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Abstract-Semi-similar solutions of the unsteady compressible laminar boundary layer flow over two- 
dimensional and axisymmetric bodies at the stagnation point with mass transfer are studied for all the 
second-order boundary layer effects when the free stream velocity varies arbitrarily with time. The set of 
partial differential equations governing the unsteady compressible second-order boundary layers repre- 
senting all the effects are derived for the first time. These partial differential equations are solved numerically 
using an implicit finite-difference scheme. The results are obtained for two particular unsteady free stream 
velocity distributions : (a) an accelerating stream and (b) a fluctuating stream. It is observed that the total 
skin friction and heat transfer are strongly affected by the surface mass transfer and wall temperature. 
However, their variation with time is significant only for large times. The second-order boundary layer 
effects are found to be more pronounced in the case of no mass transfer or injection as compared to that 

for suction. 

INTRODUCTION 

MANY FLOWS that occur in modern technology possess 
characteristics that cannot be treated within the single 
framework of Prandtl’s approximation. It is necessary 
for these more complicated flows, to seek approximate 
solutions to the Navier-Stokes equations that are of 
higher accuracy than the classical boundary layer the- 
ory. This extension of Prandtl’s boundary layer theory 
is called second-order boundary layer theory which 
takes into account the effects, which are of the order 
of magnitude of the boundary layer thickness, 
i.e. O(Re”‘) where Re is the Reynolds number. 
In general, the second-order effects gain importance 
when the boundary layer thickness becomes com- 
parable with a characteristic body length. This may 
be artificially generated by surface mass injection 
which is of practical interest in the case of transpiration 
cooling or ablation. Excellent reviews have been given 
by Van Dyke [l] and Gersten and Gross [2]. 

Using the method of matched asymptotic expan- 
sions first- and second-order boundary layer equa- 
tions have been obtained from the Navier-Stokes 
equations [ 1, 21. The second-order corrections can 
be divided into several additive effects [3] such as 
longitudinal and transverse curvatures, boundary 
layer displacement, vorticity interaction, velocity slip 
and temperature jump each of which has a similar 
physical interpretation. 

The steady laminar incompressible and com- 
pressible second-order boundary layer theory has 
been studied by several authors [4-171 for two-dimen- 

t Author to whom correspondence should he addressed. 

sional, axisymmetric and three-dimensional stag- 
nation point flow with or without mass transfer. 
Anmachalam and Rajappa [18] and Afzal and Rizvi 
[ 191 have studied unsteady incompressible second- 
order boundary layer self-similar flow on two-dimen- 
sional and axisymmetric bodies at the stagnation 
point. Recently, the self-similar solution of the anal- 
ogous compressible case has been obtained in ref. [20] 
on the assumption that the free stream velocity varies 
inversely as a linear function of time. Such a dis- 
tribution of the free stream velocity with time may not 
be realized in practical situations. 

The aim of this investigation is to obtain semi- 
similar solutions of the unsteady compressible laminar 
second-order boundary layer flow over two-dimen- 
sional and axisymmetric bodies at the stagnation 
point with mass transfer when the free stream velocity 
varies arbitrarily with time. The unsteady second- 
order boundary layers governed by the set of partial 
differential equations have been obtained for the first 
time from the Navier-Stokes equations using the 
method of matched asymptotic expansions. The 
governing partial differential equations have been 
solved numerically using an implicit finite-difference 
scheme. The results have been compared with those 
of refs. [S, 8,9] and found to be in good agreement. 

GOVERNING EQUATIONS 

The unsteady laminar compressible flow of a vis- 
cous fluid past two-dimensional and axisymmetric 
bodies has been considered at the stagnation point. It 
is assumed that the external flow is homentropic, the 
surface is maintained at a constant temperature, the 
dissipation terms are negligible at the stagnation 
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NOMENCLATURE 

aI> Cl accommodation coefficients U I I potential flow velocity gradient in the 
G total skin friction coefficient x-direction 
cr, skin friction coefficient due to the first- x, .I’ principal and normal directions, 

order boundary layer respectively. 
AF dimensionless first- and second-order 

stream functions such that 
J” = u&4,, F’ = u,/u, Greek symbols 

h mass transfer parameter Y ratio of the specific heats 

f”(O), F”(0) skin friction parameters & perturbation parameter, Re- ‘I* 

g’, G first- and second-order dimensionless v similarity variable 

temperature, respectively AP coefficients of viscosity and density, 

9W wall temperature respectively 

g”(O), G’(0) heat transfer parameters z shear stress at the wall in the 

.i constant which equals 0 for two- x-direction 

dimensional flow and 1 for cp arbitrary function of time representing 

axisymmetric flow unsteadiness in the free stream 

k surface curvature of the body w exponent in the viscosity law where 

M, free stream Mach number p rx T”. 

N, stretched variable, _~/a 
N ratio of density viscosity product 
p, Pr, Re pressure, Prandtl number and 

Superscript 

Reynolds number, respectively 
derivative with respect to ‘I. 

I?,,, 7’,, density and temperature at the 
stagnation point, respectively Subscripts 

%v local heat transfer at the wall d displacement effect 
3, T Stanton number due to both first- and e, w conditions at the edge of the boundary 

second-order boundary layers and layer and on the surface, 
temperature respectively 

St, Stanton number due to the first-order L longitudinal curvature effect 
boundary layer S velocity slip effect 

tI> t2 first- and second-order temperature, t,tj transverse curvature and temperature 
respectively jump effect, respectively 

t, t* dimensional and dimensionless time, t* derivative with respect to t* 
respectively V vorticity interaction effect 

u, Z’ velocity components in the X- and 1,2 first- and second-order quantities 
y-directions, respectively CC free stream values. 

point, and the free stream velocity varies arbitrarily region leads to the first- and second-order boundary 
with time. The first- and second-order boundary layer layer equations [4-61. 
equations for two-dimensional and axisymmetric 
flows are obtained from the Navier-Stokes equations First-order boundary layer equations 
using the method of matched asymptotic expansions 
with a perturbation parameter E. The outer expansions (W”)‘+(g’-f’)4%*lcp--f;. -(pf’* 

for U, t’, p, p, p and Tare of the type +q(l +j)ff”+vg’ = 0 (3a) 

u(t,x,y) = U,(t,x, y)+EU*(t,X,y)+‘... (1) (Ng”)’ + Pr cp( 1 +j)fg” - Pr g:. = 0. (3b) 

The inner expansions for u, Re”2 c, p, p, p and Tare 
The boundary conditions are 

of the type f =fw, f’ = g = 0, g’ = gk at? = 0 

u(t,x,y)=u,(t,x,N,)+Eu2(t,x,N,)+.... (2) f’-+l. g’-+l asI]--+co 
fort* 2 0. 

Substituting the outer and inner expansions (1) and (4) 

(2) in the Navier-Stokes equations [4-61, we obtain The initial conditions are given by the steady-state 
the equation for successive approximations. The equations obtained by putting t* = 0, rp = 1, 
matching of inner and outer solutions in the overlap alar* = 0 in equations (3a) and (3b). 
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Here 

? = w, I/bwhv))“2 s ‘I PI a19 t* = U,lt 
0 

.A., = -hdv/W~d”*, Re = ~,Udb4 

UI = u,,w(t*)f’(t*,?), tl = d(t*, 4 

VI = --Cl +j>p;‘(U,,p,,~l,)“2rp(t*)f 
N = PIP,/(PIPI)~ = do-‘. (5) 

Second-order equations 

(1) Longitudinal curvature 

D, (FL, GL ;A = gf’cp,& +sf:. - (Nf”Yg 

1 
+oNf’#+ ~ 

(2+j) { 
2g’(l +j)cp ,% (g-f) -.zY4” 

- 2g’(rp,.h) Ji”m (9 -f) +2g’ pi ft* - 2g’h 

-j(l +j)wY’g’ + 2vgg’ + 2g’(rpAcp)(g-f) 
1 

-f" fgrdti (W 

D2(FL,GL;j) = Prgg&--g(Ng”)‘-g’“g”. (6b) 

The boundary conditions are 

FL=FL=GL=O atq=O 

F’,+ -g, CL+0 asq-+cc 
fort* > 0. (7) 

The initial conditions are given by the steady-state 
equations obtained by putting t* = 0, cp = 1, 
a/&* = 0 in equations (6a) and (6b). Here 

u*L = VI I Pdhw) 1’2 x(p(rL +yc 

RIO 
L 

) 

vzL = ~.AJP~R~~) cpf (1 +j)(g-GL) 
( 

-(l+j)cpK- ‘I(gr*-GLI*)dtf 
I 0 > 

f2L = (t,lR,o)(p,,~c,,/U,,)"*GL. @a) 

The operators D, and D2 are given by 

D,(F,G;j) = [N(ofG+F”+f’G’)]’ 

+ Nf”G’- (g’-f ‘)(&/4)G+f:.G 

-qU’G+2f’F’)+(l+j)4f(F”+f’G’) 

+4(1 +j)f”F-f” 
s 

‘I G,. dq 
0 

D,(F, G; j) = [N(w+ l)g”G+ Ng’G’)]’ 

+Prr$(l +j)g”F-Pr g/G,. 

? 
- Pr g” 

s 
G,. drl 

0 

+Pr4(l+j)f(g’G’+g”G). (84 

For the case of longitudinal curvature, F and G in 
equations (8b) and (8~) should be replaced by FL and 
G L’ 

(2) Transverse curvature 

[N(wf”G,+f’G:+F;)]‘+NfG;+2&f”Ft 

+ 2$f (F; +f’G;) - 24f ‘F; - 4g’G, 

-F;W4 + G,f :a - G,(g’ -f ‘hlrp 

‘) 
- F;,. -f” 

s 
G,,. dr/ -f ‘G,,. = 

0 

g’(Nf’)‘-g(Ns”)‘+Nf’g”+25off’g’+gf:. 

- 2gg’rpA +f ‘grp&J -f’gt* 

v 

2vgg’ -f” 
I 

gt* drl (94 
0 

(N(o+ l)g”G, + Ng’G;)‘+2Pr pf (G,g”+g’G;) 

‘1 
+ 2Pr cpg”E; - Pr g’G,,. - Pr g" 

s 
G,,. dtl 

0 

1 

= 2Pr cosfs"- Pr g’“g”- prg” 
s 

grdrl. C'b) 
0 

The boundary conditions are 

F,=F;=G,=O atr/=O 

F;+g, G,+O asq+cc 
fort* > 0 (10) 

where 

u2t = (U,,p,w~,,)“‘R,‘xcp(F;+f ‘(G,-g)) 

02t = ~.,PI~/PIRIo) 

x 

( 
2rp(fg-fG, -FJ - 

s 
’ (gt. - Gw) dtl 
0 > 

f2t = (t,/R,o)(P,w~~w/U,,)L/2Gt. (11) 

As mentioned earlier the initial conditions are given by 
the steady-state equations corresponding to equations 
(9a) and (9b). 

(3) Boundary layer displacement 

D1(Fd,Gd ;A = -d(vI*+2rp2)h (124 

D2(Fd, G 3) = 0. Wb) 

The boundary conditions are 

Fd=F=Gd=O atq=O 

F& + 1, G,+O asq+co 
fort* > 0 (13) 

- (qb,./c#~)F’-F;. -f ‘G,. (8b) where 
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x 
i 

(1 +jhP(Fd +.fG,) - 

t2d = (fi/U, ,)Gd. (14) 

(4) Vorticity interaction 

DIP,> G, ;.i) = (1 +j)Jc:, (s-j.) (15a) 

D,fFv, G, ; j) = 0 U 5b) 

F, = F; = G, = 0 atT=O 

F: -+ -9, G,--+O asq-rco 
fort* 2 0 (16) 

where 

It may be remarked that the initial conditions in 
the case of boundary layer displacement, vorticity 
interaction, velocity slip and temperature jump are 
given by the corresponding steady-state equations. 
The steady-state equations arc obtained by putting 
I* = 0. # = I, a/at* = 0 in equations (I?), (IS), (1 X), 
(21) and (22). 

The skin friction and heat transfer coefficients are 
given as follows. 

The first-order skin friction and heat transfer 

coefficients are given by 

C,., = t,, i( u:, R, 0 T’;‘J ’ * = g:!“’ ” lxcp(t”) f”(0) 

(24a) 

St, = -yW1 Pr!(V, ,R,,,T’;,)‘- = g;““~ “~*2g”(O). 

Wb) 

The second-order skin friction and heat transfer 
coefficients can be written as follows. 

For longitudinal curvature the skin friction and 

(l+M,fc,+I;,)- ‘G,,.dtl s > heat transfer coefficients (C,,, St,,) are given by 

0 C,, = TWL/(UI 1 Tf,) = gz ‘.ucp(t*)F;(O) (25a) 

t2u = (P,~~,~JU, ,)“‘(fl/U, ,R,oK. 

(5) Velocity slip 

D,V”,G,;A = 0 

D, (Fx, G, ; j) = 0. 

The boundarv conditions are 

(17) St, = -qu,t. Pr/Ty; ’ = g:f’G;fO). (25b) 

The skin friction and heat transfer coefficients 

(184 
for the transverse curvature effect (C,, St,) can be 
obtained by changing the subscript L by t in the set 

(18b) of equations (25). 
For the boundary layer displacement effect 

F, = Gs = 0, F; = f, t”, 

Fj = G, = 0 

atq=O 
c,, = 7u,d/(U,,R,"T';'o)"2 = ~,9~---‘):2~(t*)F;‘(o) 

fort* > 0 (26a) 
3S~-‘cx? 

(1% 

St, = -qwd Pr U;;Z/(R,,T’;‘;:‘)“’ =5 g;~w.+‘J~2G;I(0). 

(26b) 

where 

@& = $‘?M ta- 112 m w CL’, ~~P~~~~~)“‘U~ ,wE+.f’G) 

va, = _ d’, #; ‘vl”M,,ttl’ I:? 

x $,(I -i-HF, +.G> - 

tzs = ~‘~2~~t~-‘~~(U,,/p,w~,w)‘~Zt,G~. (20) 

(6) Temperature jump 

ol(F,j,G,j;.i) = 0 (21) 

o~(Ftj, G,j ;j) = 0. (22) 

The boundary conditions are 

F1, = Ftj = 0, G, = g"(O)/g'(O) at y = 0 

F$ = G, = 0 
fort* > 0 

asy-tcc 

(23) 

where U?~j* Uztj and tztj are given by equations (20) by 
replacing s by tj. The operators D, and D, which 
occur in equations (12)-(22) are defined in equations 
(8b) and (SC) where F and G have to be replaced by 
Fd and Gd for boundary layer displacement by I;, and 
G, for vorticity interaction, by F, and G, for velocity 
slip, and by Ftj and G, for temperature jump. 

For the vorticity interaction effect 

c,, = z,,/Y;;, = xg;*- ‘y(r*)F:‘(O) (27a) 

St,, = -qwv Pr U, ,/F(,’ ’ = &“G:(O). (27b) 

For the velocity slip effect 

C, = &/(]J”2M, u:,T”;‘; 1,2) = .xg:‘“‘+ “Z’$?o(t*)F:(o) 

(28a) 

St, = --yw% Pr/(y’!‘M,U, 1 T’;,’ I!*) = gz* “ZG;(0). 
(28b) 

For the temperature jump effect 

C = z 
ftt 

./(y”2&f 
WU x, 

u= T”-I’“) 
f1 I 0 

= .xgT “‘c~$t*)[~~(O) + (I +oi)f”(0)Gzj(O)] 

(294 

= gw ‘~‘~“z~G~j(0)+(l+~)g”(O)G~j~O)]. f29b) 

The total skin friction cf (i.e. first order plus second 
order) and the total heat transfer % (i.e. first order 
plus second order) are given by 

C, = c,, +E(Cn.+kCft-+ u,,C,, 

-+QC,-t-u,C,+c,C,) (30a) 
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St=St,+E(SfL+kSt,+U2,Std 

+nStv+~, St,+c, St,) (30b) 

C, = &g;‘“- n&p (31a) 

St = S;/g$- n/2. (31b) 

RESULTS AND DISCUSSION 

The non-linear first-order boundary layer equation 
(3) with boundary condition (4) has been solved using 
the quasilinearization technique in combination with 
an implicit finite-difference scheme. Then the linear 
second-order boundary layer equations (6), (9), (12) 
(15), (18), (21) with boundary conditions (7), (lo), 
(13), (16), (19), (22) have been solved using an implicit 
finite-difference scheme. Since the method has been 
described in detail in refs. [21-231 it is not reported 
here for the sake of brevity. The step sizes Aq and At* 
are optimized and Aq = 0.05 and At* = 0.1 are used 
throughout the computation. The boundary layer 
edge (q_,) is also optimized and it is found that it 
depends on the injection parameter (fW) and wall tem- 
perature (gk). It is assumed that U2, is negative 

17, 151. 
In order to assess the accuracy of our method we 

have compared our second-order boundary layer heat 
transfer results due to curvature, displacement and 

j- 

vorticity (St,, St,, St,) for the two-dimensional steady 
flow with those of Fanneliip and Fhigge-LGtz [9], the 
axisymmetric results with those of Van Dyke [5] and 
Davis and Fhigge-Lbtz [8] and found them to be in 
good agreement. The comparison is shown in Fig. 1. 

Computations have been carried out for various 
values of the mass transfer parameter (fW), wall 
temperature (9;) and for two different unsteady 
free stream velocity distributions which have a con- 
tinuous first derivative for all t* characterized 
by cp(t*) = l+s,t** and rp(t*) = [IS&~ cos (o*t*)]/ 
(1+&J where E, = 0.25, a2 = 0.1 and o* = 5.6. 
Results for the accelerated stream and fluctuating flow 
for two-dimensional flow are shown in Figs. 2-4 and 
for axisymmetric flow in Fig. 5. 

The effect of mass transfer (fJ on the total skin 
friction and heat transfer (C,, St), which include the 
effects of both first- and second-order boundary 
layers, is shown in Fig. 2. The skin friction and heat 
transfer due to the first-order boundary layer only 
(Cn, St,) are also shown in Fig. 2. It is found that the 
total skin friction and heat transfer (C,, St) differ 
significantly when fW < 0 (injection and no mass 
transfer) and this difference is less in the case of suc- 
tion (fW > 0), because suction (fW > 0) reduces both 
the first- and second-order boundary layer thicknesses. 
The effect of injection (fW < 0) is just the opposite. 
For example, for t* = fw = 1, the difference between 

Pr =0.7,f,CO, t*=o 

- Two-dimensional I ---- Axisymmetric Present results 

0 Fannelijp and Fhgge-Lb’tz 

0 Davis and Fliigge- Cdtt 
A Van Dyke 

i 

FIG. 1. Comparison of second-order boundary layer heat transfer coefficients due to curvature, displacement 
and vorticity (St,, St,, St,) for the steady flow. 
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FIG. 2. Effect of mass transfer (f,) on the totai skin friction and heat transfer (C, St) and the skin friction 
and heat transfer due to the first-order boundary layer (CT,,, St,) for the two-dimensional BOW (j = 0) when 

f&t*, = I +8,t*2, 

0.1 

J, t% 
L 

u” 

c 

0.4 

j- 

- Total ---- First order I 
fw=0,w=0.5,Pr=0.7, 0 ct*,w.r+ qt*:+0.25 

I 

Cf/10,91w"f.5 T 

f 
St,g$=oA 

- 1.0 u 

Cf,,&=OJ+ ___------ ------ x 
“, 

t 

%LA?&5-_ ___-_-I _--PI_____ 

-0 

1 I I k.0 
0.5 1.0 1.5 2.0 

t" 
FKZ. 3. Effect of wall temperature (A) on the tota skin friction and heat transfer (C,, St) and the skin 
friction and heat transfer due to the first-order boundary layer (C,, St,) for the two-dimensional Bow 

(j = 0) when c&r*) = 1 -ts,r**. 



FIG. 4. 
friction 

I I I 

fw=0,w=0.5, Pr-0.7, oCt*) = 
1 + E * cos cw” t”1 

I+ EZ 
J 

w*s 5.6 ,r2s0.1 
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0 

I - Total (Cf,St) 1.0 

--- First order (Cf,,Stl) 

CfJ &= 0.4 
- ++ 

.-_-A 
_/----y\ 

st,&1.5 -A_c I(- 
-0.31 I I I -0.5 

0 0.5 1.0 1.5 2.0 
t* 

Effect of wall temperature (g&) on the total skin friction and heat transfer (C,, St) and the 
and heat transfer due to the first-order boundary layer (C,, St,) for the two-dimensional 

(j = 0) when d(t*) = [I +s2 cos (w*t*)]/(l +Q). 

St, , g&&o.4 --_________ ____--- 

1 0 

7%_l_o 

1.0 
t* 

1.5 2.0 

FIG. 5. Effect of wall temperature (gk) on the total skin friction and heat transfer (C,, St) and the skin 
friction and heat transfer due to the first-order boundary layer (C,, St,) for the axisymmetric flow (j = 1) 

when &t*) = 1 +~,t**. 
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C, and Cr, is about 3% and the difference between St 

and St, is about 7%. On the other hand, for fW < 0 
the difference between Cr and C,, is more than 30%. 
The heat transfer St is about one-quarter of that of 
the first order. For fw = - 2, both St and St, are very 

small. Therefore, the second-order boundary layer 
effects become very important in the case of injection 
(fW < 0) and no mass transfer (fW = 0) as compared 
to the case of suction (fW, > 0). It is also observed that 
the total skin friction and heat transfer (Cr, St) for 

fW d 0 are less than those of the first-order boundary 
layers (Cn, St,). However, for ,fi > 0 they are slightly 
more than that of the first-order boundary layers. 

which is somewhat indirectly affected by the 11u(.- 
tuations of the free stream velocity. Like in LLCC& 

erating flow, the total skin friction and heat transfer 

(Cr, St) are strongly affected by the wall temperature 

& 
The effect of the wall temperature (gl) on the total 

skin friction and heat transfer (C’,, St) and on the 

boundary layer results (C,-,, St,) for the axisymmetric 
flow (j = I) is shown in Fig. 5. Since the cffcct of ,q:& 
on Grand St is qualitatively similar to that of the two- 
dimensional flow (,i = 0) given in Fig. 5, the results 
arc not discussed here. 

Both skin friction and heat transfer (C,-, 9) are 
strongly affected by the mass transfer parameter (&,) 
and they decrease due to injection (,I;” < 0) and 
increase due to suction (,fW > 0). This behaviour is 
due to the increase in the boundary layer thickness 
due to injection (,f, < 0) and the effect of suction 
(fW > 0) is just the reverse. For accelerating flow 
(cp(t*) = 1 +~,t*~) the total skin friction and heat 
transfer (C,, St) increase with time t*. However, the 
effect is significant only for large time t* (t* > 1). 
Also, for fW < 0, the change in heat transfer (St) with 
t* is very small. It may be remarked that for decelerat- 
ing flow (cp(t*) = 1 -~,t*~), both skin friction and heat 
transfer (C,, St) decrease as t* increases. The results 
are not shown here for the sake of brevity. 

Since we have presented results taking into account 
the first-order boundary layer effects and all the 
second-order boundary layer effects, for the sake of 
brevity, the results showing the curvature effects, 
displacement effects, vorticity effects, and velocity slip 
and temperature jump effects are not prescntcd here 
separately. 

The effect of wall temperature (gL) on the skin 
friction and heat transfer due to both first- and 
second-order boundary layers (C,-, St) is shown in 
Fig. 3. The skin friction and heat transfer due to first- 
order boundary layers (Cr,, St,) are also shown in Fig. 
3. Both skin friction and heat transfer (C,, St) are 

strongly dependent on the wall temperature (9;). For 
the hot wall (gk > 1), St < 0. This implies that the 
heat is transferred from the wall to the fluid. For the 
cold wall (gl, < I), St > 0 which implies that there is 
a transfer of heat from the fluid to the wall. The skin 
friction and heat transfer change significantly only for 

large time t*. It is seen that for both cold wall 
(g& = 0.4) and hot wall (gk = 1.5). total skin friction 
and heat transfer (C,, St) are less than those of the 

first order (Cr,, St,) when fW = 0. 

The governing partial differential equations for 
unsteady compressible second-order boundary layers 
describing all the effects in the case of a two-dimen- 
sional and axisymmetric stagnation point flow have 
been derived for the first time. The results indicate 
that the total skin friction and heat transfer for both 
two-dimensional and axisymmetric cases are strongly 
dependent on the surface mass transfer and wall tem- 
perature. Both the total skin friction and heat transfer 
decrease due to injection and the effect of suction is 
just the reverse. The total skin friction and heat trans- 
fer for the accelerating flow change significantly only 
for large times. The skin friction responds more to the 
fluctuations of the free stream than the heat transfer. 
The second-order boundary layer effects are found to 
be more significant in the presence of injection and no 
mass transfer as compared to that of suction. 

The effect of wall temperature (g&) on the total 
skin friction and heat transfer (C,-, St) for the lIuctu- 

ating free stream velocity cp(t*) = [1 +a, cos (w*t*)]/ 
(1 +EJ is presented in Fig. 4. Figure 4 also contains 
the corresponding results (C,,, St,) of the first-order 
boundary layers. Since the first-order boundary layer 
results are discussed in detail in ref. [24], they are 
not discussed here. It is observed that the total skin 
friction (C,) responds more to the fluctuations of the 
free stream than the total heat transfer (St). In fact, 
the response of the total heat transfer (St) is very 
small. The reason for such a behaviour is that the 
skin friction is directly proportional to the velocity 
gradient which is strongly affected by the fluctuations 
in the free stream. On the other hand, the heat transfer 
is directly proportional to the temperature gradient 
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SOLUTIONS SEMI-SIMILAIRES D’UN ECOULEMENT VARIABLE COMPRESSIBLE DE 
COUCHE LIMITE DE SECOND ORDRE, PRES DU POINT D’ARRET 

RCum&-Des solutions semi-similaires d’ecoulement variable compressible de couche limite sur des corps 
bi-dimensionnels thermique, sont btudiees pour tous les effets de couche limite du second ordre, lorsque la 
vitesse de l’ecoulement libre varie arbitrairement avec le temps. Le systeme d’equations aux derivees 
partielles representant tous les effets est &it pour la premiere fois. On le r&out numeriquement a l’aide 
dun schema implicite aux differences finies. Les r&sultats sont obtenus pour deux cas de vitesse variable 
d’bcoulement libre : (a) un Bcoulement acc&re et (b) un ecoulement fluctuant. On observe que le frottement 
parietal total et le transfert de chaleur sont fortement affect& par le transfert de masse et la temperature 
parietaux. Neanmoins, leur variation avec le temps est sensible seulement pour des grandes durbes. Les 
effets sont trouves plus pronon& dans le cas de l’absence du transfert de masse ou de l’injection par 

rapport au cas de l’aspiration. 

QUASI-SIMULTANE LGSUNG EINER INSTATIONAREN KOMPRESSIBLEN 
GRENZSCHICHTSTROMUNG ZWEITER ORDNUNG AM STAGNATIONSPUNKT 

Zuaammenfassung-Unter Beriicksichtigung des Massentransports werden quasi-simultane Lijsungen 
von instationlren Grenzschichtstriimungen am Stagnationspunkt an zwei-dimensionalen, achsensymmet- 
rischen Kijrpern untersucht. Dabei werden alle Grenzschichteffekte zweiter Ordnung aufgezeigt, die sich 
bei zeitlich beliebig veriinderlicher freier Anstromgeschwindigkeit ergeben. Zum ersten Ma1 wird das 
gesamte System von partiellen Differentialgleichungen hergeleitet, welches alle Effekte der instationiren 
kompressiblen Grenzschicht zweiter Ordnung beschreiben kann. Die partiellen Differentialgleichungen 
werden numerisch mit Hilfe eines imnliziten Differenzenverfahrens gel&t. Die Eraebnisse fur zwei snezielle 
instationiire Geschwindigkeitsverteihmgen, (a) einer beschleunigtenStrijmung turd (b) einer schwankenden 
Stromung, werden ermittelt. Es wird dabei beobachtet, dal3 die Gesamtreibung an der Oberflbhe und 
der Warmeiibergang sehr stark vom Massentransport an der Oberfliiche und von der Wandtemperatur 
abhiingen. Trotzdem ist deren zeitliche Anderung nur fiir grol3e Zeiten signifikant. Es zeigt sich, dag im 
Fall von verschwindendem Massentransport oder Einblasung die Grenzschichteffekte zweiter Ordnung im 

Gegensatz zur Absaugung starker in Erscheinung treten. 
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HOJIYABTOMOAEJIbHbIE PEIIIEHIIR AJI5l HECTAUkiOHAPHOrO CXKMMAEMOTO 
TE9EHMII B I-IOI-PAHMYHOM CJIOE 2-l-O I-IOPflAKA B TOYKE TOPMOXEHMII 

~~-~p~ ~pO~3BOnbHOM~3MeHe~~CKO~~T~~OTOK~BO BpeMeHua3yraH7TClnOnyaBTOMO~e- 

nbHMe peruefm an% 302x *KToi3 B~oporo nopfrma H~Ta~~oHapHoro TeveHm czmbzaehforo ra3a c 

yWTOMMaCCOO6MeHaBnO~aHBWOMCnOe B6nntlsH TOYKH TOPMOEeHUl AByMePHbIXOCeCNMMeTPN'IHbIX 
TeJl. BnepBbre BbIBeneHa CHCTeMB lNi~~~HUWiJIbHbIX ypaBHeHHfi B yWCTHbIX npOH3BOAHbiX, OtIpe- 

nenrmmax mcrauuoHapHbre cmMaerdbre norpaHHsHble cnow BTO~O~O nopnnKa c y9eToM wex RX 

3Ij@eKTOB. 3TH ypaBHeHRK peLUeHbI YHCneHHO Ha OCHOBe HeKBHOii KOIieWiO-pa3HOCTHOfi CXeMbI. nOJly- 

=tem pe3ynbraTbimK LkByX KOHKpeTHbiX cnyvaeB pacnpenemisr CKOpOCTefi B HecTauuoIiapHoM Ha6e- 

raEoIQeM EIOTOKe: (a) IIpSl Te'IeHkiH C yCKOpeH%eM H (6)npe xone6aHwrx CKOpOCTU Te%eHWi. %MeseHO, 
~~ocy~~ap~oe~~~~~~~~~~~~~~e~Tenno~e~~occnnb~o 3aBucKToT M~~o~e~H~Ha nosepx- 

HOCTR Si TeMnepaTypbI CTeHOK. @UiZlKO, OHEi Ilpe-repileBaKST CyWeCTBeHWOe N3MeHeHWe TOnbKO Ha 

6onbmax orpelrax BpeMeHH.HaiiAeIio,v~o 3#$mTbI norpaHusHoro CnOR BToporo nopanKa aaH6onee 
wnbH0 Bbrpagefibt npw OTC~T~TBW~ Macconeperioca Hmi Bnysa no cpamienmo co cnyraeM orcoca nor- 


