (62).

In order to calculate the values of G, , , , and
H,_,,, in equation (64), the value of Vo
contained in o,  and y, . must be found
From equation ( 16) the followmg finite difference
equation is obtained.

|4 |4

m+1,n+1 = m+i,n

- {2ém+§(f:n+l.n+l - f:n.n+1
+ f;n+1.n - f;nn)/Aé + (f;n+l,n+1
S msrn t Smner + a2} By,

v + vV

m.on+1 m.n

(66)

Since the values of V,, , and V, , are known
quantities from the boundary condltlons equa-
tions (41) and (49), the value of V at every
station can be decided from equation (66) in
order of V, Vi Va1 Vaw V1™ Vi

The proﬁles of temperature and concentra-
tions of species across the boundary layer can
be determined by the same procedure.

The properties of mixed gas were calculated
by the following equations.
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The specific heat at constant pressure of the
mixed gas is

(67)

The coefficient of dynamic viscosity of the
mixed gas is [12]
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5
¢= '21 ¢ G =pgW/M,  x,=cje
=

N, = —cD(dx,/dy).

The properties of each species are given in
[15] and [16] as the functions of temperature
and pressure.

5
(W/M) p, 4. CALCULATED RESULTS AND CONSIDERATIONS
_ i i i .
- 25: (W/M o, ’ According to the above procedure, calcula-
i=1 & S tions were carried out on the conditions tabu-
1 M. ALY YANE lated in Table 1. The parentheses in Table 1 show
S=—7=\ 1+ {1+ {7 )t the cited reference. u, = 1 m/s and ¢, = 20°C
J8) M, w.) \M. e e
J g i were chosen as the velocity and temperature of
(68) the free stream flow. The saturated pressures
Table 1. Conditions of calculation
No. Fuel x(mm) o, (mm/s) I(mm) E,(kcal/mol) L (kcal/kg) Q(kcal/kg) Atmosphere Property
1 CH,OH 0 — 0 0 263 4800 Air Air
2 CH,OH 0 — 0 0 263 4800 Air Mixed gas
3 CH,0H 105 — 0 41-3{17] 263 4800 Air Mixed gas
4 C,H,OH 105 — 0 422[17] 206 6400 Air Mixed gas
5 CHOH 105 — 0 0 206 6400 Air Mixed gas
6 CH,OH 105 — 0 41-3 263 4800 Air Mixed gas
7 CH,0H 105 — 0 0 263 4800 Oxygen  Mixed gas
8 CH,OH 15 — 25 413 263 4800 Oxygen  Mixed gas
9 CH,OH 55 — 25 413 263 4800 Air Mixed gas
10 CiH, 30 3 0 0 - 12033 Air Mixed gas
11 C,H, 75 3 0 0 — 12033 Air Mixed gas
12 C,H, 105 3 0 0 _— 12033 Air Mixed gas
13 C,H, 30 3 0 26:0 [18] — 12033 Air Mixed gas
14 C,H, 75 3 0 260 —_ 12033 Air Mixed gas
15 C,H, 105 3 0 26:0 — 12033 Air Mixed gas

The thermal conductivity of the mixed gasis [13]

O wM)A
M)

-3
i=1 121 (Wy/M) ¢,

(69)

The multicomponent diffusion coefficient of
species i is [ 14]

D =

3 (70)
c{) (1/cD,)(x;N, — x;N )}
i=1

for methyl alcohol and ethyl alcohol are
represented by the following formulae [19]

W, = M,/M)exp {(t, — 647)/22:8}
methyl alcohol

W, = M,/M)exp {(, — 77-8)/23-2}
ethyl alcohol.

Figure 3 corresponds to the condition 1 in
Table 1. It is well known that the boundary
layer approximation is not available near the
leading edge, but according to the calculated
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Fi1G. 3. Profiles of velocity, temperature and concentrations
of species (properties are function of temperature only).

1-0 — — 2000
L ’/-\ ]
\
os) 7
J
B \ A
1
o-sf W \ J
oy
W F \ 41000
* W/ e
§: 0-4 R e
w \
! s W3 W, \\ |
w \
oL /, J \
0-2 , 4
’ \
5 “ ;N
Ve 3
o T z 3 5 ©
n

F1G. 4. Profiles of velocity, temperature and concentrations
of species (properties are function of temperature and
concentrations of species).

results, the profiles represented in # coordinate
were almost independent of the distance from
the leading edge. Figure 3 shows that the flame
sheet is kept at n =~ 34 and the maximum
temperature at the flame sheet is about 2500°C.

The results on 2nd condition in Table 1 are
depicted in Fig. 4. Comparing Fig. 4 with Fig. 3
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it can be seen that by taking account of the
effect of concentration on properties, the maxi-
mum temperature goes down about 700°C, the
location of flame sheet shifts to the wall, and the
profiles of concentrations of water vapor and
carbon dioxide cross each other at n =~ 1-2.

Most of the papers on combustion process
which have been published until now assume
that the properties are constant or functions of
temperature only. It must be noted, however,
that these assumptions about properties are
very contradictory to the fact, therefore, the
quantitative comparison of the calculated result
with the experimental one would be meaning-
less.

The calculated results on the condition 3 in
Table 1 are shown in Fig. 5, and the same results
are represented with respect to the physical
coordinate y in Fig. 6. All profiles in these
figures are markedly different from those in
Fig. 4. First of all, the flame sheet vanishes from

10 —————— 2000
17/\
o8l /780
78
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*' 06 i \
s 0.6k \ 4
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S A nov/ Jioo0 |,
t o “
> 04 -z \ 1
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i W | |l Wy \\Wz
o2 ’ L) 3
P \
L N
7/ N
— i . Al/ \>L i
o | 2 3 30

F1G. 5. Profiles of velocity, temperature, mass rate of com-
bustion and concentrations of species (finite rate of chemical
reaction).

Figs. 5 and 6, and these profiles show the com-
bustion zone having the finite width. The pro-
files of temperature and concentrations of
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carbon dioxide and water vapor in Fig. 4 have
the sharp summits at the flame sheet, and those
in Fig. 5 are round, consequently, the maximum
values of temperature and concentrations of
these species diminish. The maximum tempera-
ture in Fig. 5 is about 80°C lower than that in
Fig. 4. The position where the temperature
becomes summit shifts a little to the wall by
introducing the Arrhenius’ theory.
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FiG, 6. Profiles of velocity, temperature, mass rate of com-
bustion and concentrations of species {in physical co-
ordinate).

Taking y coordinate as the abscissa, the
layers adjacent to the wall and to the outer edge
of the boundary layer shrink and the com-
bustion zone is expanded as easily seen from
equation (15). Consequently, as is shown in
Fig. 6, most of the inflection points vanish
from the curves. It was made sure that the
velocity profile in Fig. 6 is almost the same as
the Blasius’ velocity profile for laminar bound-
ary layer without mass injection.

Figure 7 shows the profiles of Lewis numbers
of species, Prandtl number and density. As is
seen from Fig, 6, the temperature varies from
20°C to about 1800°C in the boundary layer,
and with the change of temperature the coeffi-
cients of dynamic viscosity of species vary 3-5
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times, the thermal conductivities 4-12 times
and the multicomponent diffusion coefficients
20-25 times, respectively. However, the changes
of Lewis number and Prandtl number assembled
with these properties are much less than that of

P/, ~_\ /

Jo-7

F1G. 7. Profiles of properties.

individual property. Most investigations on
combustion process have assumed that Prandtl
number and Lewis number are unity across the
boundary layer, but the complex behaviors of
them near the combustion zone in Fig. 7 imply
the lack of validity of this assumption.

In this paper, the upper and lower boundaries
of combustion zone y, and y, are defined as
shown in Fig. 8. The upper and lower boundaries
of combustion zone, the outer edges of hydro-
dynamic, thermal and concentration bound-
ary layers, the heat flux at the wall and the mass
transfer ratio are represented in Fig. 9. The outer
edges of the hydrodynamic and concentration
boundary layers are defined as the points at
which the value of velocity or concentration
becomes 99 per cent of that in free stream flow.
The outer edge of the thermal boundary layer
is the point at which (¢t — t )/t — t,) = 00L

The mass transfer ratio is defined as follows;
B = (pv),/(pu),. The combustion zone occupies
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FiG. 9. Outer edges of boundary layers, combustion zone,
heat flux and mass transfer ratio.

Outer edge of thermal boundary layer.
Outer edge of concentration boundary layer.
Outer edge of hydrodynamic boundary layer.
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FiG. 10. Profiles of velocities, temperature, mass rate of
combustion and concentrations of species (ethyl alcohol).
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about 20 per cent of the boundary layer in
width.

Figure 10 shows the results for ethyl alcohol
(Condition 4 in Table 1). The calorific value
of ethyl alcohol is higher than that of methyl
alcohol, on the other hand, the specific heat of
ethyl alcohol is larger than that of methyl
alcohol. In consequence of the above two
opposite factors, it seems that the temperature
profile of ethyl alcohol in Fig. 10 is very similar
to that of methyl alcohol.

The following equation can be reduced from
equation (24).

o, ,J(zc)j 1o
"= Veg I T e

An example of the profile of velocity v calculated
from the above equation is represented in Fig.
10.

The close up of the combustion zone in Fig.
10 is shown with dotted lines in Fig. 11. For

1900
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o
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§
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L
1600
ot 1500
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Fi1G. 11. Detail in combustion zone and its vicinity {(com-
parison with flame sheet model).

comparison, the result for the flame sheet model
(Condition 5 in Table 1) is shown with solid
lines in the same figure. The maximum tem-
perature for the flame sheet model is about
100°C higher than that for the finite rate of
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chemical reaction. The general tendency is
similar to the result for methyl alcohol.

The combustion process in the oxygen stream
flow was calculated for the cases of finite and
infinite rates of chemical reaction (Conditions
6 and 7 in Table 1). These results are represented
in Fig. 12. The difference of maximum tempera-
tures for both cases is about 200°C, and this
temperature difference is two times larger than
that in the air stream.
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FIG. 12. Profiles of velocity, temperature and concentrations
of species (combustion in oxygen).
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F1G. 13. Profiles of velocity, temperature and concentrations
of species (comparison of air with oxygen).
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The comparison of the results for air stream
and oxygen stream is shown in Fig. 13. The
maximum temperature and the boundary layer
thickness in the oxygen stream becomes about
twice those in the air stream and the velocity
profile approaches a straight line.
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FiG. 14. Profiles of velocity, temperature and concentrations
of species (effect of impermeable leading section).

In the all aforementioned results, every
profile represented with respect to # was nearly
independent of £. In the matter of fact, the cases
without impermeable leading section are rather
few, therefore it is important to clarify the
effect of impermeable leading section on the
combustion process in the boundary layer. The
effect of impermeable leading section will be
discussed in the following. The results with
impermeable leading section of 2:5 cm long are
represented in Fig. 14 (Conditions 8 and 9 in
Table 1). To make clear the effect of the
impermeable leading section, the results with-
out impermeable leading section are shown in
the same figure (Condition 3 in Table 1).

As already mentioned, the profiles of velocity,
temperature and concentrations of species for
the case without impermeable leading section
are almost independent of the distance from
the leading edge, if the dimensionless coordinate
n is taken as an abscissa. However, in the case
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with impermeable leading section, the profiles
depend on the distance from the leading edge.
It is seen that the boundary layer gets thicker
and the maximum temperature lower with
impermeable leading section. However, the
effect of impermeable leading section decreases
with increasing the distance from leading edge
of permeable section x. To study the effect of
the impermeable leading section more precisely,
the calculations at many stations of x were
carried out, and the results are shown in Fig.
15. The length of 2:5 cm was adopted as the
impermeable leading section / in these calcula-
tions.
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Fi1G. 15. Effect of impermeable leading section on vaporiza-
tion rate, heat flux, shear stress and boundary layer thickness.

The heat flux, the injection velocity and
shear stress at the wall in the case with
impermeable leading section are lower than
those in the case without impermeable leading
section, but the differences between them
decrease with x. The effect of the impermeable
leading section on the shear stress at the wall
is most remarkable.

In the foregoing, we have discussed the
combustion process of the liquid fuels, and
then we shall discuss the gaseous fuel uniformly

SHINZO KIKKAWA and KATSUHIRO YOSHIKAWA

injected from the permeable plate. Figure 16
represents the combustion process of propane
for the flame sheet model (Conditions 10, 11
and 12 in Table 1) and Fig. 17 shows for the
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FiG. 16. Profiles of velocity, temperature and concentrations
of species (uniform injection of propane).
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Fi1G. 17. Profiles of velocity, temperature and concentrations
of species (finite rate of chemical reaction).

case of finite rate of chemical reaction (Con-
ditions 13, 14 and 15 in Table 1). In these figures
the fuel concentration at the wall, the profiles
of velocity, temperature and concentrations of
species and the maximum temperature vary with



COMBUSTION ON A FLAT PLATE

the distance from the leading edge. The maxi-
mum temperature near the leading edge is
lower than that at downstream in these figures.
This tendency might be owing to that the heat
flux near the leading edge is relatively larger
than that at downstream, on the other hand
the injection rate of the fuel is uniform through-
out the wall.

5. CONCLUSIONS

As the result of the theoretical investigation
on the combustion process of liquid and
gaseous fuels in the laminar boundary layer on
a flat plate, the following conclusions have
been obtained.

(1) By taking into account that the properties
of fluid in the boundary layer depend on the
temperature and the concentrations of species,
the maximum temperature decreases by about
several hundred degrees of centigrade.

(2) By introducing the Arrhenius’ theory of
chemical kinetics, the profiles of temperature
and concentrations of species in the boundary
layer considerably change and the maximum
temperature diminishes by about 100°C.

(3) The coefficient of dynamic viscosity, the
thermal conductivity and the multicomponent
diffusion coefficient in the boundary layer vary
in the very wide range, but the changes of Lewis
number and Prandtl number are not remark-
able.

(4) The combustion zone occupies about 20
per cent of the boundary layer in width.

(5) In the case without impermeable leading
section, the profiles of velocity, temperature
and concentrations of species with respect to
the dimensionless coordinate n are almost
independent of the distance from the leading
edge.

(6) In the case with impermeable leading
section, the boundary layer thickness increases
and the maximum temperature goes down. The
impermeable leading section have a great
influence on the shear stress at the wall.

(7) Uniformly injecting the gaseous fuel
from the wall, the fuel concentration at the wall
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and the maximum temperature change with
the distance from the leading edge x. The
profiles of velocity, temperature and concentra-
tions of species with respect to n change in
direction of x.
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RECHERCHE THEORIQUE SUR LA COUCHE LIMITE LAMINAIRE AVEC COMBUSTION
SUR UNE PLAQUE PLANE

Résumé—Les problémes de la couche limite laminaire ot se produit la réaction de combustion sont
résolus théoriquement en tenant compte de la théorie d’Arrhénius sur la cinétique chimique, de I'effet de
la section d’attaque imperméable et du fait que les propriétés du fluide dépendent de la température et
des concentrations des espéces contenues dans la couche limite. Des résultats de cette recherche on a tiré
les conclusions suivantes:

(1) la température maximale obtenue dans cette étude est plus basse d’environ plusieurs centaines de
degrés centigrades que celle obtenue par la méthode qui a été employée dans les articles publiés antérieure-
ment.

(2) la zone de combustion occupe environ 20 %, de la couche limite en largeur.

(3) dans le cas d’utilisation d’une plaque d’essai avec une section d’attaque imperméable, I’épaisseur
de la couche limite croit et la température maximale diminue comparée au cas utilisant la plaque d’essai
sans section d’attaque imperméable. La section d’attaque imperméable a une grande influence sur la
contrainte tangentielle 4 la paroi.

(4) dans le cas de I'injection uniforme de combustible gazeux depuis la paroi, la concentration de com-

bustible a la paroi et la température maximale changent avec la distance au bord d’attaque.

THEORETISCHE UNTERSUCHUNG EINER LAMINAREN GRENZSCHICHT MIT
VERBRENNUNG AN DER EBENEN PLATTE

Zusammenfassung—Die Probleme der laminaren Grenzschicht mit Verbrennungsreaktion wurden
theoretisch geldst mit dem Arrhenius-Ansatz fiir die chemische Kinetik, mit Beriicksichtigung einer
undurchdringlichen Anlaufstrecke und mit Beriicksichtigung der Abhingigkeit der Stoffwerte von
Temperatur und der chemischen Zusammensetzung der Grenzschicht. Als Ergebnis dieser Untersuchungen
lassen sich folgende Schliisse ziehen:

1. Die Maximaltemperatur liegt in der vorliegenden Arbeit mehr als 100 °C niedriger als bei den
Methoden, die bei frither veréffentlichten Arbeiten verwendet wurden.

2. Die Verbrennungszone macht ungefihr 209, der Grenzschichtdicke aus.

3. Im Fall einer Platte mit undurchdringlicher Anlaufstrecke nimmt die Grenzschichtdicke zu und
die Maximaltemperatur liegt niedriger, verglichen mit der Platte ohne undurchdringliche Anlauf-
strecke. Die undurchdringliche Anlaufstrecke hat einen grossen Einfluss auf die Wandschubspannung.

4. Im Fall gleichmissiger Einblasung von Brennstoff durch die Wand verindert sich die Brennstoff-
konzentration an der Wand und die Maximaltemperatur mit dem Abstand von der Anstromkante.

TEOPETUYECKOE UCCJIEOJOBAHUE JJAMUHAPHOT'O IIOTPAHNYHOTI'O
CJIOA ITPU 'OPEHUN HA TIJIOCKON NNACTUHE

Annoramma—3aaya JIBMUHAPHOIO MMOTPAHMYHOIO CJIOA MNpPH HAJNYMM PeaKUui ropeHus
pelaeTcA TeOPeTHYeCKH HA OCHOBAHMU TEODHH XUMMYECKON KUHETHKN AppeHuyca ¢ y4eToM
BIMAHKA HENPOHMIAeMOr0 HAYaJbHOI'0 YYACTKA, a TAKMKE 3aBHCHMOCTH CBOMCTB KHIKOCTH
OT TeMIepaTyphl U KOHIEHTPALMH BeIecTB, HAXOMAIINXCA B MOTPAHNYHOM cioe. B peayis-
TaTe HTOTO UCCIACAOBAHUA CHASJIAHLI CICSAYIOUUE BHBOMNH !

1. MakcuMalbHAsA TeMIapaTypa, IOJYYeHHAadA B [aHHOW paloTe, OKAa3aIaCh HUIKE
TeMIIepaTyphl, TIOJy4eHHON MEeTOZAMM, UCNOJNb3YeMEIMU B paHee omyGJMKOBAHHHX palorax,
IIPEMEPHO HA HECKOILKO COT I'paJycoB.

2. 30Ha ropeHMs 33HUMAeT N0 WMpUHe npuMmepHo 209, NOrpaHNYHOro CJIOA.

3. TIpy uCMONB30BAHMM ITACTHHBl ¢ HENPOHNIIAeMBIM HAYaJIbHBIM YYaCTKOM TOJI(MHA
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[IOTPAHNYHOTO CIIOA yBENNYUBAETCH, 8 MAKCUMAJIbHAA TeMIIEPATYPA CHIMKAETCH 10 CDABHEHUIO
€ MJIacTHHON mpM OTCYTCTBUM HEMPOHHIIAEMOTO HAYAIbHOro ydacTka. HenmpoHunaemeri
HAYaJIbHBIH yYaCTOK OKAa3HBaeT (GOJLINOe BIUAHME HA HAIPHMKCHNE TPEHHA HA CTeHKe.
4. B cayyae paBHOMEPHOro BAYBa raz000pasHOT0 TOIINBA KOHLEHTPAIMA HA CTeHKe U
MaKCHMMAJbHAA TeMIepaTypa MBMEHAETCA 0 Mepe VAANeHNS OT HAYalIbHOIO y4acTKa.
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