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A~~~ompr~hensive numerical solutions have been obtained for axjsymmetric and planar stagnation 
point flows of air with foreign gas injection. The injected species are H, H,, He, C, CH,, 0, H,O, Ne, Air, 
Ar, CO,, Xe, Ccl, and I,, at wall cooling ratios of T”T, = @1,05 and 0.9. Thermodynamic properties are 
calculated assuming an inert ideal gas mixture and constant species specific heats; for the transport propet- 
ties the rigid sphere model is used in order to eliminate temperature level as a problem parameter. The effect 
of injectant thermodynamic and transport properties on the reduction, due to mass transfer, of wall shear 
stress, mass transfer conductance and heat transfer rate, are explained with the aid of results calculated 
for synthetic injectants with adjusted specific heats and collision cross-sections. The increased pressure 
gradient at planar points (/I = 1,O) is found to yield results little different to those for the axisymmetric 
situation (B = 05), except for the shear stress reduction with light injectants at high wall temperatures. 
Thermal diffusion effects with moderate to severe wall cooling are found to be interesting, but of little 
practical importance. Engineering correlations for mass and heat transfer are presented. These are of the 
exponential form suggested by a Couette flow model, with the blowing parameter B weighted by the factors 

for mass and heat transfer, respectively. 

NOMENCLATURE 

species weighting constant, equations 
.(20) and (21); 
blowing parameter E ti/gf or rit/gz,i; 
Spalding mass transfer driving force 
E k/g, or e/g,_ t ; 

= ~~/(~~)~ ; 
specific heat ; 
binary diffusion coefficient ; 
dimensionless stream function ; 
enthalpy ratio H/H,, and conductance; 
heat transfer conductance 

= 4JW, - h,): 
mass transfer conductance 

E .A, s/(4, s - Ini, J ; 

enthalpy ; 

total enthalpy; 

JP 

k 
Le, 
M, 
m, 
6 
iv AV’ 

P, 
Pr, 
4, 

9, 
r, 
s, Y, 

SC, 
St, 
T 

* Computer time for the numerical calculations was *t 

supplied by the Campus Computing Network of the t4 v, 
University of California, LOS Angeles. 
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species diffusive flux; 
thermal conductivity; 
Lewis number = pC,9/k; 
molecular weight; 
mass fraction; 
mass transfer rate; 
Avogadro’s number; 
pressure; 
Prandtl number = C~~/k; 
conductive heat flux (including dif- 
fusional conduction if CQ # 0); 
universal gas constant; 
radius of an axisymmetric surface; 
streamwise and normal coordinates, 
respectively; 
Schmidt number = p/lp!3; 
Stanton number = p,u,g; 
absolute temperature; 
velocity components; 
dimensionless mass fraction ZE m,/m,,,; 
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thermal diffusion factor; 
pressure gradient parameter 

zz dlnu~/dln~; 
geometrical index; 
transformed coordinate normal to the 
surface; 
dynamic viscosity; 
density; 
collision diameter; 
transformed coordinate along the sur- 
face ; 
shear stress; 
stream function. 

Subscripts 

e, free stream; 

es, fluid of free stream composition at 
surface temperature; 

h, heat transfer; 

i,j, species i and j; 

m, mass transfer ; 

0, reservoir ; 

% surface (wall); 
1,2, injected and free stream species, res- 

pectively. 

Superscripts 
I 
7 differentiation with respect to q; 
*. 

t 7’ 
zero mass transfer; 
total energy flux relative to mass 
average velocity. 

INTRODUCTION 

STAGNATION point flows with foreign gas in- 
jection have been the subject of numerous 
analytical studies. Of primary interest has been 
the reduction, due to mass transfer, of the wall 
shear stress, the mass transfer conductance 
and the heat transfer rate. The simplest situa- 
tion is that of an inert binary mixture where 
species 1 is injected at the wall and the free 
stream contains species 2 only. Solutions to this 
problem are of fundamental importance to the 
theory of heat and mass transfer in laminar 
boundary layers; in addition such solutions 

find engineering application for the prediction 
of transpiration, evaporation and sublimation 
processes. The useful prior work is as follows. 
Baron [1] studied the influence of thermo- 
dynamic coupling on heat transfer for the 
injection of He and Freon 13 at an axisymmetric 
stagnation point. Data were obtained for an 
adiabatic wall and cooling ratios down to 
TJT, = 0.4. Sparrow et al. [2] considered the 
injection of H,, He, A, CO, and Xe into air, 
using exact thermodynamic properties and 
transport properties based on the Lennard- 
Jones potential model. This study was also 
primarily concerned with the effects of thermal 
diffusion and diffusional conduction at adiabatic 
or nearly adiabatic conditions. Limited data 
were presented for cold wall conditions: for 
the axisymmetric stagnation point data were 
obtained for Ts/Te = O-25, while for the planar 
stagnation point cold wall cases were not 
computed. Libby and Sepri [3] obtained data 
for the injection of He and Xe into N, at 
an axisymmetric stagnation point; although 
properties were modeled to eliminate tempera- 
ture level as a parameter, only one value of the 
injectant reservoir temperature to free stream 
temperature (@ 1) was considered. Related studies 
which are also pertinent are those of Anfrmov 
[4] and Gomez et al. [5], who present data 
for injection of inert gases into equilibrium air 
for hypersonic flow at an axisymmetric stagna- 
tion point. Gollnick [6] ex~rimentally studied 
diffusional conduction effects by measuring 
adiabatic wall temperatures and heat transfer 
rates on a porous hemisphere with He and 
Freon 13 injection. 

The above mentioned work is difficult to use 
in fundamental studies of binary stagnation 
point flows owing to the diverse objectives, and 
the paucity of systematic data. The objective 
of the present work is to show clearly the effects 
of the problem parameters: comprehensive 
calculations have been performed, and the data 
presented in this paper are selected for their 
instructional value. The free stream is air while 
for axisymmetric flows the injected gases are 
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H, H,, He, C, CH,, 0, H,O, Ne, Air, Ar, CO,, 
Xe, Ccl, and I,. This variety of species facilitates 
interpretation of the effects of injectant thermo- 
dynamic and transport properties on the wall 
shear stress, mass transfer conductance and 
heat transfer rate. Further illumination is pro- 
vided by data obtained for synthetic injectants, 
fabricated from various molecules by replacing, 
in turn, their specific heat and collision cross- 
section by air values. Thermodynamic properties 
were calculated assuming an ideal gas mixture 
and constant species specific heats; for the 
transport properties the rigid sphere model was 
assumed. Thus temperature level was not a 
parameter of the problem. For each injectant, 
calculations were made for a range of values 
of T$T,, in order to establish the effects of wall 
cooling. By performing detailed computations 
at low injection rates, the anomalous behavior 
of heat transfer with light gas injection estab- 
lished for turbulent flows [7] is clarified for 
laminar flows. Calculations, including the effects 
of thermal diffusion and diffusional conduction, 
were made for H, H,, He, C and Xe, assuming 
that the thermal diffusion factor was independent 
of concentration and temperature. These results 
will not be emphasized owing to our simplifying 
assumptions, and the detailed study of such 
effects in [ 1,2,6]. For planar flows calculations 
were restricted to He, Air and Xe injectants; 
the resulting data is sufficient to allow a display 
of the essential differences between planar 
and axisymmetric stagnation point flows. 
Selected examples of velocity and enthalpy 
profiles will be presented to illustrate various 
interesting structural features of binary bound- 
ary layers. For example, velocity overshoots 
of up to a factor of two are found for H injection. 
Finally we will be concerned with the correlation 
of our data for engineering application. 

ANALYSIS 

The coordinate system is chosen such that s 
is measured along, and y perpendicular to the 
surface; the corresponding velocity components 
are u and u respectively. For steady, laminar, 

stagnation point flow of a binary gas mixture, 
the governing conservation equations are 

mass : 

g (pur”) + $ (pur”) = 0 

momentum: 

au au ap a au 
P”z + Pay = -i%+ay %j ( > (2) 

species : 

pu2+p”2= --&) (3) 

total enthalpy: 

P14Z + pz = - Z(q’). ay ay (4) 

The geometrical index E assumes a value of 1 
for an axisymmetric flow and 0 for a planar 
flow. The mass and energy flux vector are 
obtained from the Chapman-Enskog kinetic 
theory of gases [8] and are 

j, = --pg12 

[ 
am, + m,(l - mi)U,dln 
ay ay 1 (5) 

qf= -kg+j, 
a 

h,-h,+a,-$&9T . (6) 

1 2 1 
The boundary conditions imposed on the set of 
equations are 

y=o: u=o; pu=ti; 

ni = //?,,,ti + j,l,; T = T, (7) 

y+ 00: u + ue; m,+O; H-H,. (8) 

Following Lees [9] the transformation s, y --f 5, u 
is made where the Levy and Mangler transforma- 
tions have been combined in defining 

(9) 

5 = i pep,u,rZe ds. (10) 
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A stream function II/ is introduced such that 

and choosing Ic/(& q) = (25)*f(q) leads to 

Under this transformation the governing equa- 
tions for stagnation point flows are, in non- 
dimensional form, 

X 
i 

z; + z,(l - m&x,$ }I t (1% 
which are to be solved subject to the boundary 
conditions 

Thermodynamic and transport properties 
The mixture thermodynamic properties were 

computed assuming an ideal gas mixture and 
constant species specific heats. The species 
viscosity, thermal conductivity and binary dif- 
fusion coefficients were computed assuming a 
rigid sphere molecular interaction model, viz. 

3 &?T + 
pCqj = s 71 

( >! 

M,+M. M 

2M,Mj J N,,(a, + 
U8) 

and the mixture rules are, following [S] 

2 2 

c1= 
c 

xjPj . 

j=, ,i, xjGjky 

k= (19) 

where 

,j*=,.,,,(I+:,!o,!‘(Mj,:,+l)i j#k 

= 1.0. j=k 

The molecular weights, collision cross-sections 

q = 0: f=f, 

f’ = 0 

m 1,s = --- 

f + g 

(16) 
9 = @,* 

yl-+Kl: f’-1 and specific heats were obtained from [l&12] 
z1 -0 (17) and are listed in Table 1. In estimating properties 

g+ 1. 
in this manner our objective was to eliminate 
temperature level as a problem parameter. 

The pressure gradient parameter /.I assumes a Consequently, in those calculations where ther- 
value of + for axisymmetric stagnation points ma1 diffusion and diffusional conduction were 
and 1 for planar ones. included, the thermal diffusion factor was also 
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Table I. The~odyna~~c and ~anspor~ properfies offhe injected gases 

H 1.008 0.03480 0.7410 20.48 0,340 7.693 0.164 
HZ 2.016 0.06959 0.8059 14.21 0,406 5.786 0.245 
He 4.003 0.1382 0.7122 5,156 0.733 4,177 0,301 
C 12.01 0.4 I46 0.7741 1.723 1.075 2.045 0.502 
CH, 16.04 0.5537 1.050 2.211 0675 1,421 0.739 
0 16,OO 0.5523 0.8018 1.359 1.156 I.708 0.570 
Hz0 18.02 0.6219 0.7808 1.851 1.294 2.311 0.578 
Ne 20.18 0.6966 0,7902 1.023 1.337 1.511 0605 
Air 28.97 l@OO l&IO 1000 1.000 l@OO 0.833 
Ar 39.94 1.379 0.9458 0.5168 1.313 0‘750 0.849 
CO* 44.01 1,519 1.093 0.8396 1.032 0.816 t+O2 
Xe 131.3 4,532 1.121 0.1570 1.694 0.294 1,200 
CC& 153.8 5.309 1.651 0.5378 0.845 0.377 1.900 
I, 253.8 8.761 I.432 0.1443 1.443 0.197 1.651 

taken to be independent of temperature. In the Kihara formula with the Lennard-Jones 
addition, since data for aT is basically unreliable, potential [8]. 
it was also taken to be independent of con- 
centration. The constant values of ~1~ employed ~01~~~0~ procedure 
were chosen based on data calculated from The method of solution employed in the 

Table 2. Comparison of data calculated in the present study with that @Libby and Sepri [3], 
fl = 0.5. Properties as in [3]; the numerical data was kindly supplied by Professor P. A. Libby 

in a personal communication 

-f, 

Present study Libby and Sepri [3] 

UT, C,fY 
C, 
p,g: ml,, G/f ml,, 

s 

0.1 0.6309 0.8029 0.2265 0.1030 O-7985 0~2198 o-1017 
0.3 @3476 06012 0.3186 04495 0.5964 0.3076 04504 
0.5 0.2220 0.4427 0.2630 0.8145 04404 0.2525 08155 
0.7 0.1568 03209 a1717 0.9670 0.3201 0.1647 09669 
0.9 0.1237 0.2332 0.09197 0.9965 0.2329 0.08847 0.9965 

Xe+N, 

0.1 0.9815 0.8841 0.01121 0.1755 0.8819 0.01112 @1757 
0.3 0.9411 0.8022 0.03219 0.4116 0.7971 003183 0.4117 
0.5 0.8959 0.7267 0.05123 0.5614 0.7199 0.05020 05617 
0.7 0.8462 0.6572 0.06795 0.6635 0.6498 0.06589 0.6643 
0.9 0.7922 0.593 1 0.08186 0.7368 0.5856 0.07857 0.7378 
1.1 0.7341 0.5339 009271 0.7913 0.5264 0.08798 0.7936 
1.3 0.6733 0.4794 0.09905 O-8336 0.4725 0.09401 0.8354 
1.5 0.6104 O-4289 0.1017 0.8667 0.4228 0.09657 0.8686 
1.7 05471 0.3824 0.1007 0.8932 0.3771 0.09587 @8948 
l-9 0.4840 0.3395 0.09657 09145 0.3353 009202 0.9157 
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present study was developed in [13], where it 
was applied to the calculation of a wide range of 
boundary layer problems. Formal integration 
of equations (13W15), subject to the boundary 
conditions, yields a relation which may be 
written in functional form as X = FX, where 
F is an operator on X, and is itself a function 
of X since it depends on the basic functions in 
the conservation equations; X is the solution 
vector whose components are the principal 
dependent variables of the conservation equa- 
tions. The solution procedure is an iterative 
one. Special care is taken to restrict the range of 
the operator which ensures establishment of a 
converging sequence by forcing successive solu- 
tions into a region where the Banach fixed 
point theorem applies. Weighted averaging of 
successive solutions satisfactorily restricted the 
operator range for all the cases considered in 
this paper. The analytical nature of the solution 
made programming a simple matter of organiz- 
ing the variables and evaluating the required 
integrals. All the integrals are well behaved 
functions so that Simpson’s rule was sufficiently 
accurate for the quadratures. The number of 

integration steps across the boundary layer was 
151 in all cases. Computer time (IBM 360/65 
system) was typically 4 s per solution for 
four place accuracy. Additional discussion of 
the method may be found in [13,14], where the 
accuracy and reliability of the method is 
demonstrated for several different classes of 
problem. Table 2 presents a comparison with 
calculations of Libby and Sepri [3], and confirms 
that our method is reliable for foreign gas 
injection. 

RESULTS AND DISCUSSION 

The situations computed were as follows. 
For the axisymmetric stagnation point (p = 0.5) 
the injectants were: H, H,, He, C, CH,, 0, 
H,O, Ne, Air, Ar, CO,, Xe, Ccl, and I,. For 
the planar stagnation point (b = 1.0) the in- 
jectants were He, Air and Xe. The synthetic 
injectants were constructed from He, C, CH, 
and Xe by setting, in turn, (i) 0 = gair, (ii) 

‘, = ‘pair, and (iii) (T = dair, C, = Cgair. The 
effects of thermal diffusion and diffusional con- 
duction were studied at p = 0.5 for the injectants 
H, H,, He, C and Xe. For all cases three values 

Table 3. Data for selected cases; complete tabulations are to be,found in [14] 

Injectant C3.f:’ 

H* 0.5 0.1 0 0.7555 

HZ 0.5 0.1 0.5 0.1359 
H 0.5 0.1 0.05 05959 
H 0.5 0.1 0.5 0.1125 
He 0.5 0.1 0.5 02724 
He o-5 0.9 0 0.9101 

CH, 0.5 0.9 0.5 0.5774 

HP 0.5 0.1 0.5 0.4482 

H,O 0.5 0.9 0.5 0.6711 

CO, 0.5 0.1 0.5 0.4679 

co* 0.5 0.9 0.5 0.6207 
Xe 0.5 @l 1.5 0.3074 
Xe 0.5 0.9 1.0 0.5667 
ccl, 0.5 0.9 1.0 0.4208 
He 1.0 0.1 0 0.8820 
He 1.0 0.1 1.0 0.2295 
He 1 .o 0.9 0 1.1999 
He 1.0 0.9 0.8 0.7746 
Xe 1 .o 0.9 2.0 o-6219 

c, 
pr s; 

s 

0.6509 
0.0533 
07044 
0.0167 
0.2315 
00654 
0.0205 
0.3600 
00339 
0.3822 
0.0366 
0.242 1 
0.0349 
0.0249 
0.6700 
0.0388 
0.0688 
0.0089 
0.0194 

cs , 
SC, s c, 

1.3721 3.1623 0.7402 0.245 1 
0.0068 0.0909 0.7335 1.4198 
1.0960 1.2838 0.3382 0.3248 
OmOl 0.0374 0.6693 1.5991 
0.0899 0.3778 0.6258 1.4207 
1.1271 1.0541 0.7402 0.3010 
0.0637 0.1204 0.6369 I .4663 
0.3934 2.5758 0.72 18 0.8464 
0.3241 0.8535 0.7243 0.8778 
0.3876 3.7135 0.7542 0.764 1 
0.3359 1.2585 0.7563 0.7571 
0.2355 14.3570 0.5880 0.5761 
0.2887 3.6602 @5839 0.6526 
0.2153 2.1572 0.7178 0.5558 
1.2451 3.1623 0.7402 0.3010 
0.0012 0.3206 @6690 1.5941 
1.1739 I.0541 0.7402 0~3010 
om9 1 0.1080 0.6661 I.5831 
0.1834 5.6993 0.6008 0.5307 
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of the ratio TJT, were considered: 0.1, 0.5 and 
@9. In all, over 1200 solutions were obtained. 
In [13] can be found complete tabulations of 
the quantities 

(i) the wall shear stress function CJY; 
(ii) the wall conductive heat flux function 

C,&/Pr, ; 
(iii) the mass transfer conductance function 

c,z;/sc, ; 
(iv) the wall value of the injectant mass fraction, 

m,*,; 
(v) the wall value of p&p& = C,; 
(vi) the wall value of the Prandtl number, Pr,; 

(vii) the wail value of the Schmidt number, SC,. 

Table 3 contains a selection of data, including 
some of the cases which proved more difficult 
to compute; these data might be useful to other 
workers for evaluation of accuracy and reli- 
ability. 

The essential characteristics of the data may be 
understood on the basis of the assessment of 
binary boundary layer flows made by Gomez, 
Mills and Curry [4]. The effect of like species 
injection (e.g. air into air) in reducing momentum, 
mass and heat transfer is revealed by constant 
property solutions. Foreign gas injection yields 
reductions different to those obtained for like 
species injection due to the effect of composition 
on mixture transport and thermodynamic 
properties. A complex coupling of the conserva- 
tion equations results from the property varia- 
tions across the boundary layer, and it is only 
possible to explain the major trends exhibited 
by the data. Property variations influence the 
momentum conservation equation most strongly 
through the (pp) product, or equivalently, 
through C = (p,~)/(p&. The effect is similar 
to the response of a compressible boundary 
layer with no injection, to changes in wall 

0.8 

I,; Xe 

I I I 1 

0 0.1 0.2 0.3 o-4 0.5 0.6 0.7 0.8 

-I: 

FIG. 1. Effect of mass transfer on wall shear stress. fi = 0.5; 
T,/T, = 0.1. 

EfSect of injected species temperature, for which it is well known that 
Figures l-3 show the shear stress z, = ,uau/ayJ,, the wall shear stress is proportional to C, 

mass transfer conductance q,,, = j,,J(m,,, - raised to an exponent of about O-1. Density is 
m,,.), and conductive heat flux qS = kdT/iYyyl,, directly proportional to molecular weight; vis- 
each normalized by their respective zero mass cosity tends to increase weakly and somewhat 
addition values, at an axisymmetric stagnation irregularly with molecular weight. Thus C, 
point under “cold wall’ conditions (s, = O-l). tends to increase with molecular weight of the 
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FIG. 2. Effect of mass transfer on mass transfer conductance. 
B = 0.5: r&/T, = 0.1. 

injected species, though account must be taken C, is essentially determined by the injectant 

of the fact that mixture thermodynamic proper- density. Figure 4a confirms this point; when the 

ties vary with the mass fractions of the compo- values of o for C and Xe are replaced by the 

nents, whereas mixture transport properties value for air, we see that tJr: is significantly 

vary approximately with the mole fractions. affected for the light injectant only. furthermore, 

For a given mass injection rate r-f,), the wall when cc is replaced by oair, the value of C, at, 

mole fraction x~,~ is typically much larger for example, -f, = Q5 changes from I.700 to 

for a light injectant than for a heavy one. Thus, 1.231; the accompanying reduction in shear 

whereas the viscosity of a light injectant does confirms the suggested effect of C,. A primary 

have some effect on C,, for a heavy injectant (p/l) effect has therefore been identified which 

FIG. 3. Effect of mass transfer on heat transfer rate. fi = 0.5; 
rp, = 0.1. 



TWO-DIMENSIONAL STAGNATION POINT FLOWS 

- True properties 

---- Q’Q0ir 

I 1 I I I I I 1 I 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 06 

-r, 

FIG. 4a. Effect of injectant collision cross-section on wall 
shear stress. /? = 0.5; T’T, = 0.1. 

results in light injectants being most effective 
in reducing shear stress. Turning to heat 
transfer, the (pp) effect can be isolated, as again, 
for compressible boundary layers, it is known 
that at constant Prandtl number the heat 
transfer is approximately proportional to C,O”. 
It also follows that, for a constant Schmidt 
number, the reduction of the mass transfer 
conductance behaves in a similar manner. 

In ascertaining the effects of non-constant 
Prandtl and Schmidt numbers, it is easiest 
to first consider the mass transfer conductance. 

The Schmidt number is a measure of the relative 
rates of transport of momentum and species. 
Since SC = ,u/p9iz, and 9,, is composition 
independent, the value of SC, is decreased for 
heavy injectants via the density; for light 
injectants this effect is weakly and irregularly 
counteracted via the viscosity. Thus the primary 
(pp) effect is strongly augmented by a Schmidt 
number effect which, especially for heavy in- 
jectants, is essentially a density effect. In fact 
it will be seen that the mass transfer conductance 
can be well correlated in terms of the molecular 

- True properties 

---- c=a,,, 

l F 
\h 0.6 - 

d 0.5 - 

0.4 - 

03- 

I , I I I 1 I I 
0 0. I 0.2 0.3 0.4 0.5 06 0.7 0.6 

-f* 

FIG. 4b. Effect of injectant collision cross-section on mass 
transfer conductance. B = 0.5; T,/T, = 0.1. 
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I I I I I I , 1 

0 0. I 0.2 0.3 o-4 0.5 0% 0.7 0.8 

FIG. 4c. Effects of injectant collision cross-section and 
specitic heat on heat transfer rate. ,8 = 0.5: ?;/T, = 0.1. 

Xe 
Xe 
He 

C 
Xe; CH4 
Air 
C 

W 
CH,; c 
He 

weight of the injectant. Figure 4b shows how, 
even for the light injectant C, the effect of setting 
cc = crair is negligible; SC is independent of 0 
so that the change in 0 is felt only indirectly 
through the (pp) product. The heat transfer 
behavior is more complex. The Prandtl number 
is a measure of the relative rates of transport 
of momentum and energy. We have Pr = C&k, 
both k and C, increase with decreasing molecu- 
lar weight, but C, more strongly so; in addition, 
C, increases with the complexity of the molecule. 
The weak and irregular increase of ~1 with 
molecular weight has an insignificant effect on 
Pr. Again the transport property k plays a more 
important role for light injectants owing to the 
associated large values of x~.~. Thus the effect 
of Prandtl number is to augment the primary 
(pp) effect, but not as strongly as was the case 
for the Schmidt number. Figure 4c illustrates 
well the counteracting effects of k and C, for 
He; when CpHe is set equal to Cpair we see a 
dramatic increase in heat transfer accompanying 
the lower Prandtl number. The values of qJq: 
greater than unity, shown in Fig. 3, are similarly 
explained: at low injection rates the wall mole 
fractions of the light injectants H and H, are 
much greater than their mass fractions, thus 
although k, is markedly changed, the value for 

C,, remains almost equal to the value for air. 
At higher injection rates m,, s as well as x1, s 
approach unity and the C, effect dominates. 
Also illustrated in Fig. 4c is the effect of the 
(pp) product: when crc is set equal to cair there 
is a decrease in the heat transfer, while when 
ocH4 is set equal to gair there is an increase. 
Although C and CH, both have molecular 
weights less than air, c~c < oair while oCH4 > 
cair (see Table 1). The calculated values for C, 
are found to be in line with these arguments. 

Based on the foregoing assessment of binary 
boundary layer flows, and the data presented 
in Table 1, the following additional comments 
on the important features of Figs. l-3 are 
offered: 

(1) Referring to Fig. 1, I, is as effective as Xe in 
reducing the surface shear stress. The lower 
viscosity of I, modifies the primary density 
effect. A similar statement can be made in 

comparing Ccl, with Ar as well as for CO, 
and air. Although their molecular weights 
are identical, CH, is more effective than 0 
due to the lower viscosity of CH,. 

(2) Referring to Fig. 2, the effectiveness of the 
injectants in reducing the mass transfer 
conductance exhibits a quite regular be- 
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(3) 

(4) 

(5) 

(f-2 

havior with molecular weight. 
Comparing Figs. i-3 it is seen that the 
effect of injectant molecular weight is most 
pronounced in Fig. 2; this feature confirms 
the direct augmentation of the primary 
density dependence by the additional density 
dependence of the mass exchange coefficient 

P91** 
Referring to Fig. 3 the marked effect of the 
lightest injectants, H, H, and He in increas- 
ing the mixture thermal conductivity adjacent 
to the wall is clearly shown. The blowing 
and primary (pp) effects are overwhelmed 
at small vaiues of -f,. 
Ccl, is more effective than Xe in reducing 
heat transfer, as its much higher specific 
heat reverses the primary density effect. A 
similar statement applies in comparing 
CO, and Ar, as well as for CH, in relation 
to 0 and CO. 
The relative effectiveness of CH, and He 
in reducing heat transfer is particuIarIy 
interesting. At low values of -f,, He is less 
effective due to the higher thermal con- 
ductivity of the He-air mixture adjacent 
to the waI1. At larger values of -f, the higher 
specific heat and lower density of helium 
dominates and He is more effective than 
CH,. 

Figure 5a shows the effect of wall temperature 
ratio T,/T, on the reduction, due to mass 
transfer, of the wall shear stress. The ratio 
rJr: is seen to increase with increasing wall 
temperature; this behavior is opposite to that 
found for zero pressure gradient flows (fi = 0, 
flat plate or conical), as shown, for example, in 
[13]. In the absence of a pressure gradient the 
temperature ratio enters the problem only 
through the effect on the variation of C = 
~~/(~~)~ across the flow. Increased wall tem- 
peratures lead to decreased values of C, and 
hence decreased values of 7,. Normalization 
with 2: does not completely remove the effect 
of T,/T, owing to the distortion of the C-profile 
by mass transfer; the flattening of the profile 
near the wall extends the influence of the wall 
value of C further into the boundary layer. In 
contrast for fi = 0.5 both r, and r$r: increase 
with increasing wall temperature, due to the 
effect of wall temperature on the density ratio 
p,/p, which only enters the problem for /? # 0. 
An examination of equation (13) shows that a 
decrease in p,/p, as would be caused by an 
increase in T,/T,, increases the shear stress. 
At p = 0.5 the effect of TjT, on p,/p outweighs 
its effect on C to yield the observed trends. 

Figures 5b and 5c show the effect of wall 

01 I L I , t I I 

0 04 0.2 0.3 0.4 0.5 0.6 0.7 0.6 

-e 

FIG. 5a. Effects of wati cooling and pressure gradient on 
wail shear ‘stress. 
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FIG. 5b. Effects of wall cooling and pressure gradient on 
mass transfer conductance. 

temperature on the reduction due to mass 
transfer of, respectively, the mass transfer 
conductance and the heat transfer. Both the 
ratios g,/gz and qJq,* decrease with increasing 
wall temperature. The decreases are not as 
marked as those found for p = 0 flows, e.g. 
as shown in [13]. It appears that the effect of 
temperature ratio on C dominates the behavior 
of the species and energy equations, with only 
a secondary effect of the density ratio being felt. 

Effect of pressure gradient 
Also shown in Figs. 5a, b and c are the effects 

of pressure gradient, i.e. the differences between 
axisymmetric (/? = 0.5) and planar (/? = 1.0) 
stagnation point flows. Data are shown for one 
value of the temperature ratio, TJT, = 0.1; the 
observed trends are independent of temperature 
ratio, except for the shear stress with light 
injectants. The ratios of r&F, gigs and qJq: 
all increase with pressure gradient, the effect 
being most marked for r&:. Comments similar 
to those made above for the effect of wall 
temperature ratio apply here as well. The values 
of rf, gz and q: all increase with increasing p, 
as is most easily seen for the shear stress upon 

0.6 

03 
--____ Xe 

0.2 -__ Air 

01 I 1 / / 

0 0.1 0.2 o-3 04 0.5 0.6 0.7 08 

-6 

FIG. 5c. Effects of wall cooling and pressure gradient on 
heat transfer rate. 
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examination of equation (13). A more marked 
effect for light gas injectants at high wall tem- 
peratures is also indicated; in physical terms, 
the pressure gradient is more easily able to 
accelerate a low density boundary layer. 

Effects of dijfusional conduction and thermal 
diffusion 

The effects of diffusional conduction on the 
adiabatic wall temperature, and on heat transfer 
at moderate temperature ratios (TJT, = @25 - 
l*l), have been analysed by Baron [l] and 
Sparrow et al. [2]. Experimental confirmation 
has been provided by Gollnick [6]. The data 
that we have selected to present here are for the 
more severe wall cooling characteristic of 
ablation, where typical species of interest are 
H and C. The values of the thermal diffusion 
factor tlT used were -0.4 for atomic hydrogen 
and -0.2 for monatomic carbon vapor. Figure 
6 shows the dimensionless conductive heat 
flux for aT = 0, q,(= C,gyPr,), together with 
data points for the total conductive flux in- 
cluding diffusional conduction. The results for 
TJT, = 0.5 exhibit the augmentation of ordinary 

08 

r 

-r, 
FIG. 6. Effects of diffusional conduction on heat transfer rate. 

6 = 0.5. 

I 
0.6 

H .a, -0.4 

’ -3 

r I 
Ii 

-6 

FIG. 7. Effects of thermal diffusion on the wall mass fraction 
gradient. ,!I = 0.5; TJT, = 0.1. 

conduction by diffusional conduction expected 
for injectants possessing negative thermal dif- 
fusion factors. For TJT, = 01 the effect of 
aT # 0 for C is quite negligible; however, for 
H the effect of a* # 0 is to produce a decrease 
in the total conductive flux. Inspection of the 
numerical data showed that this anomaly is 
associated with decreased ordinary conduction 
due to thermal diffusion lowering mr,s, and 
hence k,. 

In Fig. 7 there is shown the effects of thermal 
diffusion on the dimensionless wall mass frac- 
tion gradient -C,z$%z, (which is the dimen- 
sionless mass transfer conductance for aT = 0). 
At low injection rates inclusion of thermal 
diffusion results in positive values of zl and 
associated maxima in the injectant concentra- 
tion profiles. The thermal diffusion flux is 
directed away from the wall and is large enough 
to distort the concentration profile to the extent 
of yielding an anomalous positive value of 
z;,~, ordinary diffusion is thus directed towards 
the wall. This phenomena can occur during 
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6.0 

FIG. 8. Velocity profiles at an axisymmetric stagnation 
point. TJT, = 0.5; -,f, = 0.5. 

ablation under particular thermochemical con- 
ditions; it is of interest but the resulting effects 
are not large enough to be of practical con- 
sequence. 

Velocity and enthalpy profiles 
Figure 8 shows typical velocity profiles for 

the various injectants at TJT, = 0.5, for an 
injection rate of -f, = 0.5. Of particular in- 
terest are the marked velocity overshoots for 
the light injectants, even though there is sub- 
stantial wall cooling. An overshoot of 100 per 
cent is observed for atomic hydrogen, while 
even helium exhibits a 7 per cent overshoot. 
Hoshizaki and Smith [15] computed data for 
helium injection by numerically integrating 
in the velocity plane (Crocco transformation); 
in so doing it was necessary to suppress velocity 
overshoots. The present results show that such 
a constraint is inadmissable for helium injection. 
Figure 9 shows enthalpy profiles at various 
injection rates for H, injection at TJT, = 0.5. 
The character of the profiles is as expected; 
the dramatic increase of wall enthalpy with 
injection is clearly seen. 

Correlation of mass and heat transfer data 
Of primary engineering interest at stagnation 

points is the prediction of mass and heat 
transfer rates. Following Gomez et al. [S] we 

use the exponential correlation functions sug- 
gested by Couette flow modeling of the boundary 
layer, 

Sm.i= am, iBm, i 

d. i ew (a,, iBm, J - 1 
; B,,i = m 

SZ, i 

cw 

gh 
-=z 

ah, iBh 

sir exP tab, iBh) - 1 

; Bh=z 
s,* 

(21) 

where 

4s 

= P,%% 

gh = H, - h,, 
= p,u,St,. 

Equations (20) and (21) are equivalent to the 
Spalding form [ 16, 171 

9 ln(l+aL!+Y) * 
-= 
9* a93 

, g2m; (24) 
9 

modified by the inclusion of species weighting 
factors a. Appropriate values of a,, i and ah,i 
were empirically determined for each combina- 
tion of injectant species, fi and TJT, by a least 
squares technique. Some discretion was used 
in the selection of data points to ensure a best 
fit in the range 1.0 > g/g* > 0.25. The exponen- 
tial functions were found to fit the data well, 
with the exception of heat transfer for the light 
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7- 

6 

5- 

tions, if high accuracy is desired. Table 4 lists 
the values of species weighting constants. Figures 
10 and 11 show, respectively, plots of a,,,, i and 
a,,i; for clarity data points showing the effect 
of wall cooling are omitted when the effect is 
small. 

Our discussion of the effect of injectant 
species on the mass transfer conductance sug- 
gests that it should be possible to correlate a,,i 
in terms of molecular weight of the injectant. 
In Fig. 10 it is seen that the data are indeed 
well correlated by the expression 

Mai, * a,,i = 1.65 - 
( > Mi . 

(25) 

The correlation of the heat transfer weighting 

I I I , 
constants u,,~ is not as simple. For monatomic 

0 I 2 3 4 5 

?) 
molecules the ordinate in Fig. 11 is just a,,, i, 

FIG. 9. Enthalpy profiles for H, injection at an axisymmetric 
and for monatomic injectants the data are 

stagnation point. T,IT, = 0.5. satisfactorily correlated by 

injectants Ii, H, and He. Examination of Fig. 3 
Mair ’ a,,i=1-3 - (24) 

suggests that the abno~aliy high values of ( > Mi ’ 

qJq: at low injection rates cannot be corre- where the one-third power is well established 
lated in a simple manner. Direct use of graphical in the literature [lS]. To account for the effect 
or numerical results is indicated for such situa- of the higher values of C, which characterize 

Table 4. Species weighting constants a,,i and ah.i, to be used in equatiotls (20) and (21), respectively 

Injectant fi 
q/T, = 0.1 7,/T, = 0.5 TJr, = 0.9 

0,. i ah, i a,. i ah, i am, i ah, i 

H 0.5 31.5 4.57 32.8 4,29 34.4 2.45 
HZ 0.5 158 3.88 16.7 3.89 16.7 3.90 

He 0.5 8.75 2.42 9.07 2.41 9.03 2.30 

C 0.5 3.31 1.79 3.34 1.77 3.32 1.73 
CH, 0.5 2.38 2-32 2.40 2.33 2.38 2.31 

0 0.5 262 l-69 2,51 1.66 2.55 1.61 

H2O 0.5 2.33 1.62 2.36 1.62 2.34 160 

Air 0.5 - 1.56 - l.54 1.52 
Ne 0.5 2.16 1.51 2.15 1.47 2.12 144 
Ar 0.5 1.22 1.32 1.18 1.27 1.15 1.25 

CO, 0.5 1.07 1.48 1.04 I.46 1.02 144 
Xe 0.5 0.53 0.80 0.52 0.85 0.51 0.79 
ccl, 0.5 0.40 1.13 0.36 1.08 0.33 1.05 
I* 0.5 0.33 0.65 0.30 063 0.28 0.61 

He 1.0 8.38 2.26 8.57 2.20 8.54 2.21 
Air 1.0 1.49 - 1.46 - 1.43 

Xe t.0 0.49 0.77 0.46 0.74 044 O-72 
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FIG. 10. Correlation of species weighting factors for mass 
transfer. 

diatomic and polyatomic molecules, the ratio 
of Cpi to an equivalent monatomic value $9/M, 
raised to a power suggests itself. A simple one- 
half power brings the air data into line, and 
as Fig. 11 shows, also works reasonably well 
for the other injectants. However it must be 
mentioned that the specific heat correction is 
best omitted for H,O; this anomaly is due to 

the abnormal transport properties of the polar 
H,O molecule. The final correlation recom- 
mended is then 

a,,,i = 1.3 (%)i (&)‘. (27) 

Some comments on the use of the correlation 
formulae, equations (20) and (21) are appro- 
priate. Mass transfer data are most useful in 
mass transfer coefficient form, i.e. as a mass 
transfer conductance gm, i G j,, J{mi, s - mJ. In 
analytical studies, such as the present one, it is 
convenient to specify the rate of injection of the 
foreign species; then in solving the species 
equation the resulting surface concentration 
m,, s is obtained. Previous studies, e.g. [l, 21, 
have presented data for m,,,. But the most 
common technical problems are, for example, 
(i) determination of the mass loss from a vaporiz- 
ing surface; here m,,, is the equilibrium con- 
centration corresponding to the surface tem- 
perature, and (ii) determination of the reaction 
rate of a heterogeneous reaction; here m,,, 
may be zero (diffusion controlled limit), or may 
be implicitly determined by the kinetics of the 
chemical reaction, In both cases the relation 
between diffusive flux jr, s and concentration 

FIG. 11. Correlation of species weighting factors for heat 
transfer. 
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difference (ml, s - m,, J is required, i.e. the mass 
transfer conductance. The effect of injection 
rate ri? is then conveniently exhibited by the 

ratio 9,, i/SE, i’ 

The heat transfer to a surface through which 
mass transfer is taking place, is simply the 
conduction component of the surface energy 
flux, qs = -k iW/iYyI,, as can be most easily 
seen if we consider transpiration cooling from 
a reservoir of enthalpy h,,,; an energy balance 
yields 

q,= -kc 
aY s 

= Mb,, - h,,,), (23) 

i.e. the enthalpy rise of the coolant is equal to 
the conductive heat flux. If the thermal dif- 
fusion factor CI~ is not assumed zero, then the 
diffusional conduction jrcl,(M/M,M,) Tls must 
be added to -k ~W/dyl, in equation (28). Heat 
transfer data are then conveniently presented 
in the form of a heat transfer conductance 
gir z -k aT,@y/J(i(a, - h,J, or Stanton number 
St, = g~/~~~=. Use of the enthalpy h,, ensures 
that the ratios gigs and S&JSt~ are identical to 
qJq,*, and yield the appropriate driving poten- 
tial in the unity Lewis number limit. 

ON THE USE OF MASS TRANSFER RESULTS FOR 
THE PREDICTION OF HEAT TRANSFER 

In Appendix C of their review paper on 
laminar binary boundary layer characteristics, 
Gross et ua. [18] evaluate the practice of equating 
a value of S*, experimentally determined using 
materials which sublime or evaporate such as 
naphthalene or water, to St,* (with or without 
a Lewis number correction). In their Fig. 37 
appear curves of St,,,/Stz which are quite dif- 
ferent in character to those in Fig. lb of the 
present paper; the source of the discrepancy 
is their incorrect definition of the mass transfer 
Stanton number as ti/p,u,(ml,, - m&l, rather 
than j, s/~e~e(ml,s - m,,J With this definition 
the ratio StJSt~ for H,O and CO, remains 
fortuitously close to unity, and for heavy 
injectants attains values much in excess of unity. 

The authors conclude that, whereas for II,0 
and CO, St,,, could well be interpreted as the 
solid wall St:, for other gas mixtures consider- 
able error would arise in the use of such a 
procedure. 

Comparison of Figs. 2 and 3 of the present 
paper shows that, if the mass transfer Stanton 
number is correctly delined, the essential analogy 
between mass and heat transfer is preserved, 
i.e. St,,, will equal St, in the constant property 
and unity Lewis number limit. Thus we suggest 
that our correlations can be used to predict 
heat transfer from ex~rimental mass transfer 
data; in so doing both the effects of injection 
(St # St*) and variable properties will be 
accounted for in a rational manner. 

CONCLUDING REMARKS 

We have obtained comprehensive numerical 
solutions for axisymmetric and planar stagna- 
tion point flows of air with foreign gas injection. 
By considering a wide variety of injectants, 
including monatomic and non-monatomic mole- 
cules, as well as synthetic models, we have been 
able to explain the effect of injectant thermo- 
dynamic and transport properties on the reduc- 
tion, due to mass transfer, of wall shear stress, 
mass transfer conductance and heat transfer 
rate. The increased pressure gradient at planar 
stagnation points is found to yield mass and 
heat transfer data which are little different to 
those for the axisymmetric situation. Engineer- 
ing correlations for mass and heat transfer have 
been developed; these are of the exponential 
form suggested by a Couette flow model, with 
suitable weighting of the blowing parameter. 
The correlations apply to monatomic, diatomic 
and polyatomic molecules, for a large range of 
wall cooling, and both axisymmetric and planar 
stagnation points. 
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ECOULEMENTS BIDIMENSIONNELS DUN MELANGE BINAIRE AUTOUR DUN 
POINT D’ARRET 

R&arm&Des solutions numeriques get&ales ont CtC obtenues pour des Ccoulements d’air axisymttriques 
et plans autour d’un point d’arret avec injection d’un gaz different. Les especes inject&es sont H, H,, He, 
C, CH,, 0, H,O, Ne, Air, Ar, CO,, Xe, Ccl, et I2 pour des rapports de refroidissement par&al T,IT, = 
41; 45 et 0,9. On a calcule les proprittes thermodynamiques en supposant un melange de gaz inerte ideal 
et des chaleurs speciliques constantes; pour les proprittes de transport, on utilise un modtle de sphere 
rigide atin d’eliminer le niveau de temperature comme parametre du probleme. Les effets sur la reduction, 
due au transfert massique, des proprittts thermodynamiques et de transport de la contrainte tangentielle, 
de la conductance du transfert massique et du flux thermique sont expliques a l’aide de resultats calcules 
pour des gaz inject&s thtoriques ayant des chaleurs sp&%ques et des sections eflicaces ajusttes. On trouve 
que l’accroissement du gradient de pression a des zones d’arret planes (j3 = 1) donne des rtsultats peu 
differents de ceux relatifs a la situation axisymttrique (p = 95) except& en ce qui concerne la reduction de 
contrainte tangentielle pour des gaz inject& ltgers a des temperatures parietales &levees. On trouve 
interessant les elfets de diffusion thermique avec un refroidissement a la paroi mod&e ou severe, mais de 
peu d’importance pratique. On prtsente des relations utilisables pour le transport massique et thermique. 
Elles sont de forme exponentielle suggtree par un modtle d’tcoulement de Couette avec le parametre de 
soutllage B adapt& par des facteurs : 

a,.i = 1.65 ah,i = 1.3 

respectivement pour les transferts massique et thermique. 

ZWEIDIMENSIONALE STAUPUNKTSTRiSMUNG VON ZWEISTOFFGEMISCHEN 

Zuaammenfaaanng-Es ergaben sich umfassende numerische Liisungen fur achssymmetrische und ebene 
Staupunktstrdmung von Luft mit Fremdgasinjektion. Die injezierten Gase sind H, Hz, He, C, CH,, 0, 
H,O. Ne, Luft, Ar, CO,, Xe, CCl, und I,, bei Wandktihlungsraten von TJT, = O,l, 0,5 und 0,9. Die 
thermodynamischen Eigenschaften wurden unter der Annahme einer idealen Inert-Gasmischung und 
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konstanter spezifischer W&rmer berechnet; fir die Transport~~ss~ wurde das starre KugeI-ModeB 
angewendet, urn das Temperatumiv~u als Parameter zu eliminieren. Der Einfluss der thermod~ami~hen 
und der Transporteigenschaften des eingespritzten Ante& aufdie Verminderungder Wandschubspannung, 
gem& dem Massentransport, auf die Verminderung der MassentransportgrBsse und der Wtirmeiiber- 
gangsrate, wird erkllrt mit Hilfe van Ergebnissen, die fiir synthetische Einspritzmedien mit angepasster 
Wgrmeleitftihigkeit und angepassten Stoss-Querschnitten berechnet sind. Es zeigte sich, dass der hiihere 
DruckgradientaneoenenStaupunkten(/l = 1,O)eineleichteAbweichungder Ergebnissebewirkt,gegenlber 
denen der achssymmetrischen Anordnung (p = OS) ausser bei Schubspannungsverminderung mit 
leichten Injektionsmitteln bei hohen Wandtemperaturen. Einfliisse thermischer Diffusion bei mlssiger 
bis starker Wandkiihlung erwiesen sich als interessant, doch von geringer praktischer Bedeutung. Ingenieur- 
mlssige Beziehungen fiir Massen- und Wlrmetransport werden angegeben. Sie haben exponentielle 
Form, nach einem Couette-Stramungsmodell; mit dem Anblasparameter B, der von den Faktoren 

fiir Massen- und W~rmetr~sport bestimmt wird. 

ABYMEPHbIE IIOTOICH BIJHAPHbIX CMECEB B KPBTRYECKOfl TOqIKE 

AHHOTaqkisI-IIOnyYeHbI 'IIICJleHHMQ peU.leHKR RJlSl OCeCHMMeTpAYHbIX M IlJlOCKKX nOTOKOB 

BOaRyXa B KpKTHVeCHOft TOVKe Ilplcr BAyBe UHOpO~HOrO Ni33. &Q'BaJIKCb CJleAyloIlUfe 

seuecTsa : Hz, He, C, CH*, 0, H,O, Ne, BOBAYX, Ar, COz, Xe, CC& Y[ Ia npa Koa@$aqnerrTe 
OXJIaIKAeHHII paBHOM T,/T, = 0,l; 0,5. Pacvimafibl TepMoAHHaMMrecKwe CBOiCTBa npa 
r(OIlJ’lQeHkiH EIHepTHOi AfieaJlbHOii Sa3OBOti CMeCH II IIOCTORHHOti yp;eJlbHOti TenJlOeMKOCTM 

obpasua; J(nFI IICKJlloYeHIIR TeMIlepaTypHOrO ypOBHH 113 napardeTpos aagaw4 KCnOJIb3yeTCR 

MOReJib ?KeCTKO& @epbl. BJII~RHM~ TepMOASlHaMHseCKKX CBOiiCTB BWyBaeMlbiX BeufeCTB Ha 

yMeHb~eH~e Hanps?KeHHK TpeHIlii Ha CTeHKe 38 C4eT MaCCOO6Mt?Ha, ~3CCO~pOBO~KOCTb II 

~HTeHC~BHOCTb Ten~OO6MeHa 06~~CH~~TC~ G nOMO~b~ qK~~eHH0 ~O~yqeHH~X pe3y~bTaTOB 

RJIU C~HTeTK~eCK~X B~yBaeM~X BeiqeCTB npu COOTB~TCTB~~~X 3BaYeziwix y~e~bH0~ 

Te~~Oe~KOCTK II CFfeHEWIX COyAapeH~~. Haineiio, 9TO nOB~~eHK~~ l'l.'anMeHT ~aB~eHK~ B 

Kp~T~qeCKKX TOYKaX AJZi nXOCKMX TeVeHHik &? = l,o) np~BO~KT K PeayJIbTaTaM, KOTOpbie 

He3HaWTeJIbHO OTJIWJaIOTCR OT pe3yJlbTaTOB RJIR OCeCNMMeTpWYHOl'O CJIyWU (Be= 0,5) aa 
HCKJIlO9eHHeM YMeHbUIeHKR Hai'lpH?KeHWfC@fBUra npHBAyBeJI&KtsXBelQeCTBnpU 6oabmwx 
TemnepaTypax Ha cTeHKe. OKaabIsaeTcfl, YTO a@+eKT TephioAK+#y3M~ npzi CTeneHHx oxnam- 

JJeHMR CTeHKR OT yMepeHHbIX A0 IIpep(eJIbHUX IIpeACTaBJIflIOT MHTepeC, XOTII H HMeIOT He3- 

HawTefibKoe npaKTMsecKoe :Jrraqeame. IIpeAcTaenemd IiHmeHepHble @op~ynbl. CBR~EI npoqecca 
Tenno- II macconepeaoca. aTH $OpMyJIbI EIMeIOT 3KCnOHeH~IUlJlbHbl~ Biia JJJlR MOAeJlH 

Hy3TTOBCKOl.O Te'IeHMR npa IIapaMeTpe BAyBa B, OTHeCeHHbIM K KO3#$UqMeHTaM TeIlJlO- II 

maccoo6MeHa 


