esting that both the computational method of "coarse particles® and the approximate CCW theory, which is
somewhat formally used in this problem, are handled mainly with functions to describe shock interaction with
a permeable obstacle in a homogeneous approximation.
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REGIMES AND PROPERTIES OF THREE-DIMENSIONAL SEPARATION
FLOWS INITIATED BY SKEWED COMPRESSION SHOCKS

A. A. Zheltovodov UDC 532.526.5

The study of singularities in the three-dimensional interaction between an oblique compression shock and
the boundary layer on a plane surface normal to the plane of the shock and parallel to the free-stream velocity
vector is quite important to the comprehension of regularities in the origination and development of three-
dimensional separation flows.

Sufficiently extensive information about the different properties of the flows under consideration is con-
tained in published papers. Thus an analysis is made in[1] of known data on the three-dimensional interaction
between an oblique shock and laminar and turbulent boundary layers. The results in this paper, together with
[2], yield a representation of the flow structure at different stages of the interaction, from the start of sep-
aration into return flow. Correlation relationships are obtained to determine conditions for the origination of
the separation flow [3] and the formation of secondary separation [4], as well as for the computation of the
characteristic pressures and heat fluxes in the separation zones [5]. Measurements of the fields of different
parameters are performed in the interaction domain [6].

Systematic investigations of the dynamics of separation flow development and its structure [7, 8] should
especially be noted, which radically extend existing representations of its properties and refine the phenom-
enological schemes proposed earlier. The possibility and development of a secondary separation zone of
bounded extent is detected in the last two papers. I is shown that there is no secondary separation under these
conditions in the return stream in the turbulent boundary layer domain, and the increae in its extent in the
laminar flow domain as the shock intensity grows is related to fastening the transition because of the intensify-
ing spread of the flow, which contributes to diminution of the return flow streamline extent. The analysis per-
formed in these papers also permitted showing that the disappearance detected in [9] and the repeated origina-
tion of the secondary separation for sufficiently high shock intensities is associated with the transformation
of conically subsonic into supersonic flow in the separation zone. An important deduction is made here that
the duplicate origination of secondary flow should be determined by the state of the boundary layer in the re-
turn flow and by the intensity of the internal compression shock which will occur.

In order to refine further the features of oblique compression shock interaction with a turbulent boundary
layer being developed on a flat surface (Fig. 1), experimental investigations are performed for the Mach num-
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bers M; =2, 2.25, 2.5, 3, 4, unit Reynolds numbers Re; = (30-36) - 10° m~! and angles of shock generator deflec-
tion g =0-31°. The wedge is rotated because of the rotation of the mobile part of the plate, executed in the
form of a circle, on which it is mounted. The minimal angle of rotation assured by the measurement accuracy
was 0.1° in the whole range of variation of 8. The side face of the wedge and the mobile part of the plate were
drained in a normal control section, at a range of 122.5 mm from the wedge leading edge. The distance from
the plate leading edge to the control section at 8 =0 was 430 mm. The wedge altitude is 220 mm and the length
of the base is 242 mm. A wire turbulizer 0.5 mm in diameter, mounted at a distance of 3 mm from the leading
edge, was used to turbulize the boundary layer on the plate. In addition to measuring the pressure distribution
in the control section in the experiments, patterns of the limit streamlines on the model surface were inves-
tigated, which had been obtained by using the method of oil —soot visualization. Angles of deflection ¢, and v,
relative to the unperturbed stream direction of the runoff (separation) and spreading (attachment) fundamental
lines, respectively were hence determined (see Fig. 1), as were also analogous angles ¢, and v 4 of the sec-
ondary runoff and spreading lines for corresponding compression shock angles & .

In contrast to the main mass of similar investigations, enclosing a narrower range of shock intensity
variation, it is detected that for the case under consideration six, rather than three, fundamental interaction
regimes are characteristic (see Fig. 2). In addition to the known three (I interaction without boundary layer
separation; II, interaction with separation; I, flow with secondary separation), the boundaries of domains,
noted earlier in [9], are determined which characterize the phenomenon of the secondary separation reversal
in attenuation (domain IV), disappearance (domain V), and repeated origination (domain VI) of the secondary
separation. In addition to the results obtained (the points 1), experimental data (the points 2) from [7], where
conditions have been achieved corresponding to domain V and the fact of the disappearance of the secondary
separation is confirmed, are presented for comparison. The boundaries of the detected domains are charac-
terized by appropriate critical values of the angle 8,. The quantities B, ;and B o (In Tadians) are deter-
mined by relationships M; 8,4 = 0.3 and M, B, , = 0.6, proposed in [3, 4.

Going over to an analysis of the limit streamlines, obtained by using the oil—soot visualization method,
which correspond to the new interaction regimes detected (Fig. 3), it should be noted that the characteristic
schemes (domains I, II, IIT in Fig. 2), known earlier, have been examined in [1, 2, 4, 6, 91. Only in [7, 8] have
the singularities of certain new modes to be discussed in the example of the flow around a dihedral angle for
M, =2.95 and a sufficiently high Reynolds number (Re; =16 - 10" m~Y) been also analyzed here. In contrast
to the papers mentioned, a different nature of secondary separation development was observed for fxy = =
B x g in the investigations performed, as the Mach number changes. The scheme corresponding to this regime
(see Fig. 1) is qualitatively analogous to that presented in Fig. 3d and is just characterized by a rather more
significant angle ¢, of the secondary runoff (separation) line C, relative to the unperturbed stream direction
as compared with the compression shock (CS) angle &. For M; =3 and 4 the secondary runoff C, and spreading
P, lines (Fig. 3d) were formed by reaching 8 = B, practically at one over the whole length of the interaction
domain. At the same time, a gradual increase in the extent of these lines was observed with the growth of
B in the case My =2, as occurred in the investigations mentioned earlier that were performed for higher Rey-
nolds numbers. In conformity with the representations elucidated in these papers, the detected action of the
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Mach number on the nature of secondary separation development is completely explainable by the influence of
a different boundary layer state in the separation zone in the reverse flow domain hetween P; and Cy, which is
determined by the extent of the limit streamlines for a fixed single Reynolds number, i.e., the local Reynolds
number. Itcan be assumed that because of the sufficiently low single Reynolds number that existed in the ex-
periments performed, the boundary layer was everywhere laminar for M; =3 and 4 in the domain of secon-
dary separation formulation, A diminution of the Mach number to M; = 2 involved an increase in the shock
angle & and the extent of the separation zone (the angles of deflection ¢; and ¢,, respectively, of the runoff
lines C; and C,). Consequently, the boundary layer made the transition into the turbulent state in the domain
of sufficiently high local Reynolds numbers, and the positive pressure gradient between the lines C, and P,
which is realized in the reverse flow direction, turnedout to be insufficient to cause secondary separation.
The absence of the lines C, and P, in the neighborhood of the leading edge of the shock generator (see Fig. 3d)
is evidently related to the fact that, according to {10], no positive pressure gradient occurs in the domain be-
tween P, and C, in the reverse flow direction, which indicates the essentially three-dimensional nature of the
flow therein. The appropriate pressure distribution in the characteristic section 1—1 (see Fig. 3d) is pre-
sented in Fig. 3e. At the same time, the separation flow becomes quasiconical with distance from the edge

of the generator.

As the investigations performed showed, increasing the angle B inthe range By 5, < B < B44 (see Fig. 2)
is accompanied by further magnification of the secondary separafion criteria. However, for 8x3 = 8 < By
a certain attenuation in the secondary runoff and spreading lines is observed. In connection with the com-
plexity of fixing the beginning of this regime, the boundary corresponding to S= By; (see Fig.2)is determinedto
not more than +1° accuracy. For certain 8 > fxg4 (see Fig. 3a) these secondary lines become practically in-
distinguishable; however, the limiting separating streamline (SSL) above which the flow deviates in a direction
to Cy, and below which does not reach Cy, can still be isolated. In addition, starting with certain values of
B > Bxgs bifurcation of the runoff line C; is detected in a finite section of the flow from the edge of the shock
generator, whose extent increases as 8 grows further (see fig. 3a-d). An analogous phenomenon was noted
earlier in [10]. The behavior of the limit streamlines between the two runcff lines being formed is sufficiently
complex to establish because of the strong blurring of the oil ~spot mixture.

Upon reaching the value § = B8, the complete disappearance of secondary separation is observed (see
Tig. 3b), and a further increase in § in the range fx, =< B < Sxj is characterized by its absence. For B8 =
B x5 repeated curvature of the streamline (SLC) is detected in the reverse flow region (see Fig. 3d), indicating
the generation of secondary separation. A flow with clearly defined secondary separation criteria corresponds
to the values B > Bxy (see Fig. 3d). Detailed measurement of the pressure distribution on the surface at the
section 2—2 permitted the detection of an additional singularity in the neighborhood of the secondary separa-
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tion zone for this regime (see Fig. 3f, solid line) as compared with that typical for smaller values of the angle
8 (dashed line). The maximum in the neighborhood of the line P, and the region of the pressure plateau being
formed between the lines C, and P, are remarkable. An analogous nature for the pressure distribution in the
secondary separation region was observed in [11] during flow by an opposite near-wall jet being ejected into a
supersonic stream. Taking account of the results of this paper, it can apparently be assumed that for g > By
the internal shock originating in supersonic reverse flow will be transformed into a A -configuration of shocks,
as above the main separation zone. As the measurements executed showed, for 8 > Bx 5 the maximum pres-
sure on the line P, practically equals the pressure in the region of the main separation zone plateau Pp or can
even exceed it somewhat for sufficiently large 8.

It is very important that, in conformity with the investigations performed, the repeated origination of the
secondary separation over the whole length of the interaction domain simultaneously for different numbers M;
be fixed approximately for the very same critical ratio between the pressure on the line P, (see Fig. 3f) and
the minimal pressure between the lines P; and C, (£45~ 1.5). The boundary corresponding to this value is de-
noted by the solid line for g = Sy (see Fig. 2). Therefore, the quantity £, characterizing the intensity of the
local shock originating in the reverse flow agrees with the critical intensity ¢ «1 = 1.5 of the oblique shock ini-
tiating the separation flow for g = 8,4 and, according to [3], corresponds to the conditions for three-dimen-
sional separation of a boundary layer in the turbulent state. This affords a foundation for the assumption that
the cause of the disappearance of secondary separation in the domain V (see Fig. 2) is in addition to the neces-
sary condition noted earlier: The conical supersonic nature of the reverse flow can apparently be the accelera-
tion, due to different factors, of the boundary layer transition into the turbulent state in the separation zone as
B grows when B8 = B4,. One such factor, for example, is the growing positive pressure gradient in the re-
verse flow, whose action under sub- and supersonic flow condition is probably distinct. The lack of systematic
data about the critical intensity of a compression shock, corresponding to the separation condition in the lam-
inar boundary layer situation under consideration, does not, unfortunately, permit exact estimates to be made
about the possibility of the existence of a secondary separation flow for 8 = Bx 4 in case the return flow were
to be laminar. Refinement of this question requires further investigation.

According to the data obtained (see Fig. 2), an increase in the number M; is accompanied by a diminution
inthe extent of the domain of secondary separation disappearance V, and for My ~ 4.5-5 this domain should be
missing. Indeed, results presented in 1] confirm the existence of secondary separation for the number M; =6
up to the value B = 20°, and its disappearance is not noted here, This can apparently be related to both the
diminution in the local Reynolds numbers in the domain of secondary separation formation, and the laminar
reverse flow section corresponding to the tightening, and to the more significant unfavorable pressure gra-
dients which occur, other conditions being equal, in a reverse flow as the number M, increases.

Therefore, the experimental investigations performed permit refinement of the boundary for the existence
of regimes, lknown and clarified earlier, for the three-dimensional interaction between an oblique compression
shock and a turbulent boundary layer. In addition, the reasons for the secondary separation attenuation being
observed in the domain IV as 8 > B, (see Fig. 2) remain unclear. It must be noted that the existence of such
a domain is not.determined in analogous investigations [7, 8], performed for M; = 2.95 and sufficiently high
Reynolds numbers. Only a hypothesis relative to the probable causes can be proposed for the different flow
development being observed in the separation zone. For example, the substantial influence of the single Rey-
nolds number on the development of the boundary layer transition from the laminar to the turbulent state on a
plate as the stream velocity changes is known [12-14]. It is possible that an analogous influence on transition
in the separation zone during the increase in return flow velocity as the shock intensity grows will determine
the different nature of secondary separation formation for substantially distinctive Reynolds numbers. I can
also be assumed that the model configuration also exert s a definite influnece on this process. Thus, in the case of
flow in a dihedral angle the compression shock interacts with the laminar and transition boundary layer in the
neighborhood of the leading edge. I is possible that the effects of this interaction, keing propagated along the
stream, will also exert influence on secondary separation development. The exact-explanation of the singular-
ity noted above is associated with the necessity for further systematic investigations.

In connection with the known difficulties of a theoretical analysis of the separation flows under consider-
ation, generalizations of their different characteristics in order to obtain correlation relations acquire special
importance. Systematic investigations performed, as well as generalizations of extensive, known experimental
results permit the proposal of an approximate method for computing the pressure distribution in the neigh-
borhood of such separation zones for different situations of separation formation: in the presence of a tur-
bulent boundary layer on the surface ahead of the shock generator and without it, for instance, in the flow around
a dihedral angle with intersecting leading edges in the case of large Reynolds numbers.
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According to [4, 9], the angles of deflection ¢; and v, of the runoff C; and spreading P, lines relative to
the unperturbed stream direction are determined by the relationships ¢; = @« = 1.82(e = %) and yy—yx{ =
1.17(e =~ € 4y), where @y = € 4y as well as y 44 correspond to 8 = 84 and depend on the number M;. The ex-
perimental data for the angle ¢, of the secondary runoff line C, are generalized in an analogous manner (Fig.4:
1-3 for My = 2.25, 3.0, 4.0, respectively, in this paper; 4 for 2.5; 5 for 5.9 from [1]; 6 for 2.95 from [7}). In the
subsonic transverse flow domain, the dependence @, — @ 4y = 1.72(¢ — g4y (line 1) is valid in the separation
zohe, where @xy = €4y corresponds to § = fx,, while for the supersonic flow the dependence ¢, = ¢ (line 2)
is valid. Taking account of the known relationship for the oblique shock intensity ¢ = [2x/(x + 1)1(M, sin g)® -
(n = 1) /(n +1), where n =1.4, and also the equality £, ; =1.5 [3], we can obtain &, =sin"1(l.195/M1). An-
alogously, a consequence of the equality £ ., = 2.2 detected in the considered Mach number range for g = fx,
is exg9 = sin~3(1.424 /My). The relationships considered above permit more convenient dependences to be ob-
tained which will determine the angles of deflection of the runoff C; and spreading P; lines:

¢, = 1.82¢ — 0.82 arcsin (1.195/M,); (1)
1.47e — 0.85 arcsin (1.195/M,) at §=£0, 2)
Y17 1147 — 0.498 arcsin (1.195/M,) at & =0,

Condition (2) is obtained when taking into account that y, /e, = 0.32 in the Mach number range under con-
sideration when a boundary layer with thickness 6 = 0 exists in the neighborhood of the shock generator lead-
ing edge, while /€44 =0.682 for ¢ =0 [9].

A number of characteristic points can be extracted in describing the pressure distribution in a certain
section x= const in the quasiconical flow domainin the case 8 < B,j, as the relative coordinate z/x increases.
The qualitative nature of the pressure distribution is presented in Fig. 3f for such situations (the curve with
the section denoted by dashes). According to the generalizations made, the relative pressure z/x =0 is

pipy =~ L . (3)
As z/x increases to the value (z/x); = tan(y; — 8) corresponding to the spreading line P,, the pressure rise

is assumed linear to the quantity

o {1,48(1\1] sing)? — 0,617 at B>,
Plmi=1 at BBy, (4)

The subsequent diminution of the pressure for z/x > (z/x), to a certain point corresponding to its minimum
can also be considered linear. The angle ¢ of the line of mentioned minimal values is determined by the rela-
tionship (y — 8)/ (¢ — B) = 0.9 [9], and therefore, the coordinate of a point on this line is (z /x), =tan[0.9(s — 8)1.
On the basis of the generalized experimental data [9], the dependence

pIpy =1+ (po/py — 1) [1 — | (z4 — 0.64)/0.46 "], (5)
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is obtained to describe the pressure distribution in the separation zone from the point of the beginning of its

rise to the minimum point noted, where z, = [(z/x) = (z/%)41/ [{z/%); — (z/x,)], and (z/x)g is the coordinate
of a point on the runoff line C; defermined by the relationship

(2/2); = tg (1 — B) + (2.856/z) {1 — [(B — Pyy — 15)/15]%} 6)

(B in degrees). Because of the existing analogy between two- and three-dimensional separation flows [2, 4],
the relative pressure in the region of the plateau pp/ py can here be calculated sufficiently exactly by any of the
known valid relations for two-dimensional separation flows including My =M,;sin € or My = M,y sin ¢4 [7, 8l.

The computations presented in the proposed method for the different conditions of separation flow forma-
tion and wide range of 8 and M, variation illustrate the satisfactory agreement with results of experiments
(Fig. 5a,(6 =0): 1) My =2.0, 8 =14.4°, 2) M; =4.03, § =16.3°— [15]; (6 = 0): 8) M; =3.71, B =12°— [10];

4) M, =5.89, § =12° [161; b)Y (6 =0): 1) My =2.95, g =11% 2) B =18.5° [7, 8]).

The author is deeply grateful to A. M. Kharitonov, V. I. Kornilov, V. A. Lebige, S. A. Gaponov, and N. F.
Polyakov for discussing the research and for useful remarks. '
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