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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 bounidary 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 FLOWSs that occur in modern technology possess
characteristics that cannot be treated within the single
framework of Prandt!’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 [1] 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, 2]. 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 [4-17] for two-dimen-

+ Author to whom correspondence should be addressed.

sional, axisymmetric and three-dimensional stag-
nation point flow with or without mass transfer.
Arunachaiam and Rajappa [18] and Afzal and Rizvi
[19] 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. [5, 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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stream functions such that
[ =ufu, F' = wfu,
S mass transfer parameter

f7(0), F"(0) skin friction parameters

g,G first- and second-order dimensionless
temperature, respectively

Gw wall temperature

g"(0), G’(0) heat transfer parameters

j constant which equals 0 for two-

dimensional flow and 1 for
axisymmetric flow

k surface curvature of the body
M, free stream Mach number

N, stretched variable, y/e

N ratio of density viscosity product
D, Pr, Re pressure, Prandtl number and

Reynolds number, respectively
density and temperature at the
stagnation point, respectively
. local heat transfer at the wall

S, T Stanton number due to both first- and
second-order boundary layers and
temperature

St, Stanton number due to the first-order
boundary layer

I, 1, first- and second-order temperature,
respectively

1, t* dimensional and dimensionless time,
respectively

u,v velocity components in the x- and

y-directions, respectively

NOMENCLATURE
a, ¢ accommodation coefficients U, potential flow velocity gradient in the
G total skin friction coefficient x-direction
Cy skin friction coefficient due to the first- X,y principal and normal directions,
order boundary layer respectively.
fF dimensionless first- and second-order

Greek symbols

¥y ratio of the specific heats

& perturbation parameter, Re™ /?

n similarity variable

u,p coefficients of viscosity and density,
respectively

T shear stress at the wall in the
x-direction

103 arbitrary function of time representing
unsteadiness in the free stream

® exponent in the viscosity law where
poc T,

Superscript

derivative with respect to #.

Subscripts

d displacement effect

e,w conditions at the edge of the boundary
layer and on the surface,
respectively

L longitudinal curvature effect

s velocity slip effect

t, tj transverse curvature and temperature

jump effect, respectively
r* derivative with respect to *
vorticity interaction effect
first- and second-order quantities
oo free stream values.

point, and the free stream velocity varies arbitrarily
with time. The first- and second-order boundary layer
equations for two-dimensional and axisymmetric
flows are obtained from the Navier-Stokes equations
using the method of matched asymptotic expansions
with a perturbation parameter ¢. The outer expansions
for u, v, p, p, p and T are of the type

u(t,x,y) = U,(t,x, p)+eUs(t,x, p)+---. (1)

The inner expansions for u, Re''? v, p, p, # and T are
of the type

u(t, x, y) = i (6, x, N) +eua (L x, N+ (2)

Substituting the outer and inner expansions (1) and
(2) in the Navier—Stokes equations {4-6], we obtain
the equation for successive approximations. The
matching of inner and outer solutions in the overlap

region leads to the first- and second-order boundary
layer equations [4-6].

First-order boundary layer equations
(NF'Y +(g =9l —af?
+o(1+))ff"+og =0 (3a)

(Ng"Y +Pro(l+))fg"—Prg..=0.  (3b)
The boundary conditions are
S=fe J7=9=0, g=g. atn=0 cort* > 0
f-1, g1 asp—ooof O
“@

The initial conditions are given by the steady-state
equations obtained by putting *=0, ¢=1,
d/0r* = 0 in equations (3a) and (3b).
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Here

n
1 = (Un/(Pruitrw)) 1/2L p ANy, *=Ut

Jo= —(plv,)w/(sU“)”z, Re = p U, [(kp)

uy = Upxo() f(¢5n), ©=g@*n)

o, = —(1+)p1 ' (Unpwtin) Pot*) f
N=pu/(pipt)w =9 " &)

Second-order equations
(1) Longitudinal curvature

D\(FL,Gusj) = gf oelo+af e —(Nf"Yg
1 ’ - : Ly
+oN9'+ 515 {29 (A+))e lim (9=f)~if
—29'(@/9) lim (9—f)+2¢' im f.—2gf

—j(1+))off g’ + 2099 + 29" (@ /0)g—f )}

n
-f" N dn (6a)

Dy(F.,Gr;Jj) = Prgg..—g(Ng"Y —g™°g". (6b)

The boundary conditions are

FL=F=G.=0
G. -0 asp—- o0

atp =0
fort* > 0. (7)

;. - —g,
The initial conditions are given by the steady-state
equations obtained by putting *=0, ¢=1,
8/dr* = 0 in equations (6a) and (6b). Here

- (Ullplwl‘lw)”2

U
Ry

xp(FL+f'Gy)
Uy = (le#lw/P1R10)<(Pf(l +i)(g—Gr)

ki

—(+))eF, _J; (g —Grp) d’1>

ta. = (11/R10) (Prwttin/U11) V2 Gy (8a)
The operators D, and D, are given by

Dy(F.G3)) = [N(@f "G+ F'+f'G')]
FNF"G (g =)l $)G+ G
S GHYF)+ (1 +)f F G
+OU+NSF~f" | G

~(@/$)F' —Fl.—f G (8b)
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D,(F,G;j) = [N(w+1)g"G+Ng'G")]
+Prép(1+j)g'F—Prg G,

"
—Pr g”j Gn.dn
0

+Pré(l+/)f(gG +9'G). (8¢)

For the case of longitudinal curvature, F and G in
equations (8b) and (8c) should be replaced by F; and
G..

(2) Transverse curvature
IN(@f"G+f' G+ F)I'+ Nf"G{+2¢f"F,

+2¢f (FY +1'G) —2¢f ' Fi— ¢g'G,

—Fipu/d+ G f1e—Gg —f)onl0

n
—Fi. _'f”J; G dn—f'Gye =

g N —g(Nf"Y +Nf'g"+20ff g +9f v
—299' QO +f'gOul0—f g

n
2099’ —f L gedn (9a)

(N(w+1)g"G+ Ng'G)' +2Pr of (Gig" +9'GY)

n
+2Prog’F,—Prg'G,.—Prg" J G dn
0

0

n
= 2Pr ogfg" —Prg*°g”—Pr g”f ge~dn. (9b)

The boundary conditions are
FF=F =G =0 atn=0

*
Fiog, } forr* >0 (10)

G,—»0 asp—
where

uy = (Unprutirw) > Rig' x@(Fi+ (G —9))
Ua = (Prwthin/P1R10)

x (2¢(fy —fG.—F)— L " (90— Guw) dﬂ)

ty = (t1/R10)(Prwttin/ U11) V?G. (11)
As mentioned earlier the initial conditions are given by
the steady-state equations corresponding to equations
(9a) and (9b).

(3) Boundary layer displacement
D\(Fy,Ga3)) = =g (0n+20)]@
D,(Fy4,Gy35) = 0.

The boundary conditions are
Fy=F;=G;=0 atyp=0
Fi-1,

(122)
(12b)

X
Gy —0 asn—»oo} fore* 20 (13)

where
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Uy = x@(Fi+/'Gy)
Vg = —p7 o1t U, )7

X ((1 +)P(Fy+fGy) ‘”J; Gy d"l)

Ly = (4,/U; )G, (14)
(4) Vorticity interaction

D(F,,G,;j)=( +tHlim (g—/)  (15a)

Dy(F,,G,;/) =0 (15b)

F,=F,=G, =0
F,— ~g,

atn =0

*
G0 aanm} forr* >0 (16)

where
Uy, = R {‘})l(plwﬂlw/,(]] l) K ZX(P(F:‘ +I/Gv)
Uy = ~(Pruiin/ 1R Uy )

ty = (Prwthn/ U1 ) 30 /U 1R, )G, an
(5) Velocity slip
D\(F,,G:j) =0 (18a)
Dy(F,,Ge;j) =0 (18b)
The boundary conditions are
F=G,=0, F/=7{"(0) aty=20
Fi=G,=0 asn—»oo} fors>0
(19)
where

s =7 Mty VU, fpratn) U x@(FL+1Gy)
v = ~Uppi WM 10 '

X (d’(l +INEA+SG) —~ L G df?)

t25 = }’HZMOGI&/)_ IVIZ(UI I/plwﬂlw)]'/zth (20)
(6) Temperature jump
D (F;,Gy30) =0 b
D2(F|jaG1j;j) =0 (22)
The boundary conditions are
sz =F=0, Gy=4"0)g 0 atn= 0} fort* > 0
F;=G;=0 asn — o0
(23)

where u,;, 053 and I,; 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 (8c) where F and G have to be replaced by
F; and G, for boundary layer displacement by F, and
G, for vorticity interaction, by F, and G, for velocity
slip, and by F,; and G, for temperature jump.
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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 are obtained by putting
* =0, ¢ =1, 8/0r* = 0 in equations (12), (15), (18),
(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

Co =t (UL R TY) P =gl V 7JC(P(l*)f"(O)

(24a)

(( 2 117 quﬂ((})
(24b)

Sty = =g Pri{U, Ry T}

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

For longitudinal curvature the skin friction and
heat transfer coefficients (Cyp, St,) are given by

Cr = 1 (U TS) = g2 'xp(t*)F(0)
Sty = —gu PriT = g2G1(0).

(25a)
(25b)

The skin friction and heat transfer coefficients
for the transverse curvature effect (Cy, St,) can be
obtained by changing the subscript L by t in the set
of equations (25).

For the boundary layer displacement effect

Cu = Twa/ (U1 R T50) Y2 = xgll~ 2 o(1%)F§(0)
(26a)
Sty = —qoq PrUVHRGTS D) = gl "2 G(0).
(26b)
For the vorticity interaction effect
Cro = T/ To = xg3" ™ ' p(t*)F(0) (27a)
Sty = —qu PrU /T = g?G(0).  (27b)

For the velocity slip effect
Cr = T/ (7 PM LU TG 1) = xgl™ Y2 (%) FJ(0)

(28a)
Sts = — (e Pr;”(’}'szmUi , T(;)g l,’Z‘) o g‘:o«}» I/"G;(o)
(28b)

For the temperature jump effect
Cry = waj/(?’l"rzM LULT

= xgy" e(t)F0)+ (1+w) f(0)Gy(0)]
(29a)

St‘j = —quy Pr{(y VMU TYEY
— g RGO+ (1 + @) OGO (29b)

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

Cf Co +&(Cr+kCr+ Uy Cy
+QCq, +a,;Cre+¢Cyy)  (30a)
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St = St, +&(St, +k St,+ U,y Sty
+QSt,+a, St,+c, Sty) (30b)

Ci = Cifxgi~ "o (31a)
St = St/g/o- D2, (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), (10),
(13), (16), (19), (22) have been sotved using an implicit
finite-difference scheme. Since the method has been
described in detail in refs. [21-23] it is not reported
here for the sake of brevity. The step sizes Ay and Ar*
are optimized and Ay = 0.05 and Ar* = 0.1 are used
throughout the computation. The boundary layer
edge (n,,) is also optimized and it is found that it
depends on the injection parameter ( f,,) and wall tem-
perature (g,). It is assumed that U,, is negative
[7, 15].

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
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vorticity (St., St4, St,) for the two-dimensional steady
flow with those of Fannel6p and Fliigge-Lotz [9], the
axisymmetric results with those of Van Dyke [5] and
Davis and Fligge-Lotz [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 (f,), wall
temperature (g;) and for two different unsteady
free stream velocity distributions which have a con-
tinuous first derivative for all * characterized
by @(t*) = 1+¢,r*? and ¢(#*) = [14+¢, cos (w*t*)}/
(1+¢&,) where £, =0.25 ¢, =01 and w*=>5.6.
Results for the accelerated stream and fluctuating flow
for two-dimensional flow are shown in Figs. 24 and
for axisymmetric flow in Fig. 5.

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

0.8 T
Pr=0.7%f,=0, t=0
Two-dimensional
————Axisymmetric
©  Fanneldp and Flugge-Ldtz
0.6

o Davis and Fligge-Ldtz /
A Van Dyke

Present results

FiG. 1. Comparison of second-order boundary layer heat transfer coefficients due to curvature, displacement
and vorticity (St,, St4, St,) for the steady flow.
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Fig. 3. Effect of wall temperature {(g,,) on the total skin friction and heat transfer (C,, S¢) and the skin
friction and heat transfer due to the first-order boundary layer (Cy, St,) for the two-dimensional flow
(j = 0) when ¢(r*) = 1 +z,1*%
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FIG. 4. Effect of wall temperature (g;) on the total skin friction and heat transfer (C;, St) and the skin
friction and heat transfer due to the first-order boundary layer (Cp, St,) for the two-dimensional flow
(j = 0) when ¢(#*) = [1 +¢&, cos (w*™)]/(1 +e&2).
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0 0.5 1.0 1.5 2.0
t

FiG. 5. Effect of wall temperature (g;,) on the total skin friction and heat transfer (C;, S¢) and the skin
friction and heat transfer due to the first-order boundary layer (Cj,, St,) for the axisymmetric flow (j = 1)
when ¢(1*) = 1 +¢,2*%,
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Crand Cy, is about 3% and the difference between St
and St, is about 7%. On the other hand, for £, <0
the difference between C; and Cy is more than 30%.
The heat transfer St is about one-quarter of that of
the first order. For f,, = —2, both St and S, are very
small. Therefore, the second-order boundary layer
effects become very important in the case of injection
(fw < 0) and no mass transfer (f,, = 0) as compared
to the case of suction (f,, > 0). It is also observed that
the total skin friction and heat transfer (C;, St) for
J < 0 are less than those of the first-order boundary
layers (Cy,, St,). However, for f,, > 0 they are slightly
more than that of the first-order boundary layers.

Both skin friction and heat transfer (C;, Sr) are
strongly affected by the mass transfer parameter ( f,,)
and they decrease due to injection (f,, < 0) and
increase due to suction (f,, > 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
(@(t*) = 1+¢,t*?) the total skin friction and heat
transfer (C;, St) increase with time 7*. However, the
effect is significant only for large time r* (r* > 1).
Also, for £, < 0, the change in heat transfer (S7) with
t* is very small. It may be remarked that for decelerat-
ing flow (p(#*) = 1—¢,r*?), both skin friction and heat
transfer (C;, Sr) decrease as r* increases. The results
are not shown here for the sake of brevity.

The effect of wall temperature (gy) 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 (Cy,, St,) are also shown in Fig.
3. Both skin friction and heat transfer (C;, St) are
strongly dependent on the wall temperature (g5,). For
the hot wall (g;, > 1), St < 0. This implies that the
heat is transferred from the wall to the fluid. For the
cold wall (g;, < 1), 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 r*. It is seen that for both cold wall
(g% = 0.4) and hot wall (g, = 1.5), total skin friction
and heat transfer (Cy, St) are less than those of the
first order (Cpy, St;) when f, = 0.

The effect of wall temperature (g;) on the total
skin friction and heat transfer (C;, St) for the fluctu-
ating free stream velocity @(1*) = [1 +¢, cos (w*1¥)]/
(1+¢,) is presented in Fig. 4. Figure 4 also contains
the corresponding results (Cj,, 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 (S¢). 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

R. VasaNTHA and G. NaTH

which is somewhat indirectly affected by the iluc-
tuations of the free stream velocity. Like in accel-
erating flow, the total skin friction and heat transfer
(Ce, St) are strongly affected by the wall temperature
G

The effect of the wall temperature (g,) on the total
skin friction and heat transfer (€., S1) and on the
boundary layer results (Cy,, St,) for the axisymmetric
flow (j = 1) is shown in Fig. 5. Since the effect of ¢,
on Crand St is qualitatively similar to that of the two-
dimensional flow (j = 0) given in Fig. 5, the results
are not discussed here.

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 presented here
separately.

CONCLUSIONS

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.
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SOLUTIONS SEMI-SIMILAIRES D’'UN ECOULEMENT VARIABLE COMPRESSIBLE DE
COUCHE LIMITE DE SECOND ORDRE, PRES DU POINT D’ARRET

Résumé—Des solutions semi-similaires d’écoulement variable compressible de couche limite sur des corps
bi-dimensionnels thermique, sont étudiées pour tous les effets de couche limite du second ordre, lorsque la
vitesse de 1’écoulement libre varie arbitrairement avec le temps. Le systéme d’équations aux dérivées
partielles représentant tous les effets est écrit pour la premiére fois. On le résout numériquement a Paide
d’un schéma implicite aux différences finies. Les résultats sont obtenus pour deux cas de vitesse variable
d’écoulement libre : (a) un écoulement accéléré et (b) un écoulement fluctuant. On observe que le frottement
pariétal total et le transfert de chaleur sont fortement affectés par le transfert de masse et la température
pariétaux. Néanmoins, leur variation avec le temps est sensible seulement pour des grandes durées. Les
effets sont trouvés plus prononcés dans le cas de I’absence du transfert de masse ou de l'injection par
rapport au cas de ’aspiration.

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

Zusammenfassung—Unter Beriicksichtigung des Massentransports werden quasi-simultane LOsungen
von instationdren Grenzschichtstromungen am Stagnationspunkt an zwei-dimensionalen, achsensymmet-
rischen K&rpern untersucht. Dabei werden alle Grenzschichteffekte zweiter Ordnung aufgezeigt, die sich
bei zeitlich beliebig verdnderlicher freier Anstromgeschwindigkeit ergeben. Zum ersten Mal 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 impliziten Differenzenverfahrens geldst. Die Ergebnisse fiir zwei spezielle
instationdre Geschwindigkeitsverteilungen, (a) einer beschleunigten Stromung und (b) einer schwankenden
Strémung, werden ermittelt. Es wird dabei beobachtet, dal die Gesamtreibung an der Oberfliche und
der Wirmeiibergang sehr stark vom Massentransport an der Oberfliche und von der Wandtemperatur
abhiingen. Trotzdem ist deren zeitliche Anderung nur fiir groBe Zeiten signifikant. Es zeigt sich, daB im
Fall von verschwindendem Massentransport oder Einblasung die Grenzschichteffekte zweiter Ordnung im
Gegensatz zur Absaugung stirker in Erscheinung treten.
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NONYABTOMOJEJIBHBIE PEIMEHHUA 1J1A HECTAHMOHAPHOI'O CKMMAEMOI'O
TEYEHHMA B MOTPAHUYHOM CJIOE 2-I0 IMOPAAKA B TOYKE TOPMOXEHHUSA

Annorauss—I1pH HPOH3BOILHOM H3MEHEHHH CKOPOCTH [IOTOKA BO BPEMEHH H3YHAIOTCH NOJIyaBTOMOE-
JIbHBIE PCLUCHHSA Ui BoeX 3G(EKTOB BTOPOTO NOPANKA HECTALHOHAPHOIO TEYCHHA CXHMAEMOro rasa ¢
yueTOoM MaccooOMeHa B NOrpaHHYHOM Cj1oe BOJIH3H TOMKH TOPMOXEHHSA ABYMEDHBIX OCECHMMETPHMHBIX
Ten. Bmepsbie BeiBemeHa cucTeMa HuddepeHIMaNbHEIX YPaBHEHHH B YMAaCTHBIX NPOM3BOIMBIX, ONpe-
NENKIOINX HeCTAllHOHAPHbIE CXHMAaeMble NOTPAHHYHbIE CJIOH BTOPOTO MNMOPANKZ C Y4eTOM BCEX HX
3¢bekTOB. ITH YPaBHECHAS PELICHK! YHCIICHHO HAa OCHOBE HEABHOM KOHEMHO-PA3HOCTHOM cxemsl IMomy-
YeHBI pe3yNbTaThl JUIS ABYX KOHKPETHRIX CNY4aeB PaclpeiesiHHs CKOPOCTeH B HECTAUHMOHAPHOM Halbe-
FaloIieM NMOTOKE: {a) MPH TCHYCHMH C YCKOperHeM H {0) npu xoneGaHUAX CKOPOCTH TeueHus. 3aMeyeHo,
4TO CYMMAapHOE NIOBEPXHOCTHOE TPEHHE H TETLIONECPEHOC CHIIBHO 3aBUCHT OT MACCONIEPEHOCa Ha NOBEPX-
HOCTH W TeMnepaTypbl cTeHoK. OAHAKO, OHH TNPETEPNeBAlOT CYMIECTBEHHOS W3MEHEHHE TONBKO Ha
Gospmux orpeskax Bpemenn. Hailneno, yro adbexTsl MOrpasw4HOro ciiod BTOpore nopsixa Haubonee
CHJILHO BBLIPaXEHbI MIPH OTCYTCTBHM MAcCONEPEHOCA MJIM BAYBA IO CPABHEHHIO CO CJlydaeM OTCOCA IOr-
PAHHYHOIO CIIOf.



