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32.4). Note that a sharply defined heating wavefront (with infinite derivatives) exists
only, if condition o - § >>1 is satisfied, For o - f§ <C 1 the front is not sharply
defined,
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A method is proposed for calculating flows induced by fluid sucked into a jet
outside the boundary layer region, The jet is simulated by a set of sinks whose
intensity is specified in terms of known solutions of the boundary layer theory .
With few exceptions [1 — 3] problems of the boundary layer theory related to
jet-like flows of viscous fluids are solved for high Reynolds numbers, In such
approximation the presence of suction of fluid into the jet is a distinctive fea~
ture, which has the effect of inducing motion of the fluid in the space outside
the jet. Since in the external region of flow the velocities of fluid motion and
the Reynolds numbers are not high, the inertia terms in the Navier-Stokes equa-
tions can be neglected. A fine jet can be simulated by a system of sinks distri-
buted along its axis, The intensity of sinks is deremined by solutions which define
jet-like flows within the limits of the boundary layer theory [4, 5]. The linear
problem of external flow thus formulated can be analytically solved for various
kinds of jet-like fluid motions, Several examples are presented,

1. External flow induced by a jet flowing from a narrow tube,
We introduce a system of spherical coordinates with origin at the jet outlet and angle 0
measured from the jet axis. We seek components of velocity and pressure in the form

v, = L fO), vo=—2q®), —=%FO (L1
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Linearizing the system of equations of motion [6], we have

"+ fetgb + 2F =0

—f+F =0, f4+¢ + gctg 0 =0 (1.2)
Eliminating f and F , we obtain the equation
¢'sin2 0 — ¢ sin 0 cos 0 = M cos20 + Ncos® + R (1.3)

where M, N and R are arbitrary constants of integration. The general solution of
(1.3) can be written as

¢ = A;sin 0 4 E{ITZ—B+A3ctg6+A4sineln<ctg -g-) (1.%)

where Al, Aq7 Aa and A4 are certain new constants, From the last equation of sys-
tem (1. 2) we obtain

f"—2A10059+A3~A4[Zcosﬂln<ctg )—-1}

Let us consider a jet propagating in a boundless space [1]. From the condition that
ve vanishes for 0 = st and that v, is bounded for § — O we have A, = 43 and

A4, = 0. Hence 9
¢ = A,sinf 4+ Ajolg —- (1.9)

We determine constant A ; by the condition that the total discharge of fluid through the
spherical surface S of arbitrary radius must be zero, Taking into consideration that the
quantity 8rvr of fluid [4] is discharged through the part of the sphere S, equal to the
jet cross section, and neglecting the area of .Sy which is small in comparison with S,

we obtain s =
- % 2mr2p, sin 0dB = — 8nv

0
Using the equation of continuity, we reduce this relationship to
limg_q 277 sin O vy == — 8mv (1.6)
Substituting ve = (Vv /1) ¢ (0) into (1.6) and allowing for (1. 5), we obtain A ;= —2.
The stream of external flow momentum is defined by

SIIﬂcosBsinGd(J:B:tr?\( P+ 20— )cosOsdeG

0 0
Setting I, = 0, we obtain 4, == 0. Thus the velocity components of the external
flow are defmed by 9% 9y 0 (.7
Ur:—T', l'gZNTCth .

In the case of a strong jet and angles O such that sin'/,0 > a /2, where o =
32v2p [/ (3I,) and I, is the jet momentum, formula (1,7) is exactly the same as the
solution derived in [1].

Solution (1, 7) for the radial velocity component (curve 1) is shown in Fig. 1. Curves
2 and 3 in that figure represent, respectively, the exact solution of the complete Navier-
Stokes equations and the solution of equations of the boundary layer [¢], Numerical cal-
culations were carried out for o = 0.25 and U, == 2v/r.

2. External flow {nduced by a jet flowing along the axis of a
conical diffuser with a 2f vertex angle. We determine the unknown
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constants Ay, A,, A, and A, of solution (1. 4), using the following boundary conditions:
velocity components must vanish for 6 = f§ and v, must be bounded for 6 = 0 .We

have 4 _ o4cosp, Ay = —A, (1 + cos2B), A, =0 @2.1)
Substituting (2,1) into (1, 4), we obtain

1

Q= — Si‘ie (cos § — cos B)?

With the use of (1.6) we determine A; =sin™* 1/,B. As the result, the velocity com-
ponents take the form

v 2
U, = — TW(COSO— COSB)
v 1 2
Vo = — S SiaiTB sing (0080 —cos) (2.2)

In the considered case I; == 0, and solution (2, 2) is valid, when I; / I, < 1. From

this we can obtain the condition a << 2/, (1 — cos B) which defines the limit of the
diffuser cone-angle,

I ~Ufs'mﬂ
”rsme ’\ 7A

J \ 75 \(j
5
1 B

-, /7 A/{ 257 —1 @7

Fig, 1 Fig, 2

Curve 7 in Fig, 2 represents solution (2, 2) for the external flow induced by the jet for
B = m/2 , while curve 2 represents the solution obtained in [2] for [, — oc . Curve
3 was obtained by solving equations of the boundary layer [4] for & = 0.1.

It should be pointed out that the difference between curves 7 and & is explained by

that the solutions derived in [2, 3] do not satisfy the no-slip condition at the diffuser
wall,

3, External flow induced by a jet flowing from a plane slot,
We introduce a system of polar coordinates r¢ with origin at the jet outlet and angle
¢ measured from the jet axis, The linearized equation of motion for the stream func-
tion ¢ is of the form 1 oy a

A% = 0; Uy = Go Vo= — - 3.1
Taking into account the solution obtained in [5], we seek the stream function 4 in the
form
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b = 1.65 IB/T;F((p) (3.2)

The substitution of (3,2) into (3, 1) yields for F
FIV + 26/91;1// + 25/81F = (
The general solution of this equation is of the form

F = Bsin®/3p -+ Bacos®/ @ + Bgsinl/yg -+ Bacosl/yp

where By, B,, B; and B, are constants of integration.
Let us first consider the case in which the jet propagates in an unbounded space. We
specify the following boundary conditions :

v, = 0, vq,:—-165]/w°r, ¢ =0

v
U(p:a—qj-zo, (P:ﬂ

Assuming that the intensity of fluid suction into the jet is known [5], for B, B,, B,
and B, we obtain the system of equations

5B, + B, =0, B,+ B, =1 (3.3)
—V3B, + B, +V3By;+ B, =0
— 25V 3B, + 25B, - V3B, + B, = 0

Having determined B,;, B,, B, and B, with the use of system (3, 3), we calculate 1
by formula

1p_165 3/ Io [V‘ (sin®/ (P+oSln1/3(p)+(5COSI/3'{?+0055,"3(P)1
0<<op<C2n

If the jet propagates in a diffuser with a 2y vertex angle, then, by virtue of the condi-
tion that velocity components must vanish at the diffuser wall, we have
B,sins/,y -+ B,cos’/yy 4 Bssinl/gy 4+ Bycos!/zy = 0 (3.4)
5B,c08%/ 3y -— 5B,sin®/yy + Bjcos'/yy — Busin'/zy = 0
Conditions for ¢ = 0 remain unchanged.

In the case of a jet flowing from a plane wall (y = m /2) from (3.4) with allow-
ance for (3. 3) we have

— 12;623 1 ”“ r13 ¥V 3(5sin'/sp — sin®/yp) -+ (17 cos */xp + 5 cos /3 )]

These examples show that the proposed method can be used for the determination of
external flows induced by jets.
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A method is proposed for investigating the behavior of an elastic flat panel of
aircraft wing skin in a stream of gas under transient conditions, The panel is
assumed to have an initial deflection. The solution is based on the wave equa~
tion of linearized unsteady aerodynamics and the geometrically nonlinear equa-
tions of the theory of elastic plates [1]. The resolving equations which define
the behavior of an elastic system are derived with the use of the Bubnov-Galer~
kin procedure with respect to one of the coordinates and of the method of finite
differences with respect to the other coordinate and time, As an example, the
supersonic flow past a wing is considered, Aerodynamic pressure distribution
over the panel surface is determined, using a thin lift surface as the model, by
the numerical method of retarded source potential, taking into consideration
previous history of the deformation process [2].

Let a wing of rectangular plan form, moving in the direction of its axis of symmetry
at velocity U, and zero angle of attack in a perfect compressible fluid, be subjected
at instant ¢ = ( to small additional transient motions caused by instantaneous varia-
tion of the angle of attack o induced by vertical gusts, It is assumed that in the follow-
ing instants individual sections of the wing skin begin to distort, and that the flow around
the wing is streamlined,

Let us analyze the dynamic reaction of an elastic system subjected to a sudden change
of stream parameters on the example of a flat wing skin panel section of sides ¢ and &
and thickness % (Fig.1). Let us assume that this plate is attached by hinges to the struc-
ture reinforcing members, is loaded in its plane by compressive stresses p, has an initial
deflection, and lies in the downstream Mach cone, Note that in this case the end effects
and the vortex sheet do not affect pressure distribution over the panel surface. The



