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Abstract:

This paper reports theoretical and experimental siudy of a new type of interaction of a moving

shock wave with an unsteady boundary layer. This type of shock wave-boundary layer interaction describes a

moving shock wave interaction with an unsteady boundary layer induced by another shock wave and a rarefac-

tion wave. So it is different from the interaction of a stationary shock wave with steady boundary layer, also

different from the inieraction of a reflected moving shock wave at the end of a shock tube with unsteady bound-

ary layer induced by an incident shock. Geometrical shock dynamics is used for the theoretical analysis of the

shock wave-unsteady boundary layer interaction, and a double-driver shock tube with a rarefaction wave burst-

ing diaphragm is used for the experimental investigation in this work.
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INTRODUCTION

Shock wave reflection from a wall surface,
diffraction along a curved surface: propagation
through a chamnel or a tube with varying cross-
sectional area etc> under the condition of moving
gases ahead of the shock waves comprise a type
of widespread shock dynamics phenomena. In
these phenomena meniioned above, a new type
of shock wave-unsteady boundary layer interac-
tion is concerned, which is different from conv-
entional shock wave-boundary layer inieraction
including steady and unsteady flows with inverse
pressure gradient. The new type shock wave-
boundary layer interaction is very importani for
the reflection of shock wave from surfaces and
diffraction of shock waves around a curved wall
with flows ahead of them: because in this case,
unsteady boundary layer or mixed boundary layer
(from steady and unsteady boundary layer inter-
action) may influence the behaviour and wave
paitern of incident and reflected shock waves.
The new type of shock wave-boundary layer in-
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teraction can be divided into two cases.

The first case is the interaction of a moving
shock wave with an unsteady boundary layer in-
duced by another shock wave and a rarefaction
wave. This interaction can be usually siudied in
a double driver shock tube. Up to now, the dou-
ble driver shock can be tested in electrically con-
trolled bursting diaphragm mode ( Han et al.,
1982; 1985: Yang et al., 1994) or rarefaction
wave bursting diaphragm mode ( Ruetenik et
al., 1966; Dong et al., 2000; 2002) for syn-
chronization of two shock wavess In the two
shock waves, the first shock and rarefaction
wave is to induce an unsteady boundary layer,
and the second shock is to make an interaction
with the unsteady boundary layer. The second
case is more complicated and usually involves
the phenomena of shock reflection, shock dif-
fractions and shock propagation under the condi-
tion of moving gases ahead of the shock waves.
In this case, an interaction of a shock wave with

The mixed

boundary layer is formed by the interaction of an

a mixed boundary layer occurs.
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unsteady boundary layer induced by the first
shock with a steady boundary layer formed from
the tip of a body (plate; wedge, cone, and so
on) .

The first case is basic, and this paper deals
only with a moving shock wave-unsiecady bound-
ary layer interaction. Geomeirical shock dynam-
ics is used for theoretically analyzing the shock
wave-unsteady boundary layer interaction. The
interaciion can be regarded as a diffraction of a
moving shock wave around a curved wall, which
results from the unsteady boundary layer. A dou-
ble driver shock tube with rarefacition wave burst-
ing diaphragm was used for experimentally pro-
ducing the shock wave-unsteady boundary layer
interaction.

INTERACTION OF SHOCK WAVE WITH UN-
STEADY BOUNDARY LAYER

The interaction of a shock wave with an un-
steady boundary layer can be simulated by using
a double driver shock tube with rarefaction wave
bursting diaphragm as shown in Fig. 1. In the
double driver shock tube diaphragm Dy is first
ruptured: and the first shock wave, rarefaction
wave as well as the induced unsieady boundary
layer are formed. When the rarefaction wave ar-
rives at the location of the second diaphragm,
diaphragm D, is ruptured, and the second shock
wave is formed. At the same time, the interac-
tion of the second shock wave with the unsteady
boundary layer occurs.

Fig.1 The physical figures of double driver shock
tube with a rarefaction bursting diaphragm
(@ » @ » @ , and @ are four regions;

D, and D, are two diaphragms)

It is evident that in the interaction of the
shock wave with the unsteady boundary layer
above, the direction of pressure gradient of

shock wave is the same as the flow direction in

the boundary layer, which is different from conv-
entional shock wave-boundary layer interaction
with an inverse pressure gradient.

THEORETICAL ANALYSIS OF THE INTERAC-
TION

The physical figures of an unsteady boundary
layer induced by a shock wave and a rarefaction
wave after bursting a diaphragm in a shock tube
is shown in Fig. 1. The shock velocity is Wy,
the flow velocities outside the boundary layer in
regions @ and @ are equal Cu, = us)> and the
velocity of the head of rarefaction wave is a4. If
a coordinate system is attached to the firsi shock
wave, in this coordinate system the first shock is
at rest» the flow velocity ahead of the shock is
equal to Wy » the wall surface moves leftward
with the velocity Wy > and the velocities in re-
gions @ and @ are (Wg — u,) and ( Wy —
us3 V> respectively. Obviously, ( Wy — u,) =
(Wg — us).

The distribution of flow velocity in the un-
steady boundary layer is different from the case
in steady flow, so the displacement thickness of
the unsteady boundary layer is negative, and the
wall surface in the shock tube becomes concave.
Now when the second shock in the double driver
shock tube propagates through this region, the
curved wall will disturb it. The channel first di-
verges> and then converges, so the second shock
is disturbed first by shock-expansion, and then
by shock-compression .

If the time at which the second shock im-
pinges the head of ravefaction wave is regarded
as the initial time £y the positions of the second
shock and the unsteady boundary layer at g ¢;
ty» t3 and t4 can be illustrated ( Dong et al.,
2002) . After superposing the curves of displace-
ment thickness of the unsteady boundary layer at
different time, it can be seen that in fact, the
second shock wave diffracts around a curved wall
as shown in Fig.2. li follows from Fig.2 that the
which disturbs the
is strong; the shock-compression

shock-expansion> second
shock wave,
disturbs the second shock wave gradually. So the
second shock wave curves backward strongly,
and then curves forward weakly.

In order io calculate the shape of second

shock wave disturbed by the curved wall, the
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Second shock Location at first shock

/

Fig.2 The diffraction of the second shock wave

around the curved wall formed by the su-
perposition of the unsteady boundary layer
at different time

expressions that describe relations among first

shock wave, rarefaction waves, second shock
wave, and unsieady boundary layer, under the
condition of the frame being aitached to the firsi
shock, are given as follows:

The flow velocity in regions (2 and @) is

Vo = Vs = Wy — ws
= Ws — u3

1

The second shock velocity relative to the first
shock velocity is

V52 = Wsz + Uz — WS] (2)

The velocity of the head of the rarefaction
wave 1s

Vr = WS] + a4y (3)

where a, is the speed of sound in the region (D.

For convenience in analysis,» we assume that
the first shock wave is formed immediately when
diaphragm D, is ruptured, also assume that the
second shock is formed when the rarefaction
wave impinges to diaphragm D, .

The time interval that the rarefaction wave
arrives at the location of D, from the location of

D, afier D, is ruptured is

tr = L2/(l4 (4)

where L, is the length of the intermediate sec-
tion.

The maximum distance between first and
second shock waves when the second shock be-
gins to be disturbed is

LSS = (WSI + a4)tr (5)

The time needed for the second shock to
overtake the first shock is

LSS

(WSI + a4>L2
lgg = Visz =

(Wsz + U3z — WSl)a4 (6)

The length of the unsteady boundary layer
when diaphragm D, is ruptured by the rarefaction

wave 1s

Lb() = V.t = (WSI + a4)L2/a4 7

The length of the unsieady boundary layer
when the second shock overtakes the first shock
1s

Ly = Vit =
( WSI + ay )2 Lz

(W52 + up; — Wsl)a4 (8)

If both driven section and intermediate sec-
tion are filled with the same gas, Eqs.(7) and
(8) can be rewriiten as

Lb() = (W51 + 1)L2

(MS] + 1)
(WSZ =+ u3)/a4 — MS]

(9

Ly = 100

According to the geometrical shock dynamic
theory, the problem mentioned above belongs to
the diffraction of a moving shock wave around a
curved wall with a uniform gas flow ahead of the
The shock dynamic equations in

1989b, 1993) can be

shock wave.
this condition ( Han et al.
expressed as follows

i[ Mcos@ + m ]
(M + mecosoa’ 1t

Msinf
Hy[(M + mcos@)A’] =0 (11a)
d sinf d cosf ] _
dx'M + mcosf (7y M + mcosO
(11b>
dA’ 2M
dM = (m? Z DKCMD (e

where M and m are shock Mach number Cin the
present case> for second shock) and flow Mach
number in the region ahead of the second shock>
respectively, that is, M = Mg, m = ( Wy —
uy X a, or m=CWg — u3)a;. 0 is the angle
between the normal to the second shock and x-
K(M) is a
the cross-sectional area of the ray tube in the
frame which is attached to the flow ahead of the
second shock .

axis . slowly varying funciion. A’ is

The characteristic relations of the Eqs.(11a,
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11b> 11¢) can be expressed as

2 172

M
6+.[1[(M2_1)K(M) dM = K, (12a)
jy = tan( O + y;) (12b)
x
M 2 2
v _.[1 [<M2 “DrGD] M = K (12¢)
% = tan(0 + v,) (12d)
where
1 12
[l — DKD]” — msing
= M + mcos@
1 12
[7(M2 - l)K(M)] + msing
tanv2 =

M + mcosf

The Eqgs. (12a, 12b) represent upward distur-
bance waves on the surface of shock wave; the
Egs. (12¢> 12d) represent downward distur-
bance waves. The shock wave which is disturbed
by the curved wall can be divided into three re-
gions: 1n the first region, the disturbance wave
has not arrived, the shock wave is plane; in the
second region, the shock wave is disturbed by
only upward or downward wave, but not both;
this is a simple wave region; in the third region,
the shock wave is disturbed by both of upward
and downward waves simultaneously, this is a
double wave region.

Under the condition of uniform flow ahead of
the shock, the simple wave relations for the up-
ward wave can be expressed as

% = tan( @ + v) (13a)
x
[%(MZ — l)K(M)] — msinf
tany; = (13b>
M + mcos@
M 2 12
9=JMO[(M2_1>K(M) dM (13e)

In the double wave region> according to the
given boundary and initial conditions, and the
shock dynamic equations; we can obtain the
strength, orientation, and shape of the second
shock.

EXPERIMENTAL INVESTIGATION IN A DOU-
BLE DRIVER SHOCK TUBE

The wave patiern in a double driver shock

tube with a rarefaction wave bursting diaphragm
is shown in Fig.1. The double driver shock tube
with square cross-section is divided into six par-
s> the
driven section, test section,

driver section, intermediate section;
extension section,
and vacuum tank. The driver section is 2.00 m
long, the intermediate section is 0.35 m long,
the driven section is 3.00 m long, the test sec-
tion is 1.00 m long> and the extension section is
2.00 m long. The extension section is used io
prevent the reflection wave of the first shock at
the entrance of the vacuum tank from entering
the test section. The cross-sectional area of the
shock tube is 94 x 94 mm?® . The driver section,
intermediate section, and driven section are
filled with air. There is a single mylar diaphragm
(D, ) between driver section and intermediate
section. In order to control the pressure differ-
ence of bursting diaphragm beiween driven sec-
tion and intermediaie section, a mechanism with
double diaphragms was used. This mechanism
(for convenience, we call it D) can give more

Three different
thickness mylar diaphragms, 0.025 mm, 0.05

accurate pressure difference.

mm; 0.1 mm, were used for different testing
conditions ( Dong et al., 2000). A Schlieren
optical system was used for flow visualization,
and piezoelectric crystal transducer was used for
shock speed measurement and iransient pressure
measurement .

The Schlieren photograph and pressure wave-
forms of the first and secood shocks in the above
conditions are given in Fig. 3. It follows from
Fig. 3 that the disturbed second shock bends

backward in the vicinity of wall surface.
CONCLUSIONS

1. The shock dynamic theory was used for
analyzing the new type of shock wave-unsteady
boundary layer inieraction. The interaciion prob-
lem can be regarded as the diffraction of a shock
wave along a curved wall surface formed by the
negative displacement thickness of an unsteady
boundary layer.

2. The double driver shock tube with rar-
efaction wave bursting diaphragm can be used for
simulating the interaction of shock wave with un-
steady boundary layer. The experimenial resulis
showed that this facility is useful for study of
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such kind of shock dynamic phenomena.

3. Both theoretical analysis and experimental
results showed the same tendency of change in
shape of shock wave disturbed by boundary
layer.

4. The results of theoretical analysis and ex-

perimental investigation of the interaction of a
shock wave with an unsteady boundary layer re-
ported in this paper are only preliminary. There
is still a lot of work for us to do regarding the
new type of shock wave-unsteady boundary layer
interaction .

(i

Fig.3 The interaction of second shock with unsteady boundary layer
(a) the first shock: (b) the second shock
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