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Abstract-An analysis is presented for a two-component laminar boundary layer on a surface with zero 
pressure gradient and with mass release. The system of partial differential equations describing tbe 
velocity, temperature, and concentration field is converted by a similarity transformation into a 
system of integral equations. Numerical solutions are obtained on electronic digital computers for air 
flow with hvdrotten iniection. for Mach numbers 0 to 12. for free-stream temoeratures 123 to 2OOO’R. 
and for w-al]-to&e stream temperature ratios from 4 to 6. Solutions for the condition of zero temi 
perature gradient in the boundary layer at and normal to the wall surface lead to temperature recovery 
factors. The results are utilized to investigate the validity and accuracy of engmeering correlations pn- 
sented in [ 151. The proposed correlations describe the reduction in heat fhrx into the wall surface and in 
skin friction reasonably well. No simple correlations have been found for the dependence of hydrogen 
mass fraction at the surface on the mass release rate and for the temperature recovery factor. Values for 
a free-stream temperature of 123”R show generally the largest deviations from the rest of tlte data. 

NOMENCLATURE 

sound velocity ; 
local skin friction coefficient; 
specific heat at constant pressure ; 
dimensionless stream function; 
enthalpy ; 
thermal conductivity: 
mass flow per unit area and time ; 
heat flow per unit area and time ; 
recovery factor ; 
temperature ; 
velocity component parallel to surface; 
velocity component normal to surface; 
co-ordinate along the body ; 
co-ordinate normal to the body; 
diffusion coefficient ; 
molecular weight of coolant gas; 
molecular weight of pure air; 
temperature ratio; 
mass fraction of foreign gas. 

v, 
P¶ 

‘Per 

kinematic viscosity; 
density; 
normalized mixture thermal capacity 
(c,/c,,); 
normalized pure-component thermal 
capacity difference (cBI - c&/c,,,; 
normal&d mixture thermal conduc- 
tivity (k/ km) ; 
normalized mixture viscosity (&o) ; 
normalized mixture density (p/w); 
stream function. 

Dimensionless parameters 
C1, local skin friction coefficient, 

Le, Lewis number, a/D; 
M Mach number, u/u; 
Pr,, Prandtl number, w 
r, temperature 

(G - tm)l(tt - b); 

Greek symbols 
a, thermal diffusivity ; 
Y? ratio of specific heats ; 
79 dimensionless wall distance; 
t4 dynamic viscosity ; 

B 

Re,, 00) Reynolds number, pmucox/w; 
Re:‘, Reynolds number, p*‘u~~/p*‘. 

Subscripts 
1, refers to pure coolant; 
2, refers to pure air; 
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w, evaluated at wall conditions ; 

ii, 
i-th component; 
refers to radiation; 

r, refers to recovery conditions ; 

7’ 
outside the boundary layer; 
at solid surface; 

S, refers to solid wall; 
6 refers to total state. 

Superscripts 
*’ , evaluated at the reference tempera- 

ture, equation (11). 

1. INTRODUCTION 

RECENT advances in high speed and space flight 
technology have focused attention on the aero- 
dynamic heating problem. The search for effec- 
tive cooling methods for the protection of re-enter- 
ing vehicles against the intense heat generated 
by friction in the atmosphere has led to the 
development of “mass-transfer cooling”. This 
name includes all methods in which a mass flow 
of coolant gas is created from the cooled surface 
into the hot boundary layer irrespective of the 
particular way in which this mass is released. In 
transpiration cooling, for example, the coolant 
gas is ejected through a porous wall into the 
boundary layer. In ablation cooling, the coolant 
gas is produced at the surface by sublimation or 
some chemical reaction of the wall material it- 
self. In liquid film cooling, evaporation of a 
liquid from the surface of a film covering the 
cooled wall produces the coolant gas. The term 
mass-transfer cooling focuses attention on the 
conditions in the boundary layer itself and on 
the way they are influenced by the mass release 
at the surface. 

An analysis of mass-transfer cooling thus has 
to deal with boundary layer flow of a more com- 
ponent-at least two component-gas mixture 
composed of the fluid in the main stream and of 
the coolant and has to investigate the momen- 
tum, energy, and mass transport within this 
layer. Such analyses were at first carried out with 
the assumption that the fluid properties can be 
considered as constant within the boundary 
layer [l, 21. The results indicated that heat 
transfer to the wall surface can be considerably 
reduced by the “blocking effect” which the 
coolant gas produced by moving away from the 

wall surface. Subsequent calculations, which 
considered the variations of the physical proper- 
ties with composition and temperature, indicated 
that gases with low molecular weight are espe- 
cially effective as coolant, insofar as they pro- 
duce the largest decrease of the heat flow into 
the wall surface at a fixed coolant mass release 
[3, 4, 5, 71. Hydrogen, as the gas with the 
smallest molecular weight, appears, therefore, 
especially promising. 

There are two types of flow which are well 
suited for an analysis: plane or rotationally 
symmetric stagnation flow and flat plate flow. 
Results obtained for these are valuable since 
they can be considered as limiting cases of the 
behavior of boundary layers along the surface 
of objects. exposed to a subsonic or supersonic 
flow. Analyses for laminar boundary-layer flow 
over a surface with constant pressure (flat plate) 
and with hydrogen as coolant are reported in 
[5, 71. Laminar stagnation-point flow has been 
treated in [8]. Numerical calculations in these 
reports have been made for a temperature 
outside the boundary layer which is close to 
4OO”R. In the present paper. the calculations 
are extended to a wide range of boundary con- 
ditions including free-stream temperatures up 
to 2OOO”R, keeping in mind that the results of 
a “flat plate” analysis should also describe. with 
good approximation, conditions for boundary 
layers on slender objects or on blunt objects in 
regions where the pressure gradients are small. 
In such cases, the air outside the boundary layer 
has passed at some upstream location through a 
shock and has been heated to a high temperature, 
especially in hypersonic flow. The results of the 
analysis are used to investigate the validity and 
accuracy of engineering correlations which have 
been proposed in [15] and which are in wide- 
spread use today. 

It is assumed in this paper that no dissociation 
or chemical reactions occur within the boundary 
layer. In reality, such reactions will always be 
present at the higher temperature levels. Their 
inclusion in the analysis, however, is hampered 
by insufficient knowledge of chemical reaction 
kinetics and of the transport properties involved 
and has been included in boundary layer analyses 
only for gas mixtures with a Lewis number equal 
or close to one, for example in [9]. This condition 
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is, unfortunately, not too well fulfilled for 
hydrogen-air mixtures. Therefore, only approxi- 
mate estimates on the effect of reactions on the 
heat transfer in such a boundary layer can be 
made at present and more exact analysis has to 
await the accumulation of more knowledge on 
the above-mentioned parameters. 

Only a few examples of the results of this 
analysis can be presented in this paper. Com- 
plete information will be contained in a later 
publication. 

2. ANALYTICAL FORMULATION 
Basic equations 

The equations for the steady, laminar, binary 
mixture boundary layer on a surface with con- 
stant pressure in flow direction (flat plate) may 
be written as follows: 

Continuity : 

g (pu) + ; (pu) = 0; 

dependent parameter rather than in tempera- 
ture. This simplifies the equation considerably 
for a gas mixture with a Lewis number equal to 
one. It offers, however, no advantage for a gas 
mixture with a different Lewis number. There- 
fore, equation (IV) is based on temperature. 

W denotes the mass fraction of coolant gas 
(hydrogen) released at the surface. In the 
following numerical calculations, the main- 
stream will be assumed to be air and the mass 
fraction of coolant outside the boundary to be 
zero. 

Two sets of boundary conditions are con- 
sidered. They differ only in the boundary 
conditions imposed on the energy equation, 
equation (IV), for which either the wall tempera- 
ture or a temperature gradient zero in the fluid 
at the wall is prescribed. Specifically, we state 
the following: 

fory=O: u=O 

t’ = c,, (x) 

Momentum: 
0 

6u 3 au 
pu~+p;_-- 

OY aY %TY = ( ) 
0; (IQ for y 3 co: lim u(x,y) = urn = const. 

Diffusion : lim W(x,y) = 0 

Pg+Pg-;jPDug=O; (III) Wheneverr_l~~~~==O:~i~~~.weshall 

Energy : speak of the co&d wall case. If @r/a;),, = 0 

at 
is imposed, we shall term this the recovery 

P cp u a’r + p cp L’ situation. 
On the assumption that at the surface the net 

+ P &z (c,o - c,3; aF; = 0. (IV) 

These equations are based, apart from the 
standard boundary layer arguments, on the 
assumption that the mixture is inert and that 
thermal diffusion is negligible. The physical 
properties which enter into the equation system 
(I) to (IV) are assumed to be given functions of 
mass concentration W and temperature 1. The 
specific formulas are discussed in detail in the 
section on Physical Properties. All symbols 
are defined in the List of Nomenclature. 

The energy equation has been written in 
various recent publications in enthalpy as 

mass flow of air is zero, we obtain 

Thus, either W, or c, may be prescribed inde- 
pendently, the other being determined by the 
above side condition. 

With the system of equations (I) to (IV), the 
boundary conditions, and equation (1) the 
problem is completely defined. This implies that 
the way that the coolant mass flow leaving the 
wall surface is created (by transpiration, ablation, 
evaporation) has no influence on the boundary 
layer development as long as the wall tempera- 
ture, f,, and the injection parameter, u,, are 
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prescribed. For a better understanding of the 
parameters in which the results of the analysis are 
presented, however, it is useful to consider, at 
this time, a general energy balance on the inter- i- (pu), L - [(pl h, + pz 11~) ~1, - qrr. 
face between the wall and the fluid, as shown in 
Fig. 1. The wall may be a porous structure The total mass fluxes of hydrogen (1) and air 

(2) are given by 

! 1 
h(p9g$ qR (k+* ’ I I 

f[W ) VI, 
r-- ---_----------------7 
&__-____ l- -__ ___-___-__Jfi’./‘-~ff ’ T and 

: qs 1 (PV), hws 

FIG. 1. 

through which the coolant gas is blown, or it 
may be a solid at the surface of which the coolant 
gas is generated by sublimation. 

The net heat input, q8, to the solid wall 
material, is given for an i-component gas 
mixture by the relation: 

The above expression states that energy is 
transported from the gas mixture to the interface 
by conduction [k @t/Q)] and by diffusion 
[I: p Di (a Vi/@) II,]. Simultaneously, there 

&curs an energy flux from the inside of the wall 
towards the interface at the rate (PO),, h,,. In 
transpiration cooling this energy flux is trans- 
ported by the coolant gas as it moves toward the 
wall surface. In ablation cooling (p~)~ is the rate 
with which the interphase recedes into the solid 
wall. The enthalpy h,, is equal to the enthalpy 
of the coolant gas, as it passes the surface, for 
transpiration cooling, and equal to the enthalpy 
of the solid or liquid in ablation or evaporation 
cooling. Finally, energy is transported away 
from the interface by convection p (pi hi) u] 

and radiation (qa). qa is the heat conducted 
away from the surface in the solid wall material. 
For the binary system at hand, the above 
equation reads 

Hence 

Substitution of these expressions into the above 
equation yields 

The second term on the right-hand side vanishes 
for transpiration cooling. The first term on the 
right-hand side of equation (2) is determined by 
the boundary layer equations and their boundary 
conditions. It will be denoted by 

F. 

q=- kaf 
i ) ay, w 

and is presented in the later part of this paper. 
The rest of the terms in equation (2) depend on 
the cooling method, on the radiative exchange 
process, and on the temperature history of the 
wall and has to be calculated from considerations 
outside the scope of this paper. 

In the recovery problem, by definition, 

q=- &? 
i 1 ay WE 0. 

-4 recovery factor r is also defined by 

t? - too T,- 1 
I’=-~~---_. 

tt - GO T, - 1 (4) 

The recovery factor is a parameter which was 
found useful in the analysis of heat transfer 
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from a high velocity gas to a solid surface, and a double transformation. One first introduces the 
in transpiration cooling in a constant property Blasius variable 
boundary layer [l]. 

Similarity transformation 
‘lB = b’ 

We seek a- class of “similar” solutions. 
Introduction of the stream function I/J 

and transforms the resulting set of equations in 

defined by 
?jB a second time by introducing 

and The result, with the proper reinterpretation of 

par w 
f(q), is again the equation system (II’) to (IV’). 

y=- -- 
P ax 

The boundary conditions become: 

satisfies the continuity equation identically. for7) =O:f’ = 0, 

The similarity variable f = fw = const., 

rl = h ,/[z) 11 ; dq’ (5) 
w = w,, 

T = T, or T’ = 0, 
and the assumption 

# = l/(i(acl%4f(7) 
for?+ co: limf’ =2, 

transforms the equations (II) to (IV) into the 
lim W = 0, 

following system: limT= I. 

Momentum : 
The side condition, equation (l), transforms to 

[(&-)]’ t-f (&-)’ = 0; Or> 

Diffusion : 

Energy : 

The properties have been made dimensionless 
by referring them to the respective property 
outside the boundary layer. The temperature 
ratio T = t/h has been introduced. The primes 
denote differentiation with respect to q. The 
equation system (rrl), (III’), (IV’), may also be 
thought of as being obtained from (I) to (IV) by 

Wtk 
f;ll = SC, (1 - W,)’ 

Again it should be noted that either f, or W, 
may be prescribed independently, but not both. 

Equations (II’) to (IV’) comprise a set of 
nonlinear ordinary differential equations which 
must be solved simultaneously satisfying one of 
the sets of boundary conditions given above. 
The interdependence between (II’), (III’) and 
(IV’), is strongly a&ted by the particular 
choice of property relations. For example, 
if the properties were assumed constant, (II’) 
could be solved independently of (III’) and 
(IV’). The solution of (II’) would then be used 
to solve (III’) and (IV’). Such procedure is 
evidently especially simple. For this reason, one 
seeks forms of the similarity variable 7 which 
give, in the final working equations (II”) to 
(IV”), combinations of properties as little 
dependent of local mass concentration and tem- 
perature as possible. This appears to be accom- 
plished with the choice of 7 used in this paper at 
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least for light-weight gases such as hydrogen or 
he~~rn. In fact, the energy equations in the 
integral form (equations IV” and IV”‘) are in 
this way effectively uncoupled from the remain- 
ing equations since the property combinations 
are only mild functions of temperature. The sets 
of equations thus tend to behave as if the 
momentum and diffusion equations formed a 
simultaneous system with an independent energy 
equation. 

3. h#ZTHOD OF SOLUTION 

The equation system (li’) to (IV‘) may be 
equations. For the written as a set of integral 

cooled wall one obtains: 

~om~turn : 

f’hl = G&&l f;l exp (-- 

f(v) =fw + s; 

Diffusion : 

[j”,’ 8 exp (.$‘A dq”‘) dv”] dr’. (W) 

In these equations, X(q) and g(T) are defined as 

and 

The constants C,, C,, C, are obtained from the 
conditions at infinity : 

(I - T,. $ J, ,“z exp (- JB’ h+dv”) 

[ 51' g exp (J‘;1” A dr”‘) d$] dv’ : c3 = -----_;__?_.____ 
J 

---- . 
‘r, exp f- J’$ A &,“f r_$’ 

0 % 

If the conductive heat flux at the surface is 

zero, equations (IT”), (III”) remain unchanged. 
The energy equation (1V”j is replaced by 

[h’ g exp (J’a’” X d?“‘) dy”] d?’ (IV”‘) 

where 

[fir g exp (J’?,’ X d?“‘) dy “1 dv’.) 

The equation systems (II”) to (IV”) or @I”), 
(III”) and (IV”‘) are now solved by successive 
approximations. 

For cooled wall calculations, a straightforward 
iterative technique is satisfactory, The procedure 
is the following. Let the boundary layer profiles 
W,, T,, fi and the Mowing parameter fua be the 
initial appro~~~ons. Substi~t~ng these into 
the raft-hand side of equations (II”), (ITT” j_ (IV“) 
and utilizing equation (7) yields the next set of 
values WI. T,, fi’, ful. This cycle is repeated 
until 

1 j,r(wl+, - Wf)dqi < 6 2 

I S:CTi+, - TJ dyi < 8 1 

I S,” Cfi’+l -&‘)dqj < 6 

1 

(8) 

1 I,” Gt+, - f,t.i, dT/ < 6 

where S was arbitrarily taken as lC+. The sub- 
script i denotes here the i-th iteration. ft may be 
shown that the uniform convergence of the 
above integrals constitutes a sufficient condition 
for the convergence of the integral equations. 

In the recovery problem. the solution method 
is modified as follows. Let W,, ?‘,f,‘,f,,, be the 
set of initiai values. Then the equations (II”), 
(III“), (W”), together with equation (7), yield 
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the set of values W;, Tr,fi’,fU,I. We consider WI, 
&‘, fwl to be the next approximations. The new 
approximation to T, however, is not r,, but a 
certain perturbed set of values, TF, given by 

TF = T, + o(Tl - To). 

The function u was taken as a positive constant 
u = 0.3 for all calculations. This procedure 
yielded rapid convergence even for “very bad” 
initial guesses. Without this modification, the 
iteration method exhibits occasionally some 
instability. When it occurs, depends on the 
deviation of the initial guesses from the final 
results. 

The numerical calculations were performed on 
a Remington Rand 1103 digital electronic 
computer. 

4. PHYSICAL PROPERTIES 

Detailed derivations of the various relation- 
ships determining transport properties of multi- 
component gas mixtures as functions of mass 
concen~ation and tem~ra~re are described in 
IlO, 11). In this paper, we shall merely state the 
main assumptions regarding the properties 
appearing in the previous equations and sum- 
marize the working formulas. The subscript 1 
in these relations refers to the injected hydrogen 
and subscript 2 to air. 

(1) Mixture Schmidt number, SC = vJ&, is 
assumed dependent on T only and is calculated 
according to [lo]. 

(2) Pure component thermal capacities, cgl and 
cm, were selected from [ 12, 131. 

(3) texture viscosity ratio, yFc,, is calculated by 
Wilke’s method [1 l] with the following formula: 

The pure component viscosities, p1 and (le, are 
taken from NBS-NACA tabulation, 1131. Some 
extrapolation to higher temperatures was neces- 
sary in a few cases. 

(4) Mixture conductivity ratio, f&, iS calculated 
by Enskog’s method, [lo. 111 as follows: 

where 

as = 1 + 14.228 

The pure component conductivities, k, and k2, 
are calculated by Hirschfelder’s method [lo]. 

(5) Mixture density ratio, tpp, is calculated 
ass~ing perfect-gas behavior for each com- 
ponent as 

qfl = (1 + $5 w)t’ 

(6) Mixture thermal capacity ratio, ye. is cal- 
culated for perfect gases as 

PC = ;E w + ;ca (1 - IV). 

The properties used in the present analysis do 
not include the effect of dissociation and 
chemical reactions. This had been done, because 
such effects are excluded from the whole analysis 
and since it is actually easier to generalize the 
results to a situation in which chemical reactions 
occur when transport properties excluding these 
effects have been used. More will be said about 
this point in the section on engineering 
correlations. 

5. REsULTs 

The following range of the parameters on 
which the calculations depend has been selected : 

0 < W, < 0.8, 0.5 < T, < 6, 0 < Ic% < 12, 
123” < tm < 2OOO”R. 

The low free-stream temperatures are indicative 
of high speed wind-tunnel tests. It is believed 
that the results of the present analysis provide 
also a good approximation to laminar boundary 
layers on flying objects in regions with small 
pressure gradient. On such objects, however, the 
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air outside the boundary layer has passed a 
shock and is, therefore, heated to considerable 

The coefficient cf is defined in the standard way 
as 

temperatures. For this reason, the higher values 6u 
of rm have been included. 

Some of the skin friction results are presented 
i ) P ZV ,(, 

in Figs. 2 and 3. The subscript zero refers to a 

c, = -C;4Y. 

pure air boundary layer on a solid wall ( W, = 0). One observes a marked reduction of the skin 

I .o 

0.6 

qc$ 

0.4 

FIG. 2. Hydrogen-air, T,,, = const. 

i 

0.6 

O-2 04 0.6 

W# 

FIG. 3. Hydrogen-air, r, = const. 
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friction even for small hydrogen mass fraction 
at the wall. The reduction is larger for low values 
of the free-stream temperature and large values 
of the wall temperature, whereas the influence of 
Mach number is comparatively small. The 
dashed lines present the results of a calculation 
which assumes the properties to be constant and 
to have the same value for the main-stream fluid 
and for the coolant. Such calculations will 
approximate, for instance, situations with small 
Mach number, small differences between wall 
and free-stream temperature and with a coolant 
gas with properties not too different from those 
of the main-stream fluid. It is interesting to note 
that the reduction of the friction factor is, in this 
case, considerably smaller, especially at small 
values of the wall concentration. 

Figures 4 and 5 present corresponding infor- 
mation on heat transfer to the surface. The heat 
flux, q, is defined in equation (3). It will be noted 
that the dependency of the heat-flux parameter, 
q/qo, on the various boundary conditions is 
qualitatively the same as the one of the friction 
factor. Quantitatively, the parameters have a 
somewhat stronger influence on heat transfer 
than on wall friction. 

Figure 6 presents the relation between the 
mass release parameter, SW, and the coolant 
concentration, W,, at the wall surface. It may 
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be observed that especially the level of the free- 
stream temperature has a strong influence on 
this relation and that its character is quite 
different for hydrogen injection than for the 
constant property situation. 

A recovery factor r has been defined by 
equation (4). The ratio of this recovery factor 
with hydrogen injection to the recovery factor, 
r,,, on a solid wall is plotted in Fig. 7 as a function 
of the coolant concentration, W,,, at the wall 
surface. It is evident that the level of the free- 
stream temperature has a strong influence on the 
recovery parameter, r/rw For a free-stream 
temperature of 123 “R, hydrogen injection 
increases this parameter above a value one. 

6. ENGINEERING CORRELATIONS 

Gross ef al. [15] systematically compiled all 
information which was available at that time for 
a number of coolant gases and derived empirical 
relations for skin friction and heat transfer in a 
binary boundary layer on a “flat plate”. With 
some minor modifications, these equations are: 

Cf - = 1 - 2.08 M 
CfO i 1 

Mz iis p: 1/ReZ’ (9) 

(10) 

I.0 

0.6 

0.2 i 

t 
! 
/ / 2.392-R' 1 

, 
I 

0 0.2 o-4 06 MI I.0 

ww 

FIG. 4. Hydrogen-air, r, = const. 
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0.6 -_-..__ _--__.-_ 

/ I MT = 4 
/ 
/ I 

0 0.2 0.4 0.6 0.8 

FIG. 5. Hydrogen-air, T, = const. 

The star in these equations indicates that the 
corresponding property has to be introduced at 
a reference temperature 

t*’ = fm + o-5 (?, - fcaf f 0*22 (fro - fco) (1 I) 

where the term trO indicates the recovery tem- 

I i 
Consfmf propemes, SC 3 Pr i 0.7 

( R1f.21 

I 
0.05 

/ j j 

I 
0 0.2 0.4 0.6 0.6 I.0 

ww 

FIG. 6. Hydrogen-air, T, = const. 

0 

perature of a solid surface without mass injec- 
tion but with, otherwise, identical boundary 
conditions. All properties in equations (9) and 
(10) are those for air. MI is the molecular 
weight of the coolant gas and Me the molecular 
weight of air. 

Only results of calcuiations with a free-stream 
temperature of 392”R were available at the time 
when the report [ 151 was prepared. The analysis 
in the present paper extended this parameter 
over a wide range of temperatures. It was, 
therefore, used to check the accuracy of the 
above correlations. Figs. 8 and 9 contain the 
results of our analysis as points, the symbols of 
which are explained in Tabie 1. Equations (9) 
and (IO) are indicated as dashed lines, and 
dashed-dotted lines represent two other correla- 
tions which have been developed in [ 151 specr- 
fically for hydrogen as a coolant. The two 
figures indicate that the general correlations 
(9) and (10) somewhat underestimate the 
reduction in friction factor as well as in heat 
flux, whereas the specific correlations for 
hydrogen average the results of the present 
analysis quite well. The deviations from this 
relation are somewhat larger for the heat flux 
than for the skin friction. The relation between 
the mass reIease parameter, fzC, and the mass 
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I*C 

0.0 

0.6 

dif o4 

0.2 

0 

0.5 
0 0.2 0.4 0.6 

w, 

FIG. 7. Hydrogen-air, T, = 0. 

0.05 0.10 0.15 0.20 0.25 0.30 0 0.05 0.10 0.15 0.20 025 Q30 

FIG. 8. Hydrogen-air, T, = const. FIG. 9. Hydrogen-air, TW = const. 

fraction, W,,,, of the coolant at the wall surface is In summary, it can be stated that equations 
presented in Fig. 10. A correlation proposed in (9) and (10) approximate the real conditions 
[15] is indicated in the figure as a solid line. with an accuracy which is probably sufficient for 
Another solid line connects the analytical many engineering calculations. The actual 
results for a free-stream temperature of 123”R. reduction in friction factor and in heat flow with 
The correlation proposed in [15] gives a reason- hydrogen as coolant is in an average by approxi- 
able approximation to the analytical results mately 20 per cent larger than the one predicted 
when the values for the free-stream temperature through these equations. A single correlation as 
123”R are excluded. indicated in Fig. 10 can also serve as a reasonable 
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Table I. Cooled wall 
-_I_ 

_~__________ 

M, ’ I~, “R 

0 / 123 
0 392 
0 392 
0 2ooo 
4 ( 123 
4 392 
4 / loo0 
4 loo0 
4 luoo 
4 2ooo 
a 392 
8 1000 
8 1 1000 
8 1ooo 
8 2ooo 

12 392 
12 392 

-- 

= 

j 

.--- 

Tw = :5 / Symbol 

4 i d 
2 

P 6 

+ 
4 
2 
I 
2 
3 
& 
2 
I 
2 
3 
:s 
2 
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FIG. 10. Hydrogen-air, T, = const. 
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R&ume-Cet article pmsente une etude de couche limite laminaire a deux constituants sur une surface 
avec gradient de pression nul, et avec perte de masse. Le systkne d’iquations aux derivees partielles 
donnant la vitesse, la temp&ature et le champ de concentration est transform6 par similitude en un 
systkne d’iquations integrales. On a obtenu des solutions numeriques a I’aide d’une calculatrice elec- 
tronique, pour un ecoulement d’air awx injection d’hydrogene pour des nombres de Mach de 0 a 12, des 
t~~ratu~s de I’&coulement libre de 123 B 2OOO”R et pour des rapports de t~~tu~ ~roi/~~ule- 
ment libre de 4 8 6. Les solutions dans le cas dun gradient de tempirature nul dam la couche limite et 
normal a la paroi, conduisent aux facteurs thermiques parietaux. Les resultats sont utiiis6s pour 
etudier la validitt et la precision des relations de caractere technique pmsentees en 1151. Les corrCla- 
tions propos&es decrivant assez bien la reduction du flux vers la paroi, et du frottement, Aucune 
correlation simple n’a tti trouvte pour I’influence de la fraction de masse d’hydrogtne a la sufface sur 
le taux de perte de masse, et pour le facteur thermique parietal. Les valeurs obtenues pour une tem- 

perature d’&oulement Iibre de 123”R different beaucoup des autres. 

Zusamm&assung-Die laminare zwei Komponten-Grenzschicht an einer Oberfliiche ohne Druck- 
gradienten und mit Stoffzugabe wird anaiysiert. Das System der partiellen Differentialgl&hungen, 
die das Geschwindigkeits-, Temperatur- und Konzentrationsfeld beschreiben, ist durch Ahnlichkeits- 
transformation in ein System von lntegralgleichungen tlbergeftihrt. Elektronische Digitalmchen- 
maschinen lieferten die numerischen Ltisungen ftir eine Luftstromung mit Wasserstoffzugabe bei 
Machzahlen von 0 bis 12, Freistromtemperaturen von 68 bis 1 loOK und Temperaturverh&nissen von 
Wand- zu F~istromt~~tur von ) bis 6. Die L&ungen fur die Bedingung eines Temperatur- 
gradienten Null in der wandnahen Grenzschicht und senkrecht dazu fiihren auf Temperatur-Ruck- 
gewinnfaktoren. Mit Hilfe der Ergebnisse wird gepruft wie weit die in [15] gegebenen Gebrauchs- 
gleichungen gultig und wie genau wie sind. Die dart vorgeschlagenen Beziehungen beschmiben die 
Abnahme des W&meflusses in die Wandoberllbhe und die Obetflgchenreibung verhaltnism&ssig gut. 
Fur die Abhangigkeit zwischen Wasserstoffanteil an der Wand und Stoffaugabe und fiir den Tem- 
peratur-Rtickgewinnfaktor konnten keine einfachen Reziehungen gefunden werden. Die Werte fiir 
die F~istromt~~tur 68°K xeigen durchwegs die grossten Abweichungen von den anderen 

Ergebnissen. 

AHliOT8Un8-F%NCslaTpUBaeTCR ~ByxKOUnOHeHTlWg .rlannHapUblg lJOrpaU¶'lHbYtf CJlOg Ha 
nouepxKocTn nprioTcyTcTmtn rpaxneHTa uaanennu a npn noxane naccu. Cncrena xn@epe- 
trnnanbKblx yparmeHnn B 9acrrrblX npo~anoxnhtx, onncbtnarotunx norm c~opocrn, retunepa- 
rypbr n KoaueKTpannn, caenelra K cKcTene narerpajrbrrbzx ypaauenng. Ha anemponno- 
a~9ncnnre~pnbtx ~atumiax nojIy’tenhI 9ncnennb;le pemerrnn ~II~R noro~a aoanyxa c aJtyaaaaent 
ao~opo~a ,rmn ~ucen Haxa OT 0 no 12, rerneparyp CBO~O~HO~ nOTOK OT 123 Xo 2000’R u 
0Taome~~~ Tenrneparyp c~o60guoro no-rona ii crennrs OT 4 no 6. Pemerrnn npa yc&oamr 
pasencrsa iryjrto nonepe~eoro rpanneura rcmneparypbl. na creuue ztator aoaMo?miocfb 
HbIWiCJlHTb Koa@@HuneHTbI BOCCTaHOBneHnn TeMnepaTypbL Peay.'IbTaTbl nCUOJlb8ylOTCH ZWla 
IlpORepKn CllpaBe&lJIBoCTn II TOYHOCTII nH?KeHepHblX 4OpMyn, llpnBeneHHbIX B pa6OTe [16]. 
npe~JIOmenHbXe $OpnyJlbI nO'dBO.WIlOT BbNnCjlnTb yMeHbmeH#e 'IWI~OBOrO XOTOKa B CTenKy 
n, cnexooaarenbao, onpenejlswb yneHamenne ROB~~XHOCTBOIW rpeunff. Ho em@ He QAaJJOCb 
n03yWWb RpOCTOg 3aBnCnnOCTn ~~OK4eHTpa~U~ BOZtOpOAa Ha IIOBepxHOCTM OT CKOpoCTn 
b~y8aHnK, a rarorte ~0a~H~~eHTa 3o~eTaHoB~e~l~~ Te~nepaT~p~. JInrr rexneparyp5t 
CBO~OZ~KO~O nOTOKa 123’R nMeioT MeCTO CaYbie 6oionbmne 0TK;iOneHnfi OT BCeX OCTajIbHbXX 


