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Approximate Analysis of the Slot Injection of a Gas in

Laminar Flow

Pauvr A. LiBBY* anD JoserH A. ScHETZT
General Applied Science Laboratories Inc., Westbury, N. Y.

The laminar diffusion and combustion of a gas injected into a high-speed uniform stream by
means of a wall slot are considered. The Dorodnitzin-Howarth transformation is employed to
reduce the boundary layer equations to incompressible form; the nonsimilar flow field is
treated by a modified Oseen approximation in conjunction with the integral method. Thermal
boundary conditions corresponding to an adiabatic wall and to constant wall enthalpy are dis-
cussed. The injection of homogeneous, heterogeneous, nonreactive, and reactive gases is
treated. For the latter case, the models usually employed for chemical behavior, namely,
frozen and equilibrium flow, are considered. The analysis is applicable to a wide variety of
laminar flows, e.g., those involving cooling, thermal protection, skin-friction reduction, and
supersonic deflagration. A numerical example of practical interest in connection with the
venting of gaseous hydrogen boiloff from a rocket booster is presented.

Nomenclature

slot height in physical coordinates

function defined by Eq. (7)

funetion defined by Eq. (15a)

Chapman constant

skin friction coefficient = 7y/p,u,?

stagnation enthalpy nondimensionalized with
freestream conditions

enthalpy

heat transfer coefficient based on enthalpy

thermal conductivity

Lewis number ’

Nusselt number = §z/(k/Cplw

Reynolds number = pou.2/ue

transformed normal eoordinate

transformed slot height

temperature

streamwise velocity

u/u, = streamwise velocity nondimensionalized
with freestream conditions

molecular weight

streamwise coordinate

z/t. = nondimensional streamwise coordinate

(/t (Cue/peuets) = nondimensional streamwise
coordinate

normal coordinate

mass fractions

element mass fractions

momentum thickness

6/t, = nondimensional momentum thickness

(T — T)/(T, — T;) = nondimensional temperature
ratio
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viscosity
velocity length variable
energy length variable
Prandtl number
density
t/t, = nondimensional transformed normal
coordinate
- energy thickness

= Q/t, = nondimensional energy thickness
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Subscripts

freestream conditions
conditions at flame sheet
conditions at slot inlet (z = 0)
reference conditions
stagnation conditions
conditions at the wall

oxygen

hydrogen

water

nitrogen

BN =g ® %S
[ T T
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I. Introduction

HE influence of mass transfer on boundary layer proper-

ties has been the subject of intensive study in the past.1—3
Most studies have been concerned with distributed injection
as oceurs over porous and/or ablating surfaces. The problem
considered here is the case of tangential injection by means of
a wall slot as depicted schematically in Fig. 1. This flow is of
present interest in several applications, for example, as a fuel
injection system for air-breathing engines employing super-
sonic deflagration-type combustion as proposed by Ferri.t
This manner of fuel injection might be of particular im-
portance, since it can provide gaseous film cooling for internal
engine surfaces as well as an effective means of fuel injection
and mixing. The high heat transfer where the reaction zone
approaches the wall can be avoided by successive slots. A
second direct application of this study is to the problems
associated with the venting of liquid propellant boiloff from
rocket boosters at high altitudes. In addition, the slot injec-
tion of reactive or nonreactive gasesis of interest in connection
with the cooling of exposed surfaces, reducing skin-friction,
and providing thermal protection. Under high-altitude hyper-
sonic flow conditions, these applications often involve laminar
flow.

In the analysis presented here the following idealizations
are employed. The flow is considered laminar, steady, and
two-dimensional. The pressure is taken to be constant
throughout. The profiles of velocity, composition, and tem-
perature at the origin of mixing (z = 0) are considered uni-
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form so that the influence of the boundary layers on the wall
(y = 0) and on the splitter plate (y = @) for z < 0 is neg-
lected. The chemical behavior in the case of reactive gases
is taken to correspond to frozen flow and to equilibrium
chemistry as approximated by a flame sheet.? The chemical
system studied in detail is that of hydrogen injected into an
airstream. The Prandtl number and all Lewis numbers are
taken to be unity.

Although the much more complicated problems of turbu-
lent flow and nonequilibrium chemistry are of great interest,
the simplifying assumptions adopted herein leave wide areas
of practical application. For example, hypersonic air-
breathing vehicles operating at high altitudes would have
inlet conditions of very high static temperature and low static
pressure which would result in laminar flow and near-equi-
librium chemical behavior.

The flow resulting from slot injection is, in general, of the
nonsimilar type involving the initial value problem of bound-

ary layer theory. Consequently, there are available the finite -

difference methods of computation,’—7 the strip method of
Pallone,® or the more approximate techniques based on inte-
gral methods using polynomial profiles.®~11 The more exact
methods involve considerable computational complexity,
whereas the previously employed integral methods have
limited freedom in the initial profiles that can be represented.
In this report a new adaption of the modified Oseen method of
Carrier and Lewis!? and of Carrier!3 is employed to yield a
simple approximate solution based on the integral method
with profiles generated by a solution to a related heat con-
duction equation. This approach provides a general method
of approximate solution for all nonsimilar viscous flow
problems.

II. Analysis of the Velocity Field

Consider first the velocity distribution associated with the
general physical problem shown in Fig. 1. The compressible
flow problem can be transformed into a corresponding in-
compressible flow by introducing the Dorodnitzin-Howarth
variable ¢, defined by

N )

With the assumption! p,uw/p.u. = C(zx), the nondimensional
integral momentum equation in the incompressible plane can

written
dé _ Cu, foi
dz  pauda (b'r)w @
The boundary conditions on the velocity profile #(z, r) are
(0, 7) = 4, 0<r<l1
= 1 T>1
a(z, 0) =0 3
limé(z, 7) = 1
T—> ©

The accurate representation of such velocity profiles with
adequate freedom by means of conventional polynomials
would be extremely tedious. Consider profiles generated by
an Oseen-type of flow corresponding to C = 1, as in Refs. 12
and 13, and take @ = @(%, 7) given by a solution to the follow-
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Fig. 1 Schematic representation of a flow field
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The variable ¢ is considered an unknown funetion of % deter-
mined by satisfying Eq. (2).
The solution of the problem posed by Eq. (4) is®

@t 1) = 4 erf[@] +

(SN elfgn] + =[Sy o

The wall shear is proportional to (0%/07),, which is, from
Eq. (5),

@/0r) = () 2[a; + (1 — Hy)e™1*] (6)

Now for the determination of § = £(z) from Eq. (2), the
quantity (df/dg)(€) is required; this can be evaluated as a
function of £ in closed form. After considerable algebra, there
is obtained

di/dE = (2x8) V{023 + e~ V% — 4e—1%] — §; X
[2 4 2U2 e~ 12 — (U2l — go—sk] L
(1+ o712 — @)1~ VE]} = 2np) 7124 (D)

Substitution of Eqs. (6) and (7) into Eq. (2) results in the
following equation yielding implicitly £ = £(z):

e (7o, A(g)dg
e 0w = [ sam o e ©

When a functional form for ¢ = C(%) has been chosen, the
left-hand side of Eq. (8) can be evaluated. The integral on
the right must be evaluated numerically with @, as a parame-
ter. This has been done for a range of @; values and ¢ =
const, as shown in Fig. 2. It will be noted therefrom that
the integral becomes a linear function of ¢ for ¢ > 1. As will
be discussed in more detail below, this behavior implies that
the effect of the defect in the initial profile, |4%; — 1|, can be
represented by an effective length in the flow direction.

The integrand on the right-hand side of Eq. (8) may be in-
terpreted as an effective velocity @ nondimensionalized with
respect to the external velocity as follows: if the basic partial
differential momentum equation for u = u(z, y) is trans-
formed to the variables z and ¢, there is obtained with pu =
Cp.pte

(wdu/0x) + B(Qu/dt) = Cv.(0%/0f)
Now, in the spirit of Carrier and Lewis, let

(udu/0x) + 7(0u/dt) ~ @ (ou/dx)

and introduce
z [ Cy, ,
i= f, <«7> &
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Fig.3 Variation of skin friction ratio with velocity injec-
tion ratio

Then Eq. (4) for @ results, and the inverse transformation to
the 2-t plane can be carried out conveniently according to the

equation
<p.u ta> f Cdz’ = fo ( )dé' (8a)

Now the use of the profiles generated by Eq. (4) in the momen-
tum equation in integral form [Eq. (2)] corresponds to one
means for evaluating (%/u.) in a systematic fashion. Note
that comparison of the integrands in Eqs. (8) and (8a) im-
plies, as just stated,

a/u, = A(E)/2V2[@, + (1 — @;)e~1%]

Thus, as §— «, @/u,—> (22 — 1) for all @;.

The results of Figs. 2 indicate that, for all values of i,
reasonable values of @/u. are obtained so that this approxi-
mate technique is not restricted with respect to permissible
values of ;.1

A. Skin-Friction Coefficient

The skin-friction coefficient can be expressed in terms of £
and thence from Eq. (8) in terms of £ with the Reynolds num-
ber (puds/u.) as a parameter. There is obtained

Crlpaudta/Cue) = {t; + [(1 — @)]e Y4} (x)~ 12 (9)

B. Comparison with the Exaci Flat Plate Solution

It is interesting to consider the case %; = 1, i.e., a uniform
flow at the origin, since the present analysis then provides an
approximate solution to the flat plate boundary layer. If C
is taken to be constant, then, for %; = 1, Eqs. (8) and (9)
yield

(Cue/pouda)® = (212 — 1) (10)

and

Cf(pgusx/ﬂe)lm [(21/2 - 1)/7r]1/2

0.363 (11)

Equation (11) should be compared with the exact calculation
of Blasius, where the right-hand side equals 0.332; agree-
ment within 109, will be noted.

The result of Eq. (11) can be employed conveniently for the
presentation of the skin-friction results for the case C = const
in terms of ¢;/c o, the ratio of the skin friction at a given value
of % to that which would prevail at the same station if @; = 1.
The result is shown in Fig. 3;§ it will be noted therefrom that

(I

1 Frank Lane has pointed out to the authors that this lack of
" restriction may not apply to arbitrary initial profiles.

§ A second comparison between this analysis and more exact
calculations was attempted; the two-dimensional wall jet was
considered. This corresponds to letting %; — « in Egs. (5) and
(8). It was found that, for all £,%/um ~ 2, where u,, is the maxi-
mum velocity at a given £; moreover, for £ — o, the shearing
stress at the wall did not have the proper z-dependence. Thus it
is concluded that this analysis does not yield accurate results for
the wall-jet flow.
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the effect of the slot in skin-friction persists for a considerable
length. For example, if p.uds/Cu. = 103 and @; = %, Cs/Cro
< 0.9 for z/t, < 800.

I1I. Amnalysis for the Distribution of Stagnation
Enthalpy

There are considered herein two cases pertaining to the
energy equation: those corresponding to an adiabatic wall,
and those corresponding to a constant enthalpy wall. For
both cases the basic equation is the energy integral correspond-
ing to Eq. (2). Fore¢ = Le = 1, it may be written

8 (Cw(2
dz (p,u,t,,)(aT)w (12)

.0 o _
Q=E=j; @l — g)dr

where

The initial conditions on the distribution of nondimensional
stagnation enthalpy ¢(z, 7) are

g0, 1) = y; 0<r<l1

=1 T>1
Moreover, far from the surface
lim-r—>m g(fi:, T) =1

The boundary conditions at 7 = 0 change for each case and
will be discussed separately.

A. Adiabatic Surface

For the case of zero heat transfer along the surface (y = 0),
the enthalpy ratio g,, is considered an unknown function of «,
but by definition (9g/d7), = 0. In accordance with the
technique used to find an appropriate solution for the velocity
field, the profile for g is taken as a solution to the related heat
conduction problem with C = 1, namely,

0g/0f = 0%/0r? (13)
with
90, 7) = g; 0<r<1
=1 T>1
lim, e g(&, 7) =
(ag/ar)(sb = 0
Thus

0 =00 g7 =L _ it 1]
= — 4
o=1F T | gy T Tagym] 1Y
with & = &(%) to be determined from satisfaction of Eq. (12),
with the right-hand side set equal to zero. Note that

(1 = gaw)/(1 — ¢;) = erf[1/(4§)*] (142)

and thus that ¢..(0) = g; and g..(®) = 1, as might be ex-
pected on physical grounds. It is convenient to retain the
differential form of Eq. (12), since in this adiabatic case

dss of dg] de
dz [ag * 3 ﬁ] =0 (122)

and since the partial derivatives can be evaluated in closed
form.

After considerable analysis, Eq. (12a) leads to the following
differential equation:

b (g + sl)m [ + (1 — %)e~Vs] exf[1/(4E)"]

g\ & B(&, ©)
(15)
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where
B(&, §=m,e” V/HETW ert{F[E/ (82 + EE) ]2} +
(1 — @,)/2][e~VETD erf{3(¢ — &) X
(s + D172 + erf{3[(E + &)/Ea1V2) (15a)

The initial condition on the solution of Eq. (15) is & = 0 at
£=0.

An examination of Egs. (15) and (15a) leads to a limitation
of the analysis; it is found that, as &, £¢— 0, d%,/d§ > 0 only
for ¥ < u; < 1. For values of #; outside this range, £ is
negative; this implies that the representative @ velocity in
the modified Oseen approximation is negative, a physically
unappealing result. Moreover, from a mathematical point of
view negative values of £ have drastic consequences with
respect to the heat conduction equation. Accordingly, the
analysis presented herein is considered to be limited to the
forementioned range of ; values.

Solutions to Eq. (15) for a range of values of #; have been
obtained by numerical integration and are shown in Fig. 4.
The Kutta-Runge-Gill method with variable step-size selected
according to a curvature criterion was used in conjunction
with a Bendix G-15 computer. The results of Figs. 2 and 4
permit the wall enthalpy parameter (1 — ga..)/(1 — g;) to be
determined as a function of & with @; as a parameter, as shown
in Fig. 5. For the case of homogeneous injection, Fig. 5 per-
mits a complete solution of the energy-temperature fields to
be obtained. In particular, g.. is related directly to the wall
temperature so that the distribution of adiabatic wall tem-
perature with slot injection can be determined readily with
pi/pe, 1ij, and g, as parameters.|| On the other hand, for the
heterogeneous case, solution of the species equations is re-
quired before the state of the gas can be determined. The
species conservation and the chemical models leading thereto
will be discussed later.

B. Constant Wall Enthalpy

Consider next the case g., = const; with some restriction on
s, 95, and g, a Crocco integral exists and provides a simple
solution for the energy equation in terms of the veloeity 1.
In particular, if

g go + (1 — Gu)ii;

then
g=go+ (1 — gu) (16)

and the solution for @(, t) leads directly to the solution for the
stagnation enthalpy ratio g(z, ). Note thatin this case there
is no limitation on ;.

The heat transfer to the surface for unity Lewis and
Prandtl numbers depends only on the gradient of g; thus,

Eq. (16) leads to
_ Cuehs,, ot
RCTTNC)

k Oh,
Defining a heat transfer coefficient by the relation

I

q

¢ Oy

[):hgh he = hee for o =1
yields
Wi b (p«»)
Ny = - = ( — ) C,Re; 17
¢ : ck/cp)w Pe sve ( )

Thus, as with all flows described by a Crocco integral, the heat
transfer and skin-friction are related. Equation (17) in con-
junction with Fig. 3 also yields ¢/qo, where qq is the heat trans-

|| The effect of p;/p. enters implicitly through te = (p;/p.)a.
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fer flux that would be obtained for &; = 1, as a function of ;.
The form of Eq. (17) clearly demonstrates the influence of the
jet density upon the heat transfer; light gases tend to alleviate
the heat load near the injection point even in the presence of
combustion.

It is reiterated that the surface temperature corresponding
to the constant value of g, is, in the general case of hetero-
geneous flows, not constant and is unknown until the com-
position distribution at the wall is determined. Only for the
homogeneous case does g, = const imply T, = const.*

IV. Analysis for the Distributions of Composition
and State

In the analyses of the previous section the composition of
the gas and the models for chemical behavior were inessen-
tial.** These aspects will be discussed now; it is necessary
first to specify the chemical system under consideration. The
injected gas will be taken to be hydrogen and the external
stream to be air. Combustion will be assumed to yield only
water in gaseous form, and nitrogen will be treated as an inert
diluent. It will be convenient for notation to assign numeri-
cal subseripts to denote the quantities associated with each
species present; thus, let the subscripts 1 to 4 denote oxygen,
hydrogen, water, and nitrogen, respectively.

A, Conservation of Element Mass Fractions

With this specification of the chemical system under con-
sideration, it is possible to proceed to the determination of
certain features of the composition without the further as-
sumption of a model of chemical behavior. In particular,

100
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40 \\i\
20 NQ500 ™—— |
-~ L]
b 0750 e e S——
00 2 4 6 8 10 2 14
Cre X
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Fig. 5 Variation or adiabatic wall enthalpy parameter

# It is pointed out that in the extended version of this paper
(General Applied Science Lab. TR-299) the case of constant wall
temperature is presented. The same modified Oseen technique
as described here is applied in a straightforward manner, although
the numerical analysis is considerably more complicated.

** This uncoupling is possible because of the assumption of a
uniform external flow and of simplified transport properties
(C=11in the profiles and ¢ = L.; ==1).



1060 P. A. LIBBY AND J. A. SCHETZ

20 T T T
ﬁj=OA750 0.500 0.333

RIVAV Y. uih

T

\ Fig. 6 Configura-
\ tion of flame sheet
AN
00 5 10 15_y 20 25
Sre x72
[Pe“e“u 'G:I
consider the element mass fractions defined by
71 = 171 + (I/V1/2W3)Y3
- (18)
Yo = Yo+ (Wo/Wy)V,
Note that
I‘719 = Yle }72 =0 Y1.~' =0 Yzi =1

Now at the impermeable surface corresponding to ¢ = 0, the
diffusional velocities, and thus the normal gradients of the
mass fraction of each species, must vanish. Moreover, the
same partlal differential equation describes g, ¥, Yz, Y.
Thus, there is a Crocco-type relation between the stagnation
enthalpy ratio for the adiabatic wall case and ¥,, ¥», and V..
Furthermore, the solution for & = £(%) given by Eq. (15a)
can be employed to yield these mass fractions as functions of
£ and 7. Accordingly, the same limitation on %; applies to
the solution for the element mass fraction, ie., + < w; < 1.
The Crocco relations in this case are

o = Yidg — g/ — gy (19)
Fo= (1 —g)/0 =g (20)
Yo = Yilg — g)/Q — g) (21)

In view of the existing solution for ¢(z, 7) given by Eqgs. (14)
and (15), Eqgs. (19-21) provide the distribution of the element
mass fractions in terms of £ and 7. It should be noted that
these solutions apply whether or not the energy solution itself
applies to the particular problem at hand. Suppose, for ex-
ample, the constant g, case satisfying Eq. (16) is of interest
in a particular case; then the element mass fractions are given
as functions of £ and 7 by Egs. (14, 15, and 19-21) with (1 —
9)/(1 — g;) treated as a parameter to be eliminated so that
Y= Y& 1), = 1,2 and ¥y, = Y (&, 1) are obtained.

To continue the analysis, a statement concerning the model
for chemical behavior must be made. TFor a diffusing reacting
system, one can envision two limiting cases. If initial condi-
tions are such that the reaction proceeds very slowly com-
pared to the diffusion process, the flow field is reaction-con-
trolled. For this case, frozen chemistry may be taken to apply
in the mixing region. The statement of the problem is then
completed by ¥3==0, in which case ¥; = ¥;and Eqs . (19-21)
yield the complete solution. Indeed this solution applies to
the injection of any inert foreign gas through the slot and
thus may be of interest, e.g., to the effect of helium injection
on skin-friction, adiabatic surface temperature, and heat
transfer.

In the second case, the reaction proceeds very rapidly com-
pared to the diffusion process making the system diffusion-
controlled. The model of chemical behavior corresponding
to this limiting case is local chemieal equilibrium in the mixing
zone,

B. Flame Sheet Metal

For the limiting case of equilibrium flow, the equilibrium
condition relating the concentration of water to that of oxygen
and hydrogen provides an additional condition determining
the composition. However, as shown in Ref. 18, for the hy-
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drogen-air system with temperatures roughly 2500°K or less,
equilibrium flow becomes, for all practical purposes, the Aame
sheet model widely used in the analysis of boundary layers
with chemical reaction.2® This result is due to the magnitude
of the equilibrium constant for the forementioned temperature
range, implying that, at a generic point in the flow, either
oxygen or hydrogen or both are present in small amounts.
Accordingly, the flame sheet model divides the flow into two
regions, one with no oxygen present and the other with no
hydrogen present. Combustion takes place at and water dif-
fuses from the interface between these two regions.

It should be recognized that the assumption of a flame sheet
model, being related to an equilibrium chemical behavior, is a
further idealization in the analysis, albeit one frequently em-
ployed. In the present case, the model is of practical utility
when the static temperature is high with moderate static
pressures (e.g., 1000°K, 0.05 atm).

Consider the determination of the location of the flame

sheet in the #-r plane, i.e.,, 7 = 7, = 7,(%). At the flame
sheet ¥, = Y3, = 0and ¥, = Yy; = 0, so that
?U = (Wz/zﬂf;g) Ys/ (22)
Vor = (Wo/Wy)Yss (23)

Now if Eq. (14) is substituted into Eq. (20), and Fgs. (22)
and (23) are considered, there results

- 1 Tr + 1

erf( a5 ) erf( 1% >
which defines 7, = 7,(£); with £(Z) known from the solution
of Eq. (15), the desired results for the location of the flame
sheet are obtained. Of particular interest will be the point of
impingement of the sheet on the surface (r; = 0), since this
determines the length required to consume all the hydrogen
and the location of high heat transfer rates or of high adiabatic
surface temperatures; this location is defined by 7, = 0; de-
note the corresponding value of & = &,. Then from Eq.
(29), &/ is defined by

(1 2wy,
T @E) R T W, 2T,

Thus from Eq. (25) and the solution of Eq. (15), the value of
& corresponding to £ s can be found; note that this £ depends
only on #,. In Fig. 6 the shapes of the flame sheet 7; = 7,(&)
for various injeetion rates #; are shown. It is interesting to
note therefrom that the #-length for total consumption of the
hydrogen decreases as ii; increases. This would appear to be
related to the increased shear and therefore increased diffusion
as @; increases and is in contradistinction to the results for
turbulent free mixing in Ref. 16.

With the location of the flame sheet established, the entire
distribution of composition ean be determined. At a given
station defined by &, Egs. (19-21) are supplemented by the
statements that, for 7 < 7, ¥; = 0, and for 7 > 7, ¥, = 0.
The composition along the wall can be found in a similar
fashion since, for & < &1y, Yie = 0, and for & > &5, Vs, = 0.
The wall distributions of eomposition are shown in Fig. 7 in
terms of £;.

4W,Y,
Wi + 2WoY.

(24)

(25)

10 e
Tw |
0.8 Yae |
|
p’fx =£if
0.6 t
|
! Y
04 — T
Yaw l\ e
o2 } [
Yow / %
05 200 700 850 800

&
Fig. 7 Distribution of wall composition
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C. Temperature and Density Distributions

Assume now that the stagnation enthalpy distribution for a
particular problem is known; then the composition distribu-
tion, obtained as in the foregoing, can be used in conjunction
therewith to obtain the temperature distribution. For this
purpose it is convenient and sufficiently accurate for most
purposes to take

hi = Ay + Cpl(T — T)) (26)
Then
0 = g - 7; — ghSe -2 Y,;Ai - (u,,2/2)722 (27)
e 4 T, —T)ZY.Cp
Furthermore, the density ratio is required for the inverse
transformation corresponding to Eq. (1); it is given by

P_g_zﬂe_le[ _ Zr}
p T.W W o+0-9 T, 28)

where
oo T
i W,
Note that

1 T Pe
g=J—=j; Pe g

ta P
71 T, ,
= W, o T l:e -+ (1 — 0) i:' dr (29)

V. Numerical Example

As an example of the application of the foregoing analysis,
some numerical results are given here for typical conditions
pertinent to the problem of the combustion of gaseous hydro-
gen boiloff which is vented from the upper stages of a large
rocket booster. Initial conditions on the freestream are taken
as a static temperature of 1000°K, a static pressure of 0.05
atm, and a velocity of 4300 fps. The vented hydrogen is
taken at a static temperature of 380°K, a static pressure of
0.05 atm, and a velocity of 2150 fps. The supersonic bound-
ary layer on the splitter plate will contain a small quantity
of very high static temperature air near the wall as a result
of the effects of viscous dissipation. This air makes the first
contact with the hydrogen and will ignite almost instantly
due to its high static temperature. This small reaction zone
consequently will trigger the combustion of the main air
stream with the hydrogen jet, resulting in a rapid diffusion-
controlled combustion process that can be studied by the
analysis considered herein.

The thermal boundary condition taken is that of an adia-
batic wall. Thus the distribution of wall enthalpy is deter-
mined from Fig. 5. With Figs. 7, 4, and 2, this may be
transformed into a distribution of adiabatic wall temperature
with the physical streamwise coordinate z for any given slot
height. The results of this operation are shown in Fig. 8 for
a slot height of 0.02 ft. It may be observed that the effect of
combustion is felt at the wall within a distance of only 2 ft
and that thereafter the wall temperature rises very rapidly,
reaching a value of 2300°K in 100 ft. It is important, how-
ever, to note that at 100 ft the wall still is being cooled com-
pared to the recovery temperature of the freestream (2500°K),
even in the presence of combustion.
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