Thus the spatial wave structure of flow at different outflow stages was reproduced, based on an experi-
mental study of a nonstationary jet outflowing from a planar nozzle. Our scheme for reconstructing the flow
also allows us to construct the wave structure of the gas-driven jet segment for stationary outflow based on
published experimental data. The resulting nonstationary wave structure is transformed in space and time to
a model of stationary outflow from a computationally obtained rectangular nozzle. The dimensions of the Rie~
mann wave are established as a result of an oscillatory process.
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TYPES OF WAVE STRUCTURE IN THE INTERACTION
OF A CONVERGENT JET WITH AN INFINITE
TWO-DIMENSIONAL OBSTRUCTION

I. P. Ginzburg, E. I. Sokolov, UDC 532.525.2:533.6.011.72
and V. N. Uskov

Possible types of wave structure formed in the first roll of a convergent supersonic jet as it
interacts with an infinite two-dimensional object are indicated in this work based on a gener-
alization of results from theoretical and experimental studies. The influence of the Mach num-
ber, overpressure parameter n, isentropic exponent k, andthe locationh of the obstacle onthe wave
structure is considered.

§1. The interaction of jet efflux into a vacuum (n= ) from an infinite two-dimensional obstacle [1, 2]
beyond the point of reflection from the first characteristic axis AB (BD is the reflection characteristic) of a
rarefaction fan (Fig. 1) has been studied chiefly theoretically.

It has been indicated [1] that the influence of flow irregularity at a nozzle exit is substantial only in di~
rect proximity to it and does not alter the qualitative flow pattern. A shock wave concave with respect to the
nozzle is formed in front of the obstacle (central shock wave). Two types of flow distinguished by the con-
figuration of the Mach line are possible behind the shock {1].
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Fig. 1

1) S—8 Mach line, closed in the central shock wave 1. Calculations using the range method [1] have
demonstrated that in this case a second sonic point S appears in the shock at some distance from the point
.of emergence of the Mach line (Fig. 1a).

2) A narrow subsonic regjon (Fig. 1b) forms along the central shock wave and no sonic point forms
in the shock. The type of sonic region is determined by the values of M and k [1].

§2. A compression layer between the jet boundary 4 and barrel shock wave 3 appears in the jet
when n<«. This layer is a source of disturbances that are transmitied upstream of the subsonic region
between the central shock 2 and the obstacle. The central and barrel pressure shocks interact with the
formation of configurations made of three or four shock waves, as a function of the position of the point at
which the pressure shocks intersect. A mixing zone (with boundary 5) is formed here along the tangential
discontinuity. A triple configuration (Fig. 1c) is formed at the intersection point T in the case of subsonic
flow behind the central shock.

The shape of the central shock near the point T will vary relative to n= «, such that pressures at the
angles of rotation are equated on the spatial discontinuity beginning from this point. Such a structure is
realized for high M. A similar process also occurs in the presence of two sonic points in the central pres-
sure shock. A variation in the shape of the central shock leads to a variation in its intensity and brings
about a reduction of the supersonic flow segment behind it in comparison with the case when the jet inter-
acts with an obstacle in a vacuum.

Interaction between the barrel and central shocks within the supersonic flow segment can occur with
the formation of two resultant shock waves (cf. Fig. 1c, scheme in the upper right corner).

Pressure disturbances due to barrel shocks reach the jet axis asthe over pressure parameter further de-
creases. The jet compression layer influences the position and shape of the entire central shock and,
consequently, flow in front of the obstacle beginning with an over pressure parameter of n, , which we will callthe -
limiting factor. If departure of the central shock from the obstacle to the jet axis is equal to the shock
departure in interaction in a vacuum when n> nx, and if its shape is distorted only as the point T is ap-
proached, a decrease inthe over pressure parameter whenn < nx will continuously vary the position of the shock
waves in front of the obstacle. A viscous migration layer that develops along the stationary discontinuity
issuing from the triple point begins to substantially influence flow formation.

§3. The following flow regimes between the central shock and the obstacle may be realized as a
function of the set of parameters M, n, k, and h, when n <ny:

1) stable radial flow (Fig. 1d). In this case, the pressure maximum is situated at the center of the
obstacle and gas spreads (streamline 6) from the flow axis.

2) highly unstable interactionbegins with a further decrease in the overpressure parameter at which the
compression layer exerts an ever-greater influence on near-axial flow. Since gas with lesser total pres-
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TABLE 1

M 1 1,5 2 2,2 2,9 3
[} — 5° 5 115" | 25" | 0 | 5 643" 5

n | 5-155 | 25-135 | 1215
ho|o2s—1| 0253 |025-3| 053

1,8—4,5
0,25—2

1—2 1,25—2,5

0,20—2,25 | 0,25-3

sure flows near the obstacle than does gas that has passed through the barrel and reflected jet shocks, it
becomes possible to close the viscous mixing region issuing from the triple point fo the obstacle with the
formation of a peripheral stopping point. Closure of the central point flow zone leads to a build-up of gas
in it and a displacement of the central shock towards the nozzle, which leads to an increase in pressure in
front of the obstacle followed by the opening of this zone [3, 4]. The central shock oscillates at a frequency
depending on the nozzle diameter (for example, when d=20 mm, the frequency is about 4 Hz). Such self-
oscillatory instability can be considered as an intermediate regime.

3) Flow from the central circulation zone (Fig. le), which is characterized by a peripheral pressure
maximum on the obstacle and by three stopping points, namely, in the viscous attachment zone tc the ob-
stacle of the mixing zone issuing from the triple point of the jet, at the center of the obstacle, and on the
flow axis between the obstacle and the central shock [5]. Flow to the obstacle is directed towards the cen~
ter near the axis. The experimentally observed stable flow pattern oscillates at a high frequency.

4) The regime of weak instability is a transitional regime to flow with an undisturbed first roll as
the over pressure parameter further decreases. It is characterized by ahighfrequency andlesser amplitude of
oscillation of the central shock than is the case for high instability; the pressure maximum is situated on
the periphery.

5) Flow regime with an undisturbed first roll arises when the central pressure shock in front of the
obstacle is situated in the second roll as the off-design factor further decreases [6].

84, Interaction of a jet escaping into a vacuum from an infinite plane situated in front of the point of
reflection B from the axis of the first rarefaction fan characteristic is in many ways analogous to that con-
sidered in Sec. 1 (Fig. 1f). It is different in that in the first case the central shock has a double curvature,
that is, it is convex towards the nozzle within the region between the axis and the point Bf and concave out~
side it (Fig. 1). This fact has been experimentally and theoretically confirmed {2, 6]. The intensity of
the central shock behind the characteristic AB! increases with distance from the central axis. The argu-
ments given in Sec. 2 regarding the influence of external disturbances on flow in front of an obstacle also
hold inthis case, though some influence begins to be manifestedat significantly lesser over pressure parameters.
Its mechanism somewhat differs from that considered in Sec. 2, since the barrel shock wave formed when
n< = has an extremely low intensity near the nozzle and the cenfral shock immediately escapes to the jet
boundary, which also introduces disturbances into the interaction zone.

Anexperimental study was carried out inorder to investigate the influence of the overpressure parameter
on flow of a jet interacting with an obstacle near the nozzle section (h<{, where ] is the distance between
the nozzle section and the point B). In the course of this investigation, the position of the central shock in
front of the obstacle was determined on Schlieren photographs for distinct M, n, and h. Table 1 illustrates
the range of variation of these parameters in the course of the experiment. The nozzle with calculated
M=2.9 had a chopped profile, the other nozzles with 6> 0 were conical (§ is half the apex angle of the noz-
zle); M was determined using a one~dimensional scheme.

Figure 2 illustrates the influence of these parameters on the distance x between the nozzle and cen-
tral shock for M=2.0 and k=1.4,

Clearly, all the experimental results for low h (when n=2.5, circles, and n=6.2, triangles) are
grouped about a single curve and are independent of n withinthis interval. Theover pressure parameter has an
effect with increasing h on the position of the central shock in front of the obstacle. Curve 1 depicts the
dependence of distance xon effiux parameters obtained based on an approximate solution [7] describing
interaction of flow from a spherical source with an obstacle in a vacuum, at which h> r, (here r, is the
critical radius of the source),

VL s

% k—:’,l‘—_'—(h_h*)v (l)
i VT“’HJQ

where m = k(k — 1) M2,
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The magnitude hy is the distance between the nozzle and the obstacle at which the central shock
touches the nozzle edge [8].

Figure 2 implies that Eq. (1) can be used to determine the dependence of x on h and M when h< [, x
being independent of n. Similar results of caleulating x(h; M) when h<] are given by the techniques set
forthin [9] (curve 2). Whenthe over pressure parameter influences the position of the shock in front of the
obstacle, the empirical equation presented in [10] can be used to determine x,

= 0.745 — 0.83 exp (— 1.73 —.), (2)

where
C=My#kn 3)

is the geometric similarity parameter. An analysis of the experimental data demonstrates that the value
h/C=0.35 is the lower limit at which Eq. (2) can be used. - Points corresponding to h/ C=0.35 for jets with
n=2.5 and n=6.2 are indicated in Fig. 2 by squares. Curves 3 and 4 correspond to a computation of the
position of the central shock in front of the obstacle using Eq. (2).

Clearly, this equation describes well the experimental results when h/C=0.35. The use of Eg. (2)
when h/ C <0.35 contradicts the experimental results, since in this case x is independent of n and a calcu-
lation using Eq. (2) will lead to separation of the curves x(h) relative tothe over pressure parameter.

Onthis basis, we will assume that the over pressure parameter begins to affect the position of the shock in
front of the obstacle when h<0.35 C, this position coinciding here with the position of the shock when the
jet interacts with an obstacle in the vacuum.

Accordingto Sec. 2, the over pressure parameter correspondingtoh=0.35 C is limiting. In view of Eq.(3),
we may also obtain the form for determining it, ‘

824 b \2
Ry == ("ﬂf) . (4)

Data are presented in Fig. 3 characterizing the influence of certain efflux parameters on the value
of the limiting over pressure parameter (curves 1-3 for M=1, 2, and 3, respectively). .

Equations presented in [7, 9] to determine the departure of a shock from an obstacle when h> 7 and
n>ny can be directly used. When n<ny, the distance x is determined from Eq. (2).

Thus our analysis allows us to clarify the possible types of wave structure formed in front of an in-
finite two-dimensional obstacle when a supersonic convergent jet overflows it (ef. Fig. 1). The criterion
(4), in conjunction with empirical dependences [10] to calculate the boundaries of interaction regimes when
n<ns, allow us to determine flow types when a jet overflows an obstacle. The region within which differ-
ent interaction regimes exist as a function of n and h is shown as an example in Fig. 4 for a jet with M =2.0
and k=1.4,

Departure of the central pressure shock in regionIis independent of the over pressure parameter. Inregion
I, flow into the jet compression layer affects the position of the shock in front of the obstacle. Region III
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is a transitional region for flow with undisturbed first roll {region IV). Here are realized unstable inter-
action regimes and flow from the central circulation zone.

The curves bounding regions I and I and III and IV were constructed using the empirical formulas

(1) and (4), respectively, as presented in [10].

The qualitative analogy noted above between the interaction of a jet with an obstacle in a vacuum

when h> 7and at great distances from the nozzle in the case of abounded overpressure parameter allowsus to ex~
trapolate results presented in Fig. 4 to the case of large n.

10.
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