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FOREWORD

This document presents a detailed investigation of super- and hypersonic crossing-
shock-waves/turbulent boundary layer interactions. New experimental studies were
conducted at Institute of Theoretical and Applied Mechanics, Rusian Academy of
Sciences, Siberian Branch (Russia, Novosibirsk) and the DLR Institute of Fluid
Mechanics (Goettingen, Germany).

This final report, submitted by the authors, describes all the work accomplished for
the duration of the EOARD Contract F61775-98-WEQ91 (monitor Dr. C.Raffoul) from
April 1998 to April 1999.




ABSTRACT

The specific features of 3-D interaction of symmetric crossing-shock-
waves/turbulent boundary layer interactions in the vicinity of two vertical fins mounted
on a flat plate under the conditions of super- and hypersonic velocities are considered. A
detailed comparison of numerical results based on Reynolds-averaged full Navier-Stokes
equations and the & - ¢ model of turbulence with experimental data for the Mach number
M..= 3.9 and deflection angles of the side surfaces of the fins f =7,11 and 15° is
performed. The surface pressure distributions in the interaction region, topological
features of the limiting streamlines on the plate and on the side surfaces of the fins are
analyzed for these cases parallel with the new experimental results for =8 — 23° at
M, = 5 and some previous studies at M,, = 8.3. Possible reasons for discrepancy between
the calculations and data as well as possibilities of further improvement of calculations
are discussed. The new experimental data at the Mach number M,,= 5 are documented for
the purpose of their subsequent use to verify CFD codes.
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INTRODUCTION

The study of 3-D interaction of shock waves with a turbulent boundary layer is one
of the most complicated problems of gas dynamics, which is important for practical
applications. These interactions are observed both in an external supersonic flow around
various elements of flying vehicles and in internal flows, for example, in supersonic
inlets. Limited possibilities of predicting their properties and further development of
advanced numerical methods require a comprehensive understanding of the physics of
such flows by examples of simplified canonical configurations that model the elements of
real flying vehicles [1-4]. Among these configurations actively studied in connection
with the development of promising inlets with spatial compression there are two vertical
fins with inflected internal side surfaces mounted on a flat plate. The interaction of
crossing shocks and expansion waves with a turbulent boundary layer on the internal
surfaces of the half-channel is realized in a supersonic flow around these fins
(Fig. 1.1, @). It is known that the emergence of intense perturbations in inlets induced by a
possible separation of the boundary layer and the formation of spatial vortex structures
can be accompanied by a substantial growth of the total pressure loss and significantly
affect the inlet characteristics. Thus, it is important to refine the physical features of these
flows to seek for promising configurations and effective methods for pressure loss
reduction.

As it follows from a rather comprehensive review of investigations of the flow in
the vicinity of fins with equal and different angles of deflection of the side surfaces [3-6],
the advanced calculations based on the numerical solution of the Reynolds-averaged full
Navier-Stokes equations using various models of turbulence allow a correct prediction of
only some properties of these flows. For example, the numerical results are in good
agreement with experimental data for the wave structure formed in the half-channel under
the conditions of viscid-inviscid interaction, the fields of various parameters of the mean
flow, the pressure distribution on the surface under the conditions of weak- and moderate-
strength disturbances. This agreement, however, significantly decreases as the strength of
the crossing shocks increases. The same situation occurs in the central separation region
formed around the crossing point of the shock waves, where viscous effects prevail, in




comparison with external regions of the boundary layer in which the flow is
predominantly inviscid. Significant differences are observed between the calculated and
experimental distributions of the skin friction and heat transfer coefficients in interaction
regions. These features, in particular, are typical of some specific cases of the flow
around symmetric and asymmetric fins considered at the previous stages of the study [3,
7-13].

To clarify possible reasons for these discrepancies, it is necessary to perform a more
careful analysis of the flow structure obtained numerically for the case of varied strength
of the shock waves and a systematic comparison of the results with experiment. Taking
into account that only one paper describes experimental studies for hypersonic speeds
[14], it is important to expand the experimental data base for verification of numerical
methods under these conditions.

The present report is the next stage of previously started studies [3]. In the first part
we analyzed symmetric crossing-shock-waves/turbulent boundary layer interactions with
increasing angles of deflection of the side surfaces under the conditions of super- and
hypersonic velocities. A detailed comparison of experimental data obtained at ITAM SB
RAS [3] for the Mach number M, = 3.9 and deflection angles of the side surfaces of the
fins f =7, 11, and 15° with the results of numerical calculations based on Reynolds-
averaged full Navier-Stokes equations and the k- ¢ model of turbulence, which were
performed by D.Gaitonde M.Visbal and J.S.Shang in Air Force Research Laboratory
Wright-Patterson AFB (Ohio, USA) [12, 13, 41] is performed. To explain the additional
topological peculiarities of the flows considered, which were obtained in calculations,
and to refine the results of previous studies [14] under the conditions of hypersonic
velocities for M,, = 8.3, we used the experimental data for the Mach number M,,=5
obtained by A.Zheltovodov and E.Schuelein at the DLR Institute of Fluid Mechanics
(Goettingen, Germany) [33].

The second part contains a more detailed description of new experimental data
obtained by A.Zheltovodov and E.Schuelein at DLR Institute of Fluid Mechanics
(Goettingen, Germany) [33] for the Mach number M, = 5 and deflection angles of the
side surfaces of the fins =8, 12, 18, and 23° for the purpose of their subsequent use to
verify CFD codes.

1. ANALYSIS OF EXPERIMENTAL AND COMPUTATIONAL DATA FOR
SYMMETRIC CROSSING-SHOCK-WAVES/TURBULENT BOUNDARY
LAYER INTERACTIONS UNDER SUPERSONIC AND HYPERSONIC
SPEED CONDITIONS

1.1. Test Model, Test Conditions and Experimental Techniques

Supersonic crossing shock wave/turbulent boundary layer interactions data
described on the first stage of the studies in [3, 5, 6] have been used for a detailed
comparison with the results of numerical calculations. The experiments were conducted
in the supersonic wind tunnel T-333 based at ITAM SB RAS for the following test
conditions:




Mach number M, 3.92+0.03

Stagnation pressure P, MPa 1.48 £ 0.02
Stagnation temperature 7, K 260 +2
Reynolds number Re;, m’ (89 + 4)-106
Boundary layer thickness 6, mm 3.5
Displacement thickness 6;, mm 1.12
Momentum thickness 6, mm 0.128

The model was a flat plate with two symmetrically mounted fins, which had a sharp
(~0.1 mm thick) leading edge (Fig. 1.1, b). The fins were 100 mm high and 192 mm long.
The vertices of the fins were located at a distance of 210 mm from the leading edge of the
plate, which ensured a developed turbulent boundary layer of thickness & upstream of the
fins under the conditions of adiabatic surface. Configurations with fins angles =7, 11,
and 15° were experimentally studied. For these variants of the model, the width of the
channel entrance was 4 = 71.5, 75.6, and 79.1 mm, respectively. The size of the constant-
width section of the channel was identical in all cases and equal to B= 32 mm.

The pressure orifices 0.5 mm in diameter were located in four sections: one
longitudinal section along the axis of symmetry of the plate and three cross-sections at
distances of 46, 79, and 112 mm from the leading edges of the fins, which corresponds to
x/6=13.14, 22.57, and 32.0. The pressure on the plate surface was measured by silicon
integral membrane gages and group registering manometers GRM-2 of class 0.5 (with the
range of 0 — 0.1 MPa). The error of pressure measurement was + 0,5%, and the maximum
error of the relative quantity P/P; did not exceed 10%. (Hereinafter P; is the pressure on
the plate in an undisturbed flow for x = 0 mm). The limiting streamlines on the model
surface under adiabatic conditions were visualized using the mixture of lampblack and
transformer oil. The surface temperature was controlled by thermocouples. We consider
below the quantitative schemes of the limiting streamlines obtained by computer
processing of photographs (see papers [3, 5]). Experimental techniques are also described
in these papers in more detail.

1.2. Theoretical Model

The numerical calculations were conducted in Air Force Research Laboratory
Wright-Patterson AFB (Ohio, USA) on the basis of the full 3-D mean compressible
Navier-Stokes equations in strong conservation form and mass-averaged variables. A
detailed description of the numerical method and numerical scheme can be found in
[12, 15]. The inviscid flluxes were evaluated to nominal third order accuracy with Roe's
flux-difference split scheme with a limiter for monotonicity. Viscous terms were
differenced to second-order accuracy in a central manner. The effects of turbulence were
incorporated through the eddy viscosity, £ , assumption and the turbulent Prandtl number
was assumed constant at 0.9. The turbulence model employed to derive g4 is based on the
k — ¢ equations [16] with low Reynolds number terms and incorporating a compressibility
correction.

The boundary conditions are summarized as follows: on solid surfaces, the no-slip
condition is enforced, the wall temperature is specified based on experiment and the




normal pressure gradient, k and & are all assumed zero. The incoming boundary layer
profile was specified at a distance of 46 (6= 3.5 mm) upstream of the fin leading edges,
fle, by matching the momentum thickness (6 = 0.128 mm at the fle) with 2-D
calculations. The downstream and top boundaries are simulated to be far enough away for
the application of simple zero-gradient extrapolation.

The grid was generated as a sequence of non-uniform Cartesian planes normal to
the direction of the upstream flow. The clustering was designed to resolve not only the
boundary layers and shock-waves but also the secondary features of the interior vortical
flowfield. Guideline has been taken from extensive previous experience with the present
model at field parameters similar to the present [12, 13, 17, 18]. Based on these studies,
123 points was employed in the streamvise direction, 88 points normal to the plate and
109 points in the spanwise direction. For considered symmetric cases only half the
domain was computed.

1.3. Comparison of Computations with Experimental Data

For all cases under consideration, the flow at the entrance to the channel formed by
two fins is determined by the interaction of swept shock waves generated by the fins and
a turbulent boundary layer on the plate. As it follows from the experimentally registered
pattern of the limiting streamlines for 5=7° (Fig. 1.2, a), a local (singular) separation
appears immediately ahead of the vertices of the fins, and the separation lines S and S,
emanating from saddle points rather rapidly degenerate to finite-width convergence
regions slightly higher than the traces of the shock waves corresponding to inviscid flow
(they are shown by the dashed curve). The streamlines in these regions begin to curve in
the region of the beginning of pressure growth (the dash-dotted curve) and asymptotically
approach each other to form a narrow region of parallel flow in the direction toward the
channel axis. To simplify the patterns in the regions of dense concentration of the
streamlines, some of them are deliberately terminated. A characteristic throat is formed
above the calculated point of intersection of the shock waves. Practically all the limiting
streamlines captured by the inlet section of the channel penetrate through this throat
without any signs of separation. The interaction of intense secondary flows propagating
from the divergence lines R; and R, and the flow passing through the throat results in the
formation of secondary convergence lines S; and Sy. The limiting streamlines penetrating
through the throat tend to diverge in the vicinity of the point of the first intersection of
«inviscid» shock waves and then converge again to some central asymptotic convergence
line together with secondary lines S and Sy that cover this region.

The pattern of the limiting streamlines on a flat plate obtained for the configuration
considered in calculations [41] (Fig. 2, b) is qualitatively similar to the picture registered
in experiment. At the same time, we should note a smaller width of the flow penetrating
through the throat near the channel centerline and the absence of the secondary
convergence lines S; and S, (see Fig. 1.2, b). The calculated isolines of the relative
surface pressure (Fig. 1.2, ¢) illustrate some additional features of the flow. It is seen that
the greatest increase in pressure is observed in the region of the flow penetrating near the
centerline. The pressure distributions along the channel centerline versus the relative
longitudinal coordinate X = x/5 (Fig. 1.2, d) and versus the coordinate Z = z/6 measured




from the axis in cross-sections I, II, and II shown in Fig. 1.2, g, ¢ for X = 13.14, 22.57,
and 32.0 (Fig. 1.3, @) demonstrate a good agreement with experiment.

Detailed numerical data [12] for the field of various parameters and spatial gas
dynamic structure of the flows considered allow one to refine the specific features of their
evolution at different strengths of shock waves generated by the fins. Figure 1.4, a shows
some specific features of the flow in the vicinity of the vertical plane of symmetry for the
case under consideration for the fins angles f=7°. The lines shown in the plane of
symmetry were obtained by crossing the streamlines by this plane. The limiting
streamlines are shown on the horizontal surface of the plate. Two regions of condensation
of the limiting streamlines on the plate can be clearly seen. The first region is located
along the continuation of the primary convergence line S,, and the second region is
located downstream and oriented almost parallel to the plane of symmetry. In these
regions, the emergence of the above-described secondary convergence lines S; and 4 for
greater angles §. In the case under consideration, a clearly seen line of convergence
(separation) S, was registered both in calculations and experiments only near the fin
vertex. At a distance from it, this line gradually degenerates to a finite-width convergence
region. The lines in the plane of symmetry indicate that the flow is displaced from the
plate surface under the action of the opposite pressure gradient, which occurs without any
signs of separation and reverse flow caused by the latter. The numerical data presented in
[12] indicate a significant thickening of the boundary layer in the direction toward the
centerline and a greater height of the total pressure loss zone between the divergence lines
R; and R, (see Fig. 1.2, a).

The experimental patterns of the limiting streamlines on the side surfaces of the fin
show a local region of 3-D separation bounded by the lines of convergence Ss and
divergence Rs at a certain height from the base at the point of incidence of secondary
«inviscid» shock waves reflected from the plane of symmetry immediately ahead of the
inflection of the side surface (Fig.1.5,a). In the case of symmetric interactions
considered, the flow patterns on the surfaces of both fins were almost identical. In this
connection, the schemes for only one (upper) fin are presented in what follows. Its
surfaces are developed into one plane. There is no separation of the boundary layer on the
side surface near the plate, and the limiting streamlines are only slightly curved in the
vicinity of the boundaries of the system of compression waves shown by dashed curves.
These compression waves are formed at the base of the shock wave incident onto the
surface in the course of its interaction with the boundary layer on the plate [3, 5, 12]. In
the case under consideration, the strength of these waves is insufficient to cause the
boundary layer separation. In calculations, a small-scale separation on the side surface
was not registered, and only a typical curvature of the limiting streamlines that precedes
the separation is observed (Fig. 1.5, b).

It follows from the experiment that, as the fin angles increase to f=11°
(Fig. 1.6, a), the convergence regions previously existing at a certain distance from the
leading edges of the fins transform to the convergence (separation) lines S; and S, and
the divergence lines R; and R, become more definite. These features indicate a gradual
transformation of secondary flows in the vicinity of the fins to separated flows and the
growth of strength of transverse flows directed to the axis. The throat formed between the
lines S; and S, becomes narrower, the flow expanding behind this throat and directed




along the centerline is terminated above the point of the first intersection of the «inviscid»
shocks with the subsequent formation of the longitudinal divergence line R; of finite
length along the flow. This divergence line gradually degenerates to a dividing streamline
in the region of meeting of transverse flows. The secondary convergence lines S; and Sy
propagate more upstream toward the fin vertices than in the previous case. The flow
character at the constant-width channel entrance is partly determined by the influence of
expansion waves propagating from the points of inflection of the side surfaces of the fins.
They are clearly seen on the surface pressure isolines obtained in calculations (Fig.
1.6, ¢). The influence of these waves favors a more intense motion of the near-wall flow
toward the fin surfaces and stimulates the formation of the convergence lines S; and Ss.
The shock wave reflected from the fin surfaces (Fig. 1.6, a, ¢) initiate the opposite
pressure gradients and cause a deflection of the limiting streamlines to the channel
centerline.

The calculated picture of the limiting streamlines (Fig. 1.6,5) reproduces
qualitatively the characteristic features of the flow considered. At the same time, similar
to the previously considered case f=7°, a significantly smaller width of the flow
penetrating through the throat in the vicinity of the centerline and the regions of the flow
diverging from the divergence line R; are worth noting. The signs of the secondary
convergence lines S; and S, appear in the calculations much more downstream that in the
experiment.

The character of the surface pressure isolines (Fig. 1.6, c¢) indicate the growth of the
opposite pressure gradient in the flow penetrating into the channel. A comparison of
numerical and experimental data on pressure distribution along the channel centerline
(Fig. 1.6,d) and in cross-sections I, II, and III (see Fig. 1.3, b) shows their good
agreement for X < 24. For X > 24, however, the calculations tend to overestimate the
value of the pressure level near the centerline, and the second maximum at X ~ 43, which
was observed in experiments, was not registered in calculations (Fig. 1.6,d). The
character of pressure distributions in cross-sections I, II, and III (see Fig.1.3,5) is
qualitatively similar to those considered previously for 5= 7°, but the pressure levels are
noticeably higher. The maxima observed in the vicinity of Z~ 2.3 ~ 2.5 in cross-section
III correspond to the divergence lines R; and R; near the fins.

In the case under consideration §= 11°, vast 3-D separation regions bounded by the
lines Sy and Ry (see Fig. 1.5, ¢) were observed in the experiment on the side surface of the
fins in the region of incidence of the shock waves reflected from the axis behind the first
inflections of the surfaces (Fig. 1.6, a). The behavior of the limiting streamlines allows us
to assume the presence of singular points of the saddle C; and focus F; types. These
features are more clearly seen in the next stage of development, which is analyzed in what
follows. The calculated pattern of the limiting streamlines (Fig. 1.5, d) is close to the
experimental results.

Figure 1.4, b shows the specific features of the flow near the vertical plane of
symmetry, which were obtained in calculations for the case being analyzed. As already
noted, the growth in strength of the crossing shock waves increases the length of the
convergence line S, on the plate. In the vicinity of the plane of symmetry, however, this
line curves and turns almost paraliel to the centerline. The intensity of convergence of the
ambient flow to this line decreases. All the limiting streamlines propagating from the free
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stream penetrate into a narrow gap between S, and the centerline. The limiting
streamlines located to the other side of S, also turn downstream under the influence of the
reflected separation shock (1) formed upstream of the line S [12]. This turning flow
forms the secondary separation line S;. The bulging of the boundary layer above the
surface with the formation of a shear layer (2) is observed in the plane of symmetry. The
line of divergence (bifurcation) LB arises beneath this shear layer. This line indicates that
the flows that propagate from the fins and intersect reach the plane of symmetry. Below
the bifurcation line, the flow attaches to the plate along the divergence line R; and forms
longitudinal vortices. In accordance with the numerical data [12], such a character of the
flow with increasing fin angles favors a further growth of the height of the near-wall
region of significant total pressure losses, which extends over the channel width to the
divergence lines R; and R, (see Fig. 1.6, a, b).

The pattern of the limiting streamlines on the plate obtained in experiment for the
angles f=15° (Fig. 1.7,a) clearly indicates the separation not only in the regions
adjacent to the fins, but also in the flow penetrating along the channel centerline through
a narrow throat that still remains between the lines S; and S,. This is evidenced by the
appearance of the singular saddle point C, significantly higher than the first intersection
of "inviscid" shock waves, and by the reverse flow propagating to this point along the
axis. Another singular node point N; was observed further downstream (see [3, 5]). The
central large-scale separation region is bounded by the convergence lines Ss and Se. The
secondary separation lines S; and Sy propagating from the fins are strongly curved by their
interaction with the separation shock waves reflected from the axis. After that these lines
merge with the lines S5 and Ss approximately in the middle of the central separation
region and are entrained downstream along the centerline. Additional separation lines 57
and Sy are clearly seen on the plate surface behind the inflections of the side surfaces. The
character of the calculated surface pressure isolines (Fig. 1.7, ¢) confirm the assumption,
which was previously made in [3, 5], that the appearance of these separation lines is
favored by additional terminal shock waves caused by flow overexpansion in expansion
waves propagating from the deflections of the fins.

The pattern of the limiting streamlines on the plate, which was obtained in
calculations for the case considered, is qualitatively similar to the specific features
observed in experiment, but also reveals a number of significant topological differences
(Fig. 1.7, b). Thus, for example, the separation lines S; and S, upstream of the fins do not
form a typical throat and intersect in the singular node point N; which is associated with
the separation point of the flow propagating along the centerline. This is more clearly
shown qualitatively in an enlarged fragment in Fig. 1.7, c. As in experiment, the second
node point N, is observed further downstream. Additional features, which were not
registered in experiment, are two saddle points C; and C; located symmetrically about the
centerline. As previously, it is worth noting that the calculations do not reveal the signs of
the secondary separation lines S and Sy propagating from the fins, and also the additional
separation lines S; and Sy in the flow behind the inflections of the side surfaces (see Fig.
1.6, a-c). The central separation region bounded by the lines Ss and Se is more
compressed by the flows propagating from the fins and noticeably smaller in width in
calculations than in experiment. This is particularly well seen in the vicinity of the point
N, and upstream of it. These features testify that the near-wall secondary flows

11




propagating from the divergence lines R; and R, to the centerline, which were observed in
calculations, have a better ability to overcome the adverse pressure gradients without
separation that the real flows.

The calculated pattern of pressure isolines on the plate (Fig. 1.7, d) characterizes the
features of the flow formed in the process of a strong viscid-inviscid interaction. The
maximum levels of pressure are observed near the channel centerline and behind the
points of reflection of the secondary shock waves from the side walls on the constant-
width section. The pressure distribution along the centerline (Fig. 1.7, e) is characterized
by the presence of a plateau region at X ~ 14 — 18, which is typical of developed separated
flows. A comparison of numerical and experimental data on the pressure distribution
shows that the calculated level of pressure is noticeably overestimated for X' > 18. At the
same time, the calculation correctly predicts the rapid decrease of pressure because of the
influence of expansion waves propagating from the inflections of the side walls, the
intermediate maximum, and the repeated growth caused by a sequence of reflected shocks
and expansion waves.

A comparison of numerical and experimental data on pressure distributions in cross-
sections I, II, and III shown in Fig. 1.7, a, ¢ demonstrates their good agreement, except for
some region near the centerline (see Fig. 1.3, ¢). A pressure maximum is formed in cross-
section I in the flow compressed near the centerline. The pressure level dramatically
increases toward the fins. The region of maximum pressures near the centerline in cross-
section II coincides with the central separation region. The pressure minima at Z ~ + 1.7
correspond to the convergence lines S;and S, that cover this separation region (see
Fig. 1.7, a), and additional maxima are formed at the points with the coordinates Z ~ + 2.9
in the vicinity of the divergence lines R; and R,. In cross-section III, the maximum
pressure is observed at the centerline, it dramatically decreases to minima at Z »~ + 3 under
the action of expansion waves propagating from the fins, and increases again with the
formation of noticeable maxima at Z ~ + 3.4 in the vicinity of the shock waves that arise
behind the fins.

Taking into account the above differences in the topology of the limiting streamlines
on the plate, which are obtained in calculations and experiments for § = 11° and 15°, it
seems of interest to perform a more careful analysis of the specific features of evolution
of the flows under consideration with a gradual increase of the angle within this range.
The conducted numerical studies show that, as f§ increases, at some point 11°< 5 < 15° the
first pair of singular points N; and Cj, in which the surface friction turns to zero, appears
for the first time on the plate (see the fragment in Fig. 1.4, ¢). This flow pattern is also
observed in some other cases, for example, in an asymmetric interaction near the fins with
the angles £; = 11° and f, = 15° [12], and also in 3-D interactions in the flow formed by
three compression surfaces [19] and in the flow around a cylinder with a flare [15]. Under
the conditions under consideration, the separation line S,, as in previous patterns, turns
along the flow near the plane of symmetry, but is terminated in the singular node point N,
at the centerline itself. Further downstream a saddle point C; is formed. In the plane of
symmetry, the node N; corresponds to the saddle point ¢!, and the point C; is associated
with the node ', which acts as a source of fluid under the separated boundary layer. The
bifurcation line LB emanates from the point ' and, as previously, indicates that the
opposing flows propagating from different sides of the plane of symmetry reach this
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plane. An interesting difference with the case of a 2-D separated flow is that in this case
the separation occurs both at the point ¢’ and at the point n.

As the fin angle increases to § = 15°, the saddle point C; located previously on the
plate (see Fig. 1.4, ) moves from the centerline and forms two symmetric saddle points
C, located on different sides from it, and the node N, appears instead of the saddle point
(see Fig. 1.4, d). Correspondingly, the point n' in the plane of symmetry leaves the plate
and forms an internal stagnation point in the form of a focus, and its place is occupied by
the saddle ¢?. As was shown in [5, 17], a similar flow pattern is observed in calculations if
different models of turbulence are used. At the same time, following the experimentally
obtained scheme of the limiting streamlines (see Fig. 1.7, a), it is possible to imaging
another topological pattern of the flow (see Fig. 1.4, e). The separation line S, not
reaching the plane of symmetry and forming a throat, propagates downstream and is
displaced by the near-wall flow diverging from the centerline. The flow penetrating
through the throat separates from the plate in the saddle point C; rather than in the node,
as obtained in calculations. In fact, this point is analogous to the stagnation point that
appears ahead of the circulation region induced by breakdown of the longitudinal vortex
or axisymmetric wake under the conditions of their interaction with the shock wave (see,
e.g., [20]). All the limiting streamlines on the plate behind the line S, are strongly curved
in the separated shock wave (1) reflected from the centerline and propagate downstream.
The transverse flow formed directly above the plate does not penetrate into the central
separation region and does not terminate the convergence line Sg, as it is observed in
calculations. The flow penetrates into the separation region through the layers located
above the surface in the vicinity of the bifurcation line LB, where the flow structure and
its topological features in the plane of symmetry are similar to those obtained in
calculations.

Analyzing the noted differences between the calculation and experiment, we can
assume that the main reason for them is the complexity of a correct reproduction of the
state of flows in the regions of turbulent separation in calculations. For example, it was
experimentally found [21] that the reverse flow in separation regions ahead of two-
dimensional obstacles can be laminar. The numerical studies [22, 23] conducted using the
k — o turbulence model showed that the scale of separation and the surface skin friction
and heat transfer distributions can be satisfactorily predicted only by reaching this state by
controlling the balance between the production and dissipation of turbulence. Similarly, it
was experimentally demonstrated [24-27] that the reverse flow propagating from the
divergence line in the vicinity of a single vertical fin in the case of 3-D interaction can be
also laminar under certain conditions. The calculations based on the modified algebraic
Baldwin-Lomax model [28, 29] showed that the secondary separation appears only in
modeling of this state of the flow (see Fig. 1.8, a), and a good agreement with experiment
is achieved for the distributions of various parameters, including surface skin friction.
The use of the standard Baldwin-Lomax model led to the turbulization of the reversed
flow, disappearance of the secondary separation (Fig.1.8,5), and a noticeable
disagreement with the experiment. These conclusions are in line with the experimental
studies [27] which demonstrated a possibility of suppressing the secondary separation
near the fin by turbulizing the reverse flow using sand roughness.
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Finally, the authors of [29] describe the flow around two fins with the angles
B= 15° calculated using the modified Baldwin-Lomax model, which is similar to the flow
considered above. The resultant pattern of the limiting streamlines (Fig. 1.8, ¢) is a good
reproduction of the specific features of the behavior of the secondary separation lines S;
and S, under the conditions of a laminar reversed flow, the scale of the central separation
region, and the pressure distribution along the centerline (Fig. 1.8, d, solid curve), which
were observed in the present experiments (see Fig. 1.7, @) and in [30]. At the same time,
in regions between the lines S; and 3, and also S, and S, (Fig. 1.8, ¢), the near-wall
secondary flows propagating from the fins penetrate into the central separation region to
form the node N; at the centerline and two singular points C; and C, located
symmetrically relative to the node point, like in the present calculations (Figs. 1.4, 4 and
1.7, b, ¢), which was not registered in experiment. A noticeable difference with the
experiment is also observed in skin friction distribution along the centerline (Fig. 1.8, e).
As noted previously in [25], based on the concept [24], we can assume that the transition
from the laminar to turbulent state can occur only if the secondary flows in the mentioned
regions are rather extended. After reaching this state, we can expect the emergence of
additional features predicted by calculations. According to experimental studies [27],
these secondary flows include a laminar boundary layer flowing down from the side
surfaces of the fins immediately behind their vertices onto the plate (see the character of
the limiting streamlines in Figs. 1.5 and 1.8). This favors a decrease of the initial level of
disturbances in the flow propagating to the centerline. At the same time, as it follows
from [28, 29], a flow with an elevated turbulence is almost immediately observed in these
regions in calculations. Apparently, the advanced calculations based on the above-
considered approaches with the use of various models of turbulence do not allow a fully
adequate modeling of the flow state in the complex situations of 3-D interaction that are
considered. Taking into account the experimentally registered effects of amplification of
turbulence in shock waves, attenuation of turbulence in expansion waves, flow
relaminarization in separation regions, and a possibility of the repeated laminar-turbulent
transition in secondary flows under the conditions of conical sub- and supersonic
velocities (see, e.g., [26, 27, 31, 32]), this problem seems to be rather complicated and
requires further improvement of advanced numerical methods.

It should be noted that the experimental studies of 3-D crossing shock
wave/turbulent boundary layer interactions at the Mach number M,, = 5 [33] allowed one
to obtain a pattern of the limiting streamlines similar to the calculated pattern (Figs. 1.4, d
and 1.7, b, ¢) for the case f>18° (Fig. 1.9,d). It was found that, apart from two
symmetric saddle points C;, C, and the node N,, the saddle point C, is still formed
instead of the node point N; in the beginning of the central separation region, and two
additional foci F; and F, symmetrical about the centerline are located immediately behind
it. This scheme, as well as the previously considered patterns, corresponds to the known
topological rule [34], according to which sadlle points are balanced by nodes and foci. It
is also essential that, as the angle 5 decreases, the patterns of the limiting streamlines
transform in a complex way (Figs. 1.9, a—) and for f=8° and 12° (see Figs. 2.6, 2.7)
they become similar to those shown in Figs. 1.2, a and 1.6, a, respectively. The results
obtained for M, = 5 are considered in more detail in the second part of the report.
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As noted in [5], the pattern of the limiting streamlines at the stage of incipience and
development of intermittent separation with surface skin friction coefficient close to zero
at the centerline is determined to a large extent by the influence of unsteady effects
typical of real flows. Under these conditions, the lampblack-oil mixture gives almost no
response to the reverse flow that exists for a very small time and cannot correctly register
the lines or points of separation. Their appearance is observed at a later stage of the
incipience of a steady separation when the reverse flow exists for more than 50% of time,
which corresponds to the intermittency factor y> 0.5. Probably, exactly these features are
manifested for f=11° (Fig. 1.6,a), where the flow behind the expected point of
separation at the centerline has the same direction as the incoming flow. Under these
conditions, the longitudinal divergence line R; is formed in this region at the background
of increasing pressure. The picture described here was clearly registered in [5] for a
similar configuration for M,, = 3. Taking into account the unsteady intermittent character
of real turbulent flows in the vicinity of separation lines and points even under the
conditions of steady separation [35], the above-noted difference between the numerical
and experimental patterns of the limiting streamlines and topological schemes seems
quite understandable, since the approached considered do not model unsteady effects.
Possibly, these effects can be described on the basis of direct numerical simulation (DNS)
or large eddy simulation (LES) (see, e.g., [36-39]), but the use of such approaches for
high Reynolds numbers is difficult at the moment because of limited capabilities of
modern computers.

Considering the numerical and experimental patterns of the limiting streamlines on
the side surfaces of the fins for 5= 15°, M, = 3.9 (Fig. 1.10, a, b), we can state that they
are in good agreement. The formation of vast separation regions bounded by the lines of
convergence S and divergence Ry was experimentally observed in the region of incidence
of the shock wave behind the surface inflection. An additional pair of singular points C;
and N, was registered near the fin base, along with the saddle point C, and the focus F.
Similar features are manifested in calculations. The flowfield detailes in this region are
depicted in Fig. 1.11. A thin boundary layer on the side surface of the fin separates along
the line So, and the contour of the separation region is shown as surface 1. The near-wall
flow directed to the fin base below the points C; and N, separates and forms longitudinal
vortex 2. The appearance of such a vortex in the vicinity of an isolated fin was previously
registered in [40]. A vortex originating at the base rises above the surface from the focus
F,, the flow along this vortex propagates upwards. According to the numerical data [12],
the separation region bounded by surface 1 and vortex flow 2 at the fin base are
characterized by appreciable losses of the total pressure.

Based on the above considerations, we can refine some results of [14, 42], in which
the authors studied the crossing-shock-wave/turbulent-boundary-layer interaction for the
Mach number M,, = 8.3. Thus, for instance, Figures 1.12 and 1.13 show the photographs
of the limiting streamlines borrowed from [14] and the corresponding patterns, which
characterize qualitatively the orientation of some of these lines for the fins angles 5=10°
and 15°. A low quality of the photographs did not allow the authors of this paper to show
the specific features of the flow patterns obtained. An additional analysis of the
photograph of the limiting streamlines for 5= 10° (Fig. 1.12, ) indicates that this pattern
is similar to that considered above for the case = 7° and M= 3.9 (see Fig. 1.2, a). The
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photograph shows the convergence lines Sy and S, propagating from the fin vertices, the
divergence lines R; and R, formed near the fin bases, and the secondary convergence lines
S; and S, that arise when the secondary flows propagating from the fins interact with the
flow passing along the centerline.

The qualitative features of the flow for = 15° (Fig. 1.13, a) are, probably, close to
those shown in Fig. 1.6, a for f=11° and M, =3.9. In this case, the flow along the
centerline penetrated through a narrow throat between the lines S; and S, without the
signs of singular points typical of the developed separation, and the longitudinal
divergence line R; appear further downstream. The secondary convergence lines S3 and S4
propagate almost to the fin vertices. The calculations [43] obtained using the Rodi model
of turbulence with two equations (Fig. 1.14, b) are in better agreement with experimental
data that the calculations based on the algebraic Baldwin-Lomax model (Fig. 1.14, a),
whose typical features are the disappearance of the throat and the appearance of singular
points at the centerline. At the same time, the signs of the secondary separation lines S
and S, disappear in the both types of calculations toward the fin vertices, in contrast to
experiment. The analysis of a great body of numerical data for the flow under study
[18, 43-47] indicates that the models of turbulence exert a significant effect on the quality
of calculations and it is necessary to seek for the methods of adequate modeling of the
state of secondary flows propagating from the fins.

2. DOCUMENTATION OF EXPERIMENTAL DATA FOR HYPERSONIC
CROSSING-SHOCK-WAVES/TURBULENT BOUNDARY LAYER
INTERACTIONS

The experimental studies presented in this chapter of report have been carried out by
A.Zheltovodov and E.Schuelein at the DLR Institute of Fluid Mechanics (Goettingen,
Germany) and briefly described in [33]. The data for crossing-shock-waves/turbulent
boundary layer interactions are presented here in a convenient form to be used for CFD
code validation.

2.1. Windtunnel Facility, Test Conditions and Test Model

The experiments were conducted in the supersonic/hypersonic Ludwieg-Tube (RWG)
of DLR at Goettingen. This facility (Fig. 2.1) covers a Mach number range of 3 <M, <7
and a unit Reynolds number range of 5.10° m™ < Re < 80-10° m™". The facility consists of
an 80-meter long storage tube used as pressure reservoir which is separated from the
nozzles and the test section by a fast-responce gate valve. The tunnel is started by opening
this valve. The test section for the Mach numbers M,,= 3 and 4 has a cross section
0,5x0,5 m?, while those for high Mach numbers have circular sections of 0,5 m diameter.
A run time of the facility ~ 0,3 — 0,4 seconds. The test gas is pre-heated by heating the
storage tube wall electrically in order to avoid condensation during the strong expansion
in the nozzle. Additional details of the design and the operation of the RWG are given in
[48].

The experiments described in this chapter were carried out at nominal conditions,
which are listed below with indicated run-to-run variations of flow parameters:
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Nominal Mach number: M,=5

Reynolds number: Re; = 41,9 (+x1)x10° m™
Total pressure: P, =2210 (£10) kPa
Total temperature: T, =427 (#z6)K

Wall temperature: T,=295(*5)K

The sketches of four basic test model configurations used for the crossing-shock
experiments as well as the coordinate system are shown in Fig. 2.2 together with the
Table 1, where their typical sizes are indicated. The model consists of two fins, each at
angle of attack S, mounted on a vertical flat plate. All the fins had sharp (~0.1 mm)
leading edges and the height A = 100 mm. The side faces of basic fins ("short fins") with
the angles #= 8, 12 and 18° (Fig. 2.2, a) had the inflected generatrices with a constant-
width channel behind inflection. For these basic variants the width values of the channel
entrance were 4 = 142; 161,5; 196 mm and the size of the constant-width channel section
was the same in all cases B = 100 mm (see Fig. 2.2, Table 1). The values of the distance
between the plate and fins leading edges for these test configurations correspondingly
were L = 229,5; 249,5 and 269 mm.

The last basic configuration with f = 23° had the flat side faces ("long fin",
Fig. 2.2, b) and it typical sizes are presented also in Table 1 (Fig. 2.2). The width of the
channel entrance was 4 = 307 mm, the distance between the trailing edges of fins sides
faces B = 100 mm and the distance between the plate and fins leading edges L = 286 mm.

The fin pairs could be easily moved in the x and z direction and the widths 4 and B
changed. Some examples of the surface flow pattern visualization are additionally
considered below for the = 18° configuration at different B (and 4) values: B = 384;
43,2 and 64 mm (4 = 134,4; 139,2; 160 mm).

A possibility of fins rotation around the points C (Fig. 2.2, a) have been used to
change g values in some narrow range for the basic (# = 18°) configuration. The
examples of surface flow pattern visualization for f=16, 17 and 17,5° cases are
considered additionally at constant width between points C: B = 100 mm (see Fig. 1.9).

143 static pressure taps were located on a plate between the fins with interval 10 mm
in the x and z directions. The first horizontal taps line located 370 mm downstream of the
plate leading edge. To obtain continuous data throughout interaction region, the fin pairs
were moved 5 mm in the x and z directions. »

The local freestream and incoming turbulent boundary layer properties on the flat
plate were determined from pitot and static pressure surveys in [49, 50]. They were
measured along a plate centerline in 5 positions (at different distances x, from a plate
leading edge) in a streamwise direction (Table 2). The velocity profiles obtained from
these surveys were transformed into incompressible coordinates using the Van Driest II
transformation and compared with law of the wall [49]. The comparison has verified a
turbulent state of the boundary layer in the interaction region for the fin flows being
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investigated. The skin friction measurements discussing below support additionally such
conclusion.

Table 2. Documentation of undisturbed turbulent boundary
layer properties

* x|
Xomm | M, | §mm | S, mm | 6 mm | Crpor Civp

266 14961 |[3.814 1.576 0.157 10.001382 [0.001340
296 14973 [4.175 1.788 0.177 10.001296 | 0.001302
316 [4.989 (4410 1.792 0.177 |0.001324 | 0.001283
336 |4.976 [4.658 1.894 0.189 [0.001324 [0.001280
356 14.984 [4.813 | 2.000 0.202 | 0.001311 | 0.001268

* Crprot — skin friction coefficient, obtained on the basis of mean velocity profiles (a least-
squared curvefit of the wall-wake law for transformed velocity profiles to the
corresponding "incompressible" flow);

" Ceyp — skin friction coefficient, calculated from Van Driest II equation.

2.2. Instrumentation and Technique

2.2.1. Surface Skin Friction Measurements

The skin friction data on a plate surface upstream of the interaction region (Table 2)
have been obtained in [49, 50] from the measured mean velocity profiles by an
application of the combined wall-wake law with the Van Driest mixing-length damping
function for the viscous sublayer to the corresponding transformed "incompressible"
flow. This technique is well known and described in [51]. The Van Driest II formula has
been used also to obtain wall skin friction coefficients (Csyp) for comparison.

Additional skin friction measurements have been carried out using the Global
Interferometer Skin Friction (GISF) meter. This technique proposed in [52] overcomes
many well known limitations of other existing methods, since it provides non-intrusive
skin friction measurements. It is based on the relationship between the thinning of an oil
film, placed on the test surface exposed to the flow, and the local surface shear. The rate
of thinning of the oil film is determined using optical interference arising when an
incident light beam is partially reflected from the oil and test surface. The surveys of
different modern realizations of such a technique are presented in [50, 53].

The used version of the GISF meter was described in [53, 54]. The optical scheme
(Fig. 2.3) realized before in the Ludwieg-Tube (RWG) [49, 50] was applied. The beam
from a 2 mW, 633 nm wavelength He-Ne laser was widened by the lenses and sent with a
mirror to the test surface with the thin oil film. Because of very short test times in the
facility, the interferograms images were recorded during a run by Sony VO-9600P video
recorder and digitized thereafter by a full frame video capture card Hauppauge
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Win/Motion 60 and stored on a PC's hard disk at up to 30 frames per second. Various
Wacker silicon oils AK—10, AK-0.65 and Shell mineral oil S.5585 with corresponding
nominal viscosity of 10 mm?/s, 0,65 mm*s and 5,4 mm?/s at 25 °C have been used.
Typically, 4 to 5 high quality images were captured 40 ms apart at an image resolution of
768x576 pixels. The skin friction coefficient C; was calculated by the integral method,
described in [52, 53].

The comparison of the skin friction measurements on a plate obtained by different
methods is shown in Fig. 2.4. The C; values, extracted from the GISF measurements in
[50] and present study (preliminary presented in [33]), show an adequate distribution and
good agreement with the data obtained from the velocity profile measurements [49, 50]
and at x > 200 mm agree with the well-known Van Driest II correlation for the turbulent
boundary layer. At x< 100 mm the skin friction distributions show a transitional
boundary layer. The curve for laminar boundary layers corresponds to the empirical
Young correlation [55]. So, the end of natural transition occurred at about 100 mm. The
comparison supports conclusion regarding the turbulent state of the boundary layer
upstream of the crossing shocks interaction.

Some examples of the GISF application to the study of 3-D interaction properties
are considered briefly below.

2.2.2. Surface Flow Pattern and Surface Reflection Visualization Technique

A very liquid mixture of the Shell mineral oil S.5585 with the lamp black or oil-paint
has been used for the surface flow pattern visualization. The time approximately 20 —
40 ms was necessary to achieve the stable surface flow pattern properties which existed
for the next 260—280 ms of the RWG facility run time without any significant changes.
The movement of the mixture particles along the limiting streamlines was recorded
during a run by the Sony VO-9600P video recorder. This gave a possibility of analyzing
the dynamics of the topology development.

The surface reflective visualization (SRV) technique has been developed and used in
the RWG [33] parallel with the surface flow pattern visualization by the oil-lamp black
and C; measurements by the GISF meter for the 3-D shock waves/turbulent boundary
layer interactions. This technique is similar in some details with one described in [56].
The SRV system is a derivative of a double-pass shadowgraph system in which the model
surface-itself is a mirror and a component of the optical system (Fig. 2.5, a). A parallel
bundle of light was directed into the test section along a path perpendicular to the surface
of the model. The light is reflected back along nominally the same path and brought to
focus on the image plane of CCD camera. Such an optical system produces a two-
dimensional image of a component of the density gradient existing perpendicular to a
parallel light bundle integrated over its path. An example of the crossing shock wave
structure and the oil-lamp black surface flow visualization in the vicinity of double fin
configuration (£ = 18°, 4 = 139,2 mm, B = 43,2 mm) is shown in Fig. 2.5 b. The
appearance of a 3-D central separated zone around the crossing shock waves is seen
distinctly.
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2.2.3. Surface Pressure Measurements

143 static pressure taps were located on a plate with interval 10 mm in the x and z
directions. The taps were 0,3 mm in diameter and connected with short-length tubing
(150 mm) to a 32-port PSI (PRESSURE SYSTEMS INC") pressure transducer modules
with a measurements rate of £15 psi (£103400 Pa) and a rated accuracy of +0,1% full
scale (£100 Pa) or better. Two such modules have been used in every run.

The measurement error of surface pressure P; in undisturbed flow was +2+2 5%, and
the maximum error of the relative quantity P,/P; did not exceed +5%. The measured
surface pressure distributions for basic configurations at f = 8, 12, 18 and 23° are
tabulated and presented in figures in the Appendix.

2.3. Brief Description of Experimental Results at Mach Number M, = 5

The surface flow pattern photographs on a plate between two fins for all considered
configurations are presented in Figs. 2.6-2.25. The letters in the figures denote: "S" —
convergence (or separation) lines, "R" — divergence (or reattachment) lines.

The limiting streamlines properties for the case = 8° at M, = 5 (Fig. 2.6) are very
similar to that considered above for f#= 7° case at M, = 3.9 (Fig. 1.2, a). Realized flow is
characterized by a smooth turning of the limiting streamlines towards the channel axis
and their downstream penetration through the throat between convergence lines S and S,.
Secondary convergence (separation) lines S; and S; are formed due to the interaction of
intense secondary flows arising at the fin bases from the divergence lines R; and R, with
the flow passing through the throat.

The surface flow pattern for = 12°, M, = 5 (Fig. 2.7) is close to that considered
above for f=11° at M, = 3.9 (Fig. 1.6, a). Fig. 2.8 shows an increased fragment of the
photograph for this configuration, when the oil-paint mixture was applied upstream of the
fins tips only (for the other surface patterns shown the mixture was also applied within
the interaction region). In the vicinity of centerline the yellow point has been used. It's
seen that the yellow oil-paint mixture penetrating through the throat between the lines S}
and S, is excluded from further access to some central zone. Nevertheless, in the
beginning of this zone (when the mixture was also applied within the interaction region)
the appearance of only divergence line R; has been fixed (see increased fragment in
Fig. 2.9, a) without a saddle point associated with a singular separation. The surface flow
pattern properties in the vicinity of downstream part of the central zone is shown in
increased fragment in Fig. 2.9, b.

The surface flow pattern for f#= 18°, M, = 5 is shown in Fig. 2.10. It's obvious the
appearance of the distinct central separated zone in this case. Some increased fragments
of the central separated zone are shown in Figs. 2.11. The influence of the distance B
between the fins has been analyzed additionally in the experiments. Figs. 2.12 and 2.13
show an evolution of the surface flow pattern at B = 43.2 mm from the channel global
shocking regime to a stable state regime with the local central separation zone. An
interpretation of the surface flow pattern for the channel global shocking regime at
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M,, =3 has been considered in [3, 5]. The channel width increasing up to B = 64 mm
stimulated quick appearance of the second regime (Fig. 2.14). It's seen that the surface
flow pattern in the vicinity of the central separated zone for this situation is similar with
previous one. The increased fragment of the photograph (Fig. 2.15) shows the limiting
streamlines properties in the vicinity of the central separated zone entrance.

" The surface reflective visualization (SRV) technique has been used for the crossing
shock wave structure visualization parallel with the surface flow pattern visualization.
The examples are shown in Figs. 2.16,a, b for the regimes with the local central
separated zone at #= 18°, B = 43,2 and the channel global shocking regime at = 18°, B
= 38,4. The different surface flow pattern properties around the crossing shock waves are
seen distinctly for these cases.

The surface flow pattern for f = 23°, M,, = 5 is shown in Fig. 2.17. The distinct
secondary separation (S3, S;) and reattachment (Rs, R2) lines appear in the penetrating
from the fins to the centerline conical supersonic secondary flows at such conditions. The
shock waves in the secondary flow in the vicinity of the secondary separation and
reattachment lines initiate a distinct flow disturbance in the places of their crossing with
the external boundary of the central separated zone. Fig. 2. 18 shows the surface flow
pattern properties in the vicinity of the central separated zone entrance for this case.
Increased fragment of this place is shown in Fig. 2.19, b and the oil iterferogram obtained
on a basis of GISF technique — in Fig.2.19, a. The distance decreasing between the
interference fringes in downstream direction in the in Fig. 2.19, a corresponds to the
region of the Cy decreasing. The increased fragment of the downstream region of the
central separated zone is shown in Fig. 2.20. The interferogram and oil flow visualization
photographs demonstrate the reverse flow existence in the vicinity of the central line. The
surface flow pattern topology interpretation for this case is shown in Fig. 2.21, c. The
region for which the interferogram is presented (see Figs. 2.20, a; 2.21, b) is indicated in
Fig. 2.21, c. The surface flow pattern in the central separated zone after the node point N,
is shown in Fig. 2.22. The increased fragments of the GISF interferogram and a surface
flow pattern visualization photographs (Fig.2.23) demonstrate a flow properties in a
place where the secondary separation and reattachment lines S3 and R; intersect the
external boundary of the central separated zone S'.

The photographs in Figs. 2.24 and 2.25 show increased fragments of the surface flow
pattern visualization for different £ values in the vicinity of the central separation zone's
"apex", which have been considered briefly in the chapter 1 of the report (see Fig. 1.9).
The cases with #= 16, 17, 17,5 and 18° have been obtained by rotation of the fins for the
basic (£ = 18°) configuration around the points C (see Fig. 2.2, a) at the constant width
between these points B = 100 mm. The schemes presented in Fig. 1.9 specify the stages of
the flow topology development for these cases with £ increasing. The formation of two
convergence (separation) lines S; and S,, additional secondary convergence lines S; and Sy
and one central divergence line R; has been fixed at f=16° (Fig. 1.9, a; 2.24, a). It was
not possible to fix an appearance of the saddle-node points combination upstream of the
line R; in the region shaded in the sketch in Fig. 1.9, a. The appearance and development
of the local separated zone has been registered at f= 17 and 17,5° (Figs. 1.9, b, c) after
the central separation line S,. This local zone is limited upstream and downstream by two
saddle points and includes two focuses. The next scheme for = 18° (Fig. 1.9, d) has
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been considered above. It displays the appearance of the long reverse flow from the
downstream located node Nj to the saddle point C, in the center of the separation line S,.
Two shaded regions are shown in the scheme where the flow pattern interpretation is
difficult.

CONCLUSION

The conducted experimental and numerical studies allowed a significant refinement
of the specific features of the evolution of complex turbulent separated flows under the
conditions of 3-D interaction of a sequence of crossing shocks and expansion waves with
a turbulent boundary layer in the vicinity of two vertical symmetric fins with deflected
side surfaces and the angles of deflection #=7, 11, and 15°, which are mounted on a flat
plate, for the Mach number M,, = 3.9. It was shows that the numerical methods based on
the full 3-D Reynolds-averaged Navier—Stokes equations and the k—emodel of
turbulence can satisfactorily predict the specific topological features of these flows and
the pressure distribution for small and moderate strengths of the shock waves under the
conditions of the absence or incipience of separation. The results obtained made it
possible to refine some specific features of similar flows studied previously in [14] for the
Mach number M = 8.3.

To expand the data base necessary for verification of numerical calculations, the
results of experimental studies [33] of symmetric interactions of the crossing shock waves
and a turbulent boundary layer for the Mach number M,, = 5 and the range of fins
deflection angles =8 — 23° are presented in more detail.

Based on a careful analysis of the data obtained, it is shown that one of the main
possible reasons for the increasing disagreement between the numerical and experimental
data with the growth of the shock strength is inadequate modeling of the state of reverse
and secondary flows in 3-D separation regions within the framework of the approach
considered. To check the possibility of refinement of these calculations, including the
prediction of surface friction and heat transfer, it is desirable to perform a more detailed
study for the analysis of the influence of the balance between the turbulence production
and dissipation processes on the basis of differential models of turbulence.

To analyze the joint effect of the state of the secondary flows and unsteady effects,
it is necessary to use the DNS and LES methods. Taking into account the complexity of
such calculations as applied to the problems considered and also the accumulated
experience, it seems reasonable in the first stage to perform only the large-scale eddy
simulation for moderate Reynolds numbers in order to verify the adequate prediction of
the regular features of evolution of the secondary separation in the vicinity of a simpler
configuration — a single fin mounted on a flat plate.

The surface skin friction and heat transfer measurements as well as deep analysis of
flow topology at M,, = 5 for considered cases is recommended for a comparison with new
computations as a logic next stage of the program.
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Fig. 1.1. Test configuration
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Fig. 1.3. Surface pressure distributions in cross sections
at M,=3.9 and $=7°(a), 11°(d), 15°(c)
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Fig. 1.4. Observed evolution of the computed separation topology
for M, = 3.9, B =7°(a), 11° (), 11°<B<15°(c), 15°(d) and supposed
on a basis of experimental study for p=15°(e)
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Fig. 1.5. Surface flow pattern on the fins sides for M= 3.9, = 7°
(a - experiment, b- computation) and 11° (¢ - experiment,d - computation)
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Fig. 1.8. Computations by A.Panaras for one- and two-fins configurations at M,, = 3.9:

a - modified B-L model, p = 16°;
b - original B-L model, p = 16°;

c - surface flow pattern for B; = B, = 15°, modified B-L model [29];
d - centerline pressure (e - experim. Settles, Garrison; --- - original B-L model;

— - modified B-L model);

e - centerline skin friction (e - experim. Settles, Garrison; — - modified B-L model)
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Fig. 1.9. Surface flow pattern variation for M= 5 [33]:
a) f=16° A/B=1.86;b) f=17°, A/B=191;c) f=17,5°, A/B=1.93;d) f=18°, A/B=1,96
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Fig. 1.10. Surface flow pattern on the fins sides for
B =15°, M., =3.9 (a - experiment, b- computation)

Fig. 1.11. Flowfield structure cased by vortex/sidewall interactions
for $=15%M,=3.9
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Fig. 1.13. Surface flow pattern for =15° My = 8.3 [14]
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T
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Performance Tube A Tube B
Max. Stag. Pressure, bar 15 40
Max. Stag. Temperature, °C 20 400
Mach Number 6 -1 2.79t04.65 5.0t06.9
Unit Reynolds Number,10 m 5t0 60 5t0 50
Run Time, s 0.4 0.3
Test Section 0.5x05m? @ 05m

Fig. 2.1. Super- and Hypersonic Ludwieg-Tube Goettingen (RWG)
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Table 1. Basic configurations

B ,deg. L, mm A, mm B, mm 1, mm
$°x 8°(SF) | 229.5 142.0 100 309
12°x 12°(SF) 249.5 161.5 100 280
18°x 18°(SF) 269.0 196.0 100 260
23°x 23°(LF)| 286.0 307.0 100

Fig. 2.2. Test models
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C, 8 Fiat plate
o % L =500 mm
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Fig. 2.4. C; distributions on a plate
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Fig. 2.5. Surface reflective visualisation shadowgraph and surface flow pattern
for the double fin configuration § =18° at Mach 5
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Double Fin: B = 8°, A = 142 mm, B = 100.5 mm, L = 228 mm

M = 5, Re; = 40 x 10° 1/m (RWG DLR Géttingen)




Double Fin: § = 12°, A = 163 mm, B = 100.7 mm, L = 248 mm

M = 5, Re; = 40 x 10° 1/m (RWG DLR Géttingen)
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Double Fin: B = 12°, A= 163 mm, B = 100.7 mm, L = 248 mm (Fragment)

M = 5, Re; = 40 x 10° 1/m (RWG DLR Géttingen)
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f=12° A=161.5 mm, B =100 mm (Fragments)

Double Fin, M =5, Re; =40 x 10° 1/m (RWG DLR Géttingen)

Fig. 2.9




Double Fin: # = 18°, A = 196 mm, B = 100 mm, L = 268 mm

M =5, Re; = 40 x 10° 1/m (RWG DLR Géttingen)
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B =18° A =196 mm, B= 100 mm (Fragments)

Double Fin, M =5, Re, =40 x 10° 1/m (RWG DLR Géltingen)
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Double Fin: B = 18°, A = 139.5 mm, B =43.2 mm, L =267 mm

(Start of run) M = 5, Re, = 40 x 10° I/m (RWG DLR Géttingen)
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Double Fin: B = 18°, A= 139.5mm, B=43.2 mm, L =267 mm

M =5, Re, = 40 x 10° I/m (RWG DLR Géttingen)
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Double Fin: B = 18°, A = 160 mm, B = 63.9 mm, L = 267 mm

M =5, Re, = 40 x 10° 1/m (RWG DLR Géttingen)
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Double Fin: B = 18°, A = 160 mm. B = 63.9 mm, L = 267 mm (Fragment)

M = 35, Re: = 40 x 10° 1/m (RWG DLR Géttingen)
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a:B=18° A =134 mm. B=384mm

Double Fin, Surface Flow Visualisation with Shadowgraph
M =35 Re, = 40 x 10° 1/m (RWG DLR Gottingen)

Fig. 2.16
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Double Fin: B = 23°, A =304 mm, B = 100.4 mm, L = 285 mm

M =5, Re, = 40 x 10° I/m (RWG DLR Géttingen)

S7




Double Fin: § =23°, A =304 mm, B =100.4 mm, L = 285 mm

M =3 _Re; =40 x 10° 1/m (RWG DLR Géttingen)
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Double Fin: 8 = 23° A = 307 mum. B = [00 mm. L = 285 mum (Fragment)
Oil Film Interferometry and Surface Flow Visualisation

M = 5. Re; = 40 x 10° 1/m (RWG DLR Géttingen)

Fig. 2.19
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Double Fin: 5 =23° A =307 mm. B =100 mm, L =285 mm (Fragment)
Oil Film Interferometry and Surface Flow Visualisation |
M = 3. Re; = 40 x 10° I/m (RWG DLR Géttingen)
Fig. 2.20
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b.

Co = 5

S:

Fig. 2.21. The oil interferogram and surface flow scheme for a double fin configuration
atM=5: p=23°, A=307 mm, B =100 mm.
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Double Fin: B

M

23° A =307 mm, B =100 mm. L =285 mm (Fragmcnt)

S. Re, = 40 x 10° 1/m (RWG DLR Géttingen)

Fig. 2.23
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b.B=17° A =192 mm. B= 101 mm (Fragment)

Double Fin. M = 5, Re; = 40 x 10° 1/m (RWG DLR Géttingen)

Fig. 2.24
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b. B = 18°. A = 196 mm, B = 100 mm (Fragment)

Double Fin. M = 3, Rey = 40 x 10° 1/m (RWG DLR Gottingen)

Fig. 2.25
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APPENDIX

(Surface Pressure Distributions)
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Zmm
-50
-45
-40
-35
-30
-25
-20
-15
-10

-5
0
5

10

15

20

25

30

35

40
45
50

X, mm
140,5
150,5
160,5
170,5
180,5
190,5
200,5
210,56
220,5
230,5
240,5
250,5
260,5

_Surface Pressure for SF 8°

Pw/P1
Section 2
2,37953496
2,38818192
2,22395349
1,80295455

1,62418604
1,61795449
1,41232562
1,31136358
1,156930235
1,35295451
1,49418604
1,60772729
1,68325579
1,74431813
1,69511626
1,90363634
2,35093021
2,51409101
2,41116285

Z=0mm
1,15930235
1,48395348
1,83465111
2,0893023
2,30767441
2,51674414
2,72744179
2,89930224
3,01511621
3,07255816
3,0927906
3,15255809
3,26302314

Section 3
1,63069773
2,36181808
2,40837216
1,97590911
1,64511633

1,5977273
1,69348836
1,65181816
1,54627907
1,50431824
1,48395348
1,50477278
1,66837213

1,6431818
1,75604653
1,63348842
1,78302324

2,1281395
2,568348846
2,47953486
1,53162789

Z=5mm
1,35295451
1,50477278
1,71022725
1,96000004
2,20068192
2,4000001
2,54136372
2,64386368
2,80522728
2,96659088
3,04681826
3,11136365
3,22931814

Section 4
1,11837208
1,13302326
1,67279074
2,36604643
2,26883721
1,8465116
1,569720933
1,70116282
2,03186035
2,26767445
2,30767441
2,20068192
1,9160465
1,63860464
1,65511632
1,92418599
2,4069767
2,36209297
1,49441862
1,1497674
1,1425581
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Section 5
1,07186043
1,06162786
1,13674414
1,35116279
1,85348833
2,17325592
1,95255816
1,87883723
2,62162781
2,7897675
2,89930224
2,64386368
2,40930223
1,72720933
1,96441865
2,07395339
1,7806977
1,36186051
1,16488373
1,10348833
1,10139537

Section 6
1,08000004
1,02139533
1,08627903
1,13465118
1,287907
1,67023251
2,13744187
2,73744178
2,88651156
3,19232559
3,0927906
3,04681826
2,56965116
2,52860475
1,85813951
1,51209307

Section 2, X = 140,56 mm
Section 3, X = 150,5 mm
Section 4, X = 180,5 mm
Section 5, X =210,5 mm
Section 6, X =240,5 mm
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Zmm
-55
-50
-45
-40
-35
-30
-25
-20
-15
-10

5
0
5

10

15

20
25
30
35
40
45
50
55

Xmm
120,5
130,5
140,5
150,5
160,5
170,5
180,5
190,5
200,5
210,5
220,5

230,5
240,5

Surface Pressure for SF 12°

Pw/P1
Section 2
3,58697677
3,73441863
3,21674418
1,96581399
1,58186042

1,86023259

1,8555814
1,49302328
1,22325587

0,9995349
1,14674413
1,48279071
1,77232563
1,90069771
2,06558132
1,84674418

1,6913954
1,93023252
3,17604661
3,74441862
3,69023252

Z=0mm
0,9995349
1,28813958
2,23581386
2,81279063
3,36744189
3,88186049
4,53651142
4,97279072
4,99558163
4,86069775
4,5060463

4,64674425
5,12906981

Section 3
4,95581388
3,51930237
3,84372091
2,67604661
1,76093018
1,58651161
1,88767445
1,95883715
1,93790698
1,72372091
1,6127907
1,28813958
1,67720935
1,71348834
1,88558137
2,03023267
1,99372089
1,70255816
1,75069773
2,65069771
3,96232557
3,68813944
4,18302345

Z=5mm
1,14674413
1,57720935
1,97790694
2,65395355
3,17441869
3,51976752
3,66279078
4,0855813
4,41674423
4,5569768
4,87116289

5,32651186
5,24604654

Section 4

1,44348836
1,63395355
3,55511618
3,81162786
2,74093032
1,74418604
1,61302328

1,8141861
2,04348826
3,13953495
3,36744189
3,17441869
2,10488367

1,8555814
1,64116275
1,78116274
2,69186044
4,01651144
3,70558143
1,78162789
1,46093023
1,12441862

712

Section 5

1,15488374
1,09023261
1,32162786
1,76465118
2,84767437
3,62255812
2,61348844
1,71418607
3,41720939
4,00976753
4,97279072

4,0855813

3,4034884
1,68209302
2,55076748
3,59581399

2,9288373
1,84395349
1,36302328
1,14488375
1,17069769
0,81604654

Section 6

1,12046516
1,037907
1,13395345
1,23000002
1,563581393
2,02093029
2,67395353
4,6934886
5,257442
5,04255819
4,5060463
4,87116289
5,1293025
3,89348841
2,70953488
2,04883718

Section 2, X = 120,5 mm
Section 3, X =130,5 mm
Section 4, X = 160,5 mm
Section 5, X = 190,5 mm
Section 6, X =220,5 mm
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Zmm

-60
-50
-40
-30
-20
-10
0
10
20
30
40
50
60

Xmm
101
106
111
116
121
126
131
136
141
146
151
156
161
166
171
176
181
186
191
196
201
206
211
216
221

Surface Pressure for SF 18°

Pw/P1
Section 2
6,23044443
1,9133333
1,89111114

2,1833334
1,37600005
1,05688894
1,38822222

2,2522223
2,25377774
1,92933333
1,99977779
6,26933336

Z=0mm
1,05688894
1,00340915
1,32533336
2,74000001
3,51133323
3,90409088
4,39088869
5,0977273
6,32533312
7,39295435
8,49577808
8,94522762
9,18022251
8,85227299
8,34977818
7,70090914
7,18688869
6,55909109
5,43266678
4,78340912
4,75244427
7,00954533
9,16355515
10,4693184
11,832222

Section 3
5,80288887
4,19222212
1,6684444
2,08866668
2,28577781
2,01644444
1,32533336
2,04288888
2,35511637
2,13418603
1,69837213
4,53441858
6,07372093

Section 4

6,07441854
6,71744204
1,65372097
1,89697671
2,27697682
6,32533312
2,27627897

1,8997674
1,75395346
6,72372103
6,03651142

Section 5

1,46976745
2,04813957
7,24627924
2,74883723
4,82302332
8,34977818
4,77604628
2,84930229
6,89162779
1,94744182

1,4376744

Section 2, X =101 mm
Section 3, X =111 mm
Section 4, X = 141 mm
Section 5, X =171 mm

Section 6, X =201 mm

75

Section 6

1,23279071
1,33325577
2,04395342
5,40325594

9,6218605
4,75244427
9,46930218
5,14790678
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Z mm

-60
-85
-50
-45
-40
-35
-30
-25
-20
-15
-10
-5
0

5
10
15
20
25
30
35
40
45
50
55
60
65

Xmm
84
94

104
114
124
134
144
154
164
174
184
194
204

Surface Pressure for LF 23°

Pw/P1
Section 2
2,26279068
1,97604656
1,51279068
1,00209308
1,03023255
1,01325583

1,04999995
1,08883727
1,03581393
1,06255817
1,04116285
1,07116282
1,07255816
1,0641861
1,07418609
1,08860469
1,07046509
1,09162796
1,03162789
1,13
1,68813956
2,20465112
2,33418608
2,45906973

Z=0mm
1,04116285
1,02813959
1,00697672
1,01790702
2,00162792
3,36976743
5,44813967

8,2704649
10,7372093

11,970233
11,3762789
10,1995344
9,30372047

Section 3
2,40813947
2,35255814
2,27069759
2,08162785
1,74046516
1,05465114
1,03209305
1,0641861
1,07209301
1,06558144
1,04441857
1,06069767
1,02813959
1,06604648
1,06558144
1,05790699
1,03325582
1,01999998
1,0234884
1,22790694
1,84883726
2,26255822
2,30511618
2,3816278
2,48093033
2,47534895

Z=5mm
1,07116282
1,06604648
1,037907
1,03302324
1,89581394
3,20418596
3,75906968
5,95186043
7,37441874
7,44674397
7,45465136
7,61930227
8,03023243

Section 4

2,32534885
2,39744186

2,4539535
2,44534874
2,50325584
2,43813944
2,38720942
2,22255802
1,98511624
1,84674418
2,00162792
1,89581394
2,06488371
2,27906966
2,49302316
2,58627915
2,51279068
2,53860474
2,47023249

2,3925581

2,4034884
2,28930235

78

Section 5

1,43837214
2,16976738
2,16953492
2,21232557
2,27790688
2,39930224
2,45325589
2,49790692

3,2393024
7,53720951

8,2704649
5,95186043
2,75186038
2,59046507
2,51604652
2,43627906
2,27720928
2,17744184
2,19930243
2,24232554
1,46000004
1,36023259

Section 6

6,92116261
2,96860456
1,74348843
1,18069768
1,68976748
2,72418594
5,41348839
6,28325558
6,40883732
9,13023281
11,3762789
7,45465136
6,08465099
6,15325594
3,8900001
2,335814

Section 2, X =84 mm
Section 3, X =94 mm
Section 4, X =124 mm
Section 5, X = 154 mm
| Section 6, X = 184 mm



