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Structure of Flow over a Hypersonic Inlet
with Side Compression Wedges

Y. P. Goonko,* A. F. Latypov,"' I. I. Mazhul,* A. M. Kharitonov, and M. I. Yaroslavtsev!
Institute of Theoretical and Applied Mechanics, 630090, Novosibirsk, Russia
and
P. Rostand**
Dassault Aviation, 92522 Saint Cloud, France

The flow over a hypersonic three-dimensional inlet with ramp and side-swept compression wedges was exper-
imentally studied. Two identical inlet models were tested in the blowdown wind tunnel T-313 at Mach numbers
M, =4 and 6 and in the hotshot wind tunnel IT-302M at M, =6 and 8. Optical visualization of the flow, near
the inlet entrance and in the inlet duct, as well as oil-film visualization of the streamlines on compression surfaces
were performed. Distributions of static pressure and heat fluxes on these surfaces in typical cross and longitudinal
sections, and pitot-pressure distributions at the inlet duct exit, were obtained. Patterns of the supersonic flow over
the compression wedges and in the inlet duct were identified. A characteristic feature of these flows, in particular,
is what the compression wedges form shock waves glancing relative to the wedge surfaces. These shocks induce
oblique separations of the boundary layer with intense helical vortices propagating far downstream. As a whole,
a complex system of multiple shock and expansion waves and vortex structures occurs over the inlet section of
external compression, so that the flowfield at the inlet-duct entrance, in the duct, and at the exit is significantly
nonuniform. Tests with a natural development of the boundary layer on compression surfaces and with tripping
were carried out. “Grater-type” trips were used, which demonstrated the high efficiency at high Mach numbers
M =6-8. The unit Reynolds numbers in wind tunnels at the same test Mach number M, =~ 6 were different,
Rejoo =20 x 10° 1/m in T-313 and Re;. = (2-2.5) X 10° 1/m in IT-302M, respectively, but the boundary-layer
tripping ensured identical flow regimes determined by the state of the boundary layer. Experimental data obtained
in wind tunnels of different operation principles are in good qualitative agreement even with taking into account

some quantitative difference mainly attributed to the unit-Reynolds-number difference.

Nomenclature

reference (frontal) area of inlet, m?

heat-flux coefficient referred to the specific kinetic
energy of the freestream flow, ¢, =¢,,/ (p V2, /2)
= flow Mach number

freestream Mach number

static pressure, N/m?

relative pressure, p = p/Peo

total (stagnation) pressure, N/m?

total pressure measured with a pitot tube behind
the normal shock wave in the flow with a local
supersonic velocity, N/m?

heat flux through the wall surface, J/m?s
freestream dynamic pressure, ¢, = o, V2 /2, N/m?
Reynolds number of the boundary-layertransition
unit Reynolds number per meter, 1/m

total (stagnation) temperature, K

flow velocity, m/s

adiabatic exponent

= wedge angle, deg
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o = flow density, kg/m?

X = wedge sweep angle, deg
Subscripts

0 = stagnation flow parameters

oo = freestream parameters

I. Introduction

NE of the main problems that defines the prospectsof bringing

into existence hypersonic airbreathing vehicles is the devel-
opment of a scramjet engine. Extensive investigations have been
performed and are performed in this aspect. Nevertheless, gas-
dynamic phenomena arising in the flow around supersonic inlets
and in flows with heat addition in the engine duct have not been
adequately studied yet because of their complexity. This is par-
ticularly true for scramjets with three-dimensionalinlets: the flow
around them is complicated by three-dimensionalshock-shock and
shock-boundary-layerinteractions.

The present paper contains the results of studying the flow
around a hypersonicinlet with ramp and side compression wedges.
The investigations were performed within the framework of a
more general experimental study'? of the resultant aerodynamic-
propulsive characteristics of a model scramjet. The experiments
were carried out in wind tunnels based at the Institute of Theo-
retical and Applied Mechanics (ITAM) of the Siberian Branch of
the Russian Academy of Sciences. Tests in a hot-shot wind tun-
nel, IT-302M, at freestream Mach numbers M, = 6 and 8 included
both regimes with combustion of gaseous hydrogen and without
fuel supply; tests in a blowdown wind tunnel, T-313, at M, =4
and 6 were conducted in regimes without fuel addition. The engine
model was assembled from three modular sections, and the test
program included experiments with the complete scramjet model
(inlet+ combustor +nozzle) and its components: engine without
the nozzle (inlet+ combustor) and inlet alone. Comparative tests
of two identical inlet models of equal dimensions in IT-302M and
T-313 at M, = 6 were performed.
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One of the objectives of the study'? was to obtain experimen-
tal data for a generic complex hypersonic integrated configuration,
which would include a scramjet. In Ref. 1 such a configuration
was called integration validation object (IVO); it should be ade-
quately representative to determine and confirm the capabilities of
numerical methods for computation of the aerodynamic-propulsive
characteristics for hypersonic airbreathing vehicles. The IVO con-
cept is derived from the analysis of requirements to the accuracy
of determination and prediction of the characteristics as applied to
hypersonic airbreathing vehicles > Difficulties arising thereby are
related, in particular, to the fact that the resultant acceleration for
such a vehicle is produced by a small difference in two large quan-
tities: engine thrust and airplane drag. Ground-based testing of the
IVO model should incorporate the problems inherentin hypersonic
airbreathingvehicles: flow physics,thermogasdynamics,interaction
of various elements of the engine, formation of aerodynamic drag
and propulsion thrust forces, etc. At the same time the IVO config-
uration should be rather simple and convenient for computations to
be compared with controllableexperimentaldata. A model scramjet
including a three-dimensionalinlet with side compression wedges,
which was similar to inlets of Ref. 5-9, was developed as an IVO
to be tested in ITAM wind tunnels.

The model parameters were chosenin such a way thatboth the in-
let and the engine itself were workable under test conditions, but the
objective of reaching a higher efficiency as compared to other types
of inlets was not pursued therewith. The study of the model scram-
jet in wind tunnels of different operation imposed the requirement
that reasonable performance of the model within the Mach-number
range examined was ensured with a fixed geometry of the inlet.
Therefore, the necessary compression of the airstream captured by
the inlet and, hence, relative cross-sectional areas of the inlet duct
at the entrance and in the throat were chosen as applied to both test
conditions: testing the model engine with combustion in IT-302M
and providing the inlet starting at the lowest Mach numbers of the
examined range, thatis, at M, =4 in T-313.

II. Models and Test Conditions

The inlet models tested have an identical configuration, size, and
construction; they were mounted in an identical manner on py-
lons struts, but the latter were differentin accordance with different
model-supportarrangementsin IT-302M and T-313. A general view
of the model configuration is shown in Fig. 1, a drawing with main
dimensionsis displayedin Fig. 2, and basic geometrical parameters
of the inlet are also tabulated in Table 1.

The inlet has a ramp wedge and side wedges of initial external
compression. An internal duct of the inlet covered by a cowl be-
gins from the entrance cross section “E-E” marked in Fig. 2 and
arranged at a distance Ly = 255.8 mm from the leading edge of the
ramp wedge. The cowl lip is bent by an angle §,, =9 deg chosen
under the condition of model inlet starting in T-313 at the small-
est Mach number examined, M, =4. Behind the inlet throat there
is a diffuser with a small inclination of the lower wall at an angle
84t = 2 deg. Cross sections of the duct in the throat and in the dif-
fuser are rectangular. Note, the relative exit area of the inlet diffuser
A, =0.123 as compared to the relative throat area Ay =0.10 was
chosen by taking into account the total degree of area expansion
for the engine channel of the complete scramjet model presented
in Ref. 1. A combustion chamber of the engine begins from a step-
wise expansion immediately behind the exit cross section of the
inlet duct. The total area expansion should be sufficient in order to
prevent, for the cases of testing the complete model with combus-
tionin IT-302M, the influence of thermal choking of the combustion
chamber on the external flow around the inlet.

The configurationof the model inletresembles that of inlet Ref. 5,
whichwas designed fora Machnumber M, =5 and also had aramp
and side compression wedges. The presence of the ramp wedge of
external compression and some internal compressionin these inlets
give them properties similar to two-dimensional (flat) inlets with
mixed external and internal compression. The inlets of Refs. 6-9, in
contrast to the inlet under consideration, have no ramp wedge, and
they are inlets of primarily internal compression.

Table 1 Basic geometrical parameters of the inlet

Inlet cowl
Definition of parameter Value
/ . Ramp wedge angle 6,y,, sweep angle x;w Srw = 12.5deg, xrw =0
. 4 Angles of side wedges Ssw, Xsw Ssw = 10 deg, xsw =45 deg
e
Side wedges Reference dimensions of the inlet determined
by leading edges of compression wedges:
Width of the ramp wedge biy 153.8 mm
Height of the side wedges hjp 80 mm
Entrance Reference area Ay = biy hinl 0.012304 m?
of the inlet duct Relative cross-sectional area of the inlet-duct 0.184
entrance Aep = ASE/AU
Ramp wedge Relative throat area Am_: Amn/Ao 0.1
Relative duct exit area Aex = Aex /Ao 0.123
Fig.1 General view of the model inlet.
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Fig.2 Layoutand basic dimensions of the model inlet.
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Table 2 Test conditions

Mach Total Total Unit Reynolds
Wind number pressure temperature number
tunnel My Poocos N/m? 1000, K Rejso, 1/m
T-313 4.04 10.6 x 103 280-295  (4.7-5.4)x 107

5.89 83x10° 280-295  (1.8-2) x 107
IT-303M  5.6-5.8 (19.8-68.0)x 10°  1300-1730 (1.9-2.5) x 10°

7.71-7.89 (54.0-117.6)x 10° 22702320 (1.2-1.4) x 10°

One of the inlet models was tested in the blowdown wind tun-
nel T-313 (Ref. 10) with test-sectiondimensions 0.6 x 0.6 x 2.5 m.
The main flow parameters in these tests are listed in Table 2. The
quality of flowfield in the test section of T-313 can be characterized
by deviations of the Mach number, which do not exceed 0.5% for
M., =4 and 1% for M, =6.

The static-pressure distribution over the compression wedges
of the inlet and in the internal duct and also the pitot-pressure
distribution at the inlet-ductexit were measured for the inlet model
tested in T-313. A pressure meter MID-100, which ranks among
permanent equipment of the facility and is described in Ref. 11,
was used. Static-pressure taps 1 mm in diameter were positioned
in two longitudinal sections: in the plane of symmetry and in a
section shifted by 20 mm from the plane of symmetry; in a cross
section at a distance x = 105 mm from the ramp leading edge; and
in a set of cross sections in the inlet duct. The maximum total rms
error of measuring the relative static pressure p, including the ran-
dom and instrumental components and the error caused by flow-
field nonuniformityin the wind tunnel, is estimated as o (p) =0.15
based on the data'? for M, =4 and does not exceed o (p) =0.6
for M., = 6. In correlation with the level of p obtained for M, =4
and 6, these errors are less than 5 and 12% in pressure measure-
ment on the compression ramp and side wedges and less than
1 and 2% in pressure measurement in the inlet duct. The max-
imum total rms error in pitot-pressure measurement is less than
0 (py/Pss) =0.003.

Because of the construction of the inlet, it was not possible to
observe the flow between the side compression wedges through a
schlierendevice. A limited region of flow outsidethe optical shadow
of the model, above the side compression wedges in the vicinity of
the entrance cross section, could be observed. Therewith, as for
shock waves forming between the side compression wedges, only
continuations of some of them coming beyond the model shadow
were seen. The inlet model tested in T-313 was equipped by optical
glasses in the side walls, which allowed us to observe the flow in
the throat and in the diffuser of the inlet duct in this case. Oil-film
visualization of the surface streamlines on compression wedges,
near the entrance, and in the inlet duct was also performed.

The other inlet model was tested in the hotshot wind tunnel
IT-302M (Ref. 13). The tests in this wind tunnel were performed at
M, =6 and 8 in regimes with pressure stabilizationin the plenum
chamber of the wind tunnel; the test regime of the flow around the
model was stabilized 20-50 ms after wind-tunnelstarting and lasted
up to 100-135 ms. The tests at M, = 6 were conducted using a con-
toured nozzle with a 300-mm exit diameter, and a conical nozzle
with a 330-mm diameter was used for M, = 8. The flow parameters
in two test series were ranged as presented in Table 2.

The deviations of local freestream Mach numbers from the mean
values over the flow core at the nozzle exit in IT-302M are from
—0.9 to +1.5% for M, =6 and from —1.5 to +1.7% for M, =8;
the errors of determining the dynamic pressure ¢g., do not exceed
7.3 and 2.6%, respectively.

The inlet model tested in IT-302M was equipped by small-scale
fast-response pressure gauges mounted in special containers inside
the model. Ten pressure taps were located in the plane of symme-
try: on the ramp, on the lower surface of the inlet duct, and on the
internal surface of the cowl. The pressure gauges used are described
in Ref. 14; their total error of pressure measurement is about 5%
of a nominal value. Heat-flux measurements were also performed
at testing the model in IT-302M using calorimetric gauges of a
type as in Ref. 15; their characteristics were studied in Ref. 16.
These gauges, 4.5 mm in diameter, were located in the longitudinal

section shifted by 20 mm from the plane of symmetry (eight meter-
ing points on the ramp and lower surface of the inlet duct and three
points on the internal surface of the inlet cowl). The possible error
in wall-temperature measurement was less than 3%, and the error
of heat-flux reconstruction was about 10%. The special features of
determining freestream parameters in I'T-302M and heat fluxes in
hotshot tunnels are discussed in Ref. 17.

Schlieren visualization of the flow in the vicinity of the entrance
cross section above the side compression wedges and oil visual-
ization of the limiting streamlines on compression-wedge surfaces
were also carried out in IT-302M. The latter was performed with
lampblack-oil spots 5-7 mm in diameter, which spread along sur-
face streamlines in the course of testing.

The test conditions at Mach numbers M., =6 in T-313 and at
M, =6 and 8 in IT-302M are characterized by rather low values of
the Reynolds number. Owing to this, as was shown by preliminary
calculated estimates, a laminar or transitional state of the bound-
ary layer on compression wedges of the inlet should be expected.
Therefore, in the preceding regimes the inlet was tested both with
and without boundary-layertripping.

III. Some Calculated Estimates
of the Inlet Flow Parameters

To facilitate interpretationof the experimentally observed pattern
of the flow around the inlet, the position and interaction of shock
waves formed by the ramp and side compression wedges were cal-
culated. An example of the flow pattern calculated for M,, =6 is
shown in Fig. 3 as a) the side view of the model cut in the plane of
symmetry, b) the cross-sectional profile, and c) the top view. In the
latter case, one-half of the model is shown because of its symmetry.
The letter symbols in Fig. 3 denote characteristic surfaces, lines,
and points of the model contour and shock waves; symmetrically
opposing points on the other half of the model will be designated by
primed letters. These notations will be used further to discuss both
calculated and experimental results.

The ramp compression wedge with an angle é,,, and with a non-
swept leading edge AA’ forms an oblique shock wave rws being
plane (Figs. 3a and 3b). The side compression wedges with an angle
8sw and sweptleadingedges A B and A’ B’ form shock waves sws and
sws’ being also plane but inclined in a cross section in accordance
with the slope of the compressionsurfacesABG andA'B’G’ (Figs. 3b
and 3c). The latter shocks can be called spatially oriented plane
shock waves, which are determined analytically exactly in the flow
regions that do not experience tip effects. We used the relations'3*
formulated in terms of vector algebra and reduced the problem of
a spatially oriented plane shock wave to the problem of an oblique

ml  bs sws ris slp
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Fig. 3 Calculated shock-wave structure in the inviscid flow over the
external compression wedges of the inlet, M, = 6.
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shock wave in a two-dimensional flow. The interaction of the shock
waves rws and sws in the dihedral corner is irregular, of Mach-
reflection type in the cross section; as a result, a bridging shock
wave bs and reflected shock waves rms and sms form, as is shownin
Fig. 3b. The shock waves rms, sms, bs originate at the corner vertex
A (and, respectively, rms’, sms’, bs' at A") as conical ones, but they
can be curved in the cross section. They were calculated assuming
that they are also spatially oriented plane shock waves, and the flow
behind them is deflected from a direction of either the flow behind
the shock rws or the flow behind the shock sws to the direction of
the dihedral cornerrib cr. The shocks rms and sms are glancing with
respectto plane surfaces of the compressionwedges. The positionof
the bridging plane shock bs is determined by points of intersection
of the shocks rms and sms with the shocks rws and sws, respec-
tively. The flow behind the plane shock rws in the region between
the ramp leading edge and the crossing shocks rms and rms’, up to
the line E D; of intersection of the latter in the plane of symmetry,
is uniform, and its parameters are calculated analytically exactly.

In the region of intersection of the crossing shocks rms and rms’
at the plane of symmetry, the flow pattern becomes much more
complicated. The point E; of intersection of the shocks rws, rms,
bs and, respectively, rms’, sms’, bs', which is shown in Fig. 3a, is
singular and can be called the point of multiple interaction of flows
and shock waves. First, in the flow under the point E; the shocks
rms and rms’ intersect and reflect at the plane of symmetry with
the formation of secondary reflected side shocks rss and rss’. (The
shock rss is shown on the top view in Fig. 3c.) Second, in the flow
above the point E; the bridging shocks bs and bs’ collide with each
other, and interactionof flows behind them occurs. A resultantshock
wave ris arises here (see Fig. 3a), which has a greater inclination
in the plane of symmetry and a greater intensity than the shock
wave rws; an expansion wave ew and a velocity—-discontinuity sheet
with a slip line slp in the symmetry plane form also. Interaction of
flows and spatially oriented shock waves upstream and downstream
of the point E| is actually three-dimensional, but it was calculated
under the assumption that the flow behind the shock wave ris is
two-dimensional. The calculated structure of this interaction at the
plane of symmetry is shown in Fig. 3a. The expansion wave ew can
partially (at M, = 6) or completely (at M, =4) enter the inlet duct.

The top view in Fig. 3c shows the lines of intersection of shock
waves with the plane of the ramp wedge and with the horizontal
plane passing through the vertices B and B’ of the side wedges.
Both for M, =4 and 6, the shock waves rss and rss’ reflected from
the plane of symmetry fall on the inlet-duct entrance and cross the
leading edge of the cowl lip (line FEF").

Interaction of flows and shock waves at the point E; can be in-
fluenced by tip effects propagating from the vertices B and B’ and
developing along the edges BG and B'G’ of the side wedges. Such
an effect manifests itself inside a Mach conoid emanating from a
wedge vertex, and its action at a wedge surface begins from a Mach
line ml determinedin the flow behind the shock wave sws and drawn
in Fig. 3a.

Thus, the calculations showed that initial shock waves formed by
compression wedges interact with each other in a complex manner
with the formation of reflected shock waves, which are glancing
with respect to the wedge surfaces. As a result, multiple interacting
shock waves in front of the inlet-ductentrancelead to the formation
of a significantly nonuniform flowfield here.

IV. State of Boundary Layer and Its
Glancing-Shock-Induced Separation

Because intensive shock waves forming in the flow over the com-
pression wedges are glancing with respect to wedge surfaces, they
mightinduce a three-dimensionalboundary-layerseparation, which
can be named oblique. In this context we obtained the simplest es-
timates of the possible state of the boundary layer developing on
compression surfaces and the characteristics of the said oblique
separation.

The state of the boundary layer on the model was evaluated us-
ing the experimental results’*2! on measurement of the boundary-
layer transition in T-313. A flat plate with a sharp leading edge was
tested within the Mach range M, = 2.5-6 for Re,, = 1.1 x 10° and

1.6 x 107 1/m. The data for M., = 6 obtained by of V. I. Kornilov
were not published,but they were used with his permission. The tran-
sition Reynolds numbers obtained correspond to the known power
dependence of the unit Reynolds number Re, ~ Re} with an expo-
nent n ~ 0.4; the validity of this dependence for M,, =3 and 4 in
T-313 was demonstrated in Ref. 22. We also note that the blunt-
ness of the leading edges of the inlet model tested was rather small
hy =0.12£0.01 mm and, according to the data,”® had a very subtle
effect on transition.

The following estimates of the transition Reynolds numbers and
lengths were obtained for a flow behind the shock wave on the ramp
wedge of the model considered:

M, =4, M,y =3.14, Reéyps=7.0 x 107 1/m

Re, = (3.6-5.6) x 10°, L, = 50-80 mm

M, =6, M,y = 4.26, Rejms = 2.6 x 10" 1/m

Re, = (3.0-4.7) x 10°, L, = 115-180 mm

Here M., and Re, are the Mach number and the unit Reynolds
number behind the shock wave rws; the intervals indicated for Re,
and L, correspond to the transition beginning and end.

The effectof sweptleadingedges for the side compressionwedges
was taken into account on the basis of the experimental data®! for a
flat plate with a variable-sweep leading edge. These data show that
the ratio of the transition Reynolds numbers (Re;), o/ (Re;), = at
a given sweep angle x is a little different for M, =3 and 4, and
the value (Re,)x _as deg/(Re,)X —0~0.4 determined for an angle
x =45 deg at M, =4 was also used for M, = 6. Correspondingly,
the transition Reynolds numbers on the side wedges were expected
to be smaller than half of those for the ramp wedge.

Thus, according to the estimates calculated for the model tested
in T-313 we expected the flow over compression wedges with a
laminar-turbulentboundary layer in the case of natural development
of the latter. Similar estimates of the boundary-layerstate as applied
to testconditionsin the hotshotwind tunnel IT-302M showed that we
could expectthe flow with a laminar boundarylayer on compression
wedges beyond the entrance cross section of the inlet.

There are many papers dealing with oblique turbulent separation,
and correspondingly,there are differentdependencesfor estimating
its parameters. In the present paper these estimates were obtained
in accordance with the study® of corner flows, including glancing
shock waves that interacted with the boundary layer, at Mach num-
bers M, =2-4 in the T-313 wind tunnel. The results of this study
on estimating parameters of the oblique turbulent separation were
tested by comparison with the data of other authors and published
in Ref. 24; the use of these results under the conditions considered
is justified. It is well known for supersonic corner flows that, if the
region of interaction of a glancing shock wave with the boundary
layer is reasonably extended and the turbulent boundary layer is
developed, one can assume this flow to be close to conical. In this
case the two-dimensional analogy is valid: the pressure distribution
in the separation region on a flat surface in the direction perpen-
dicular to the line of shock/surface intersectionis the same as that
in two-dimensional separation flows. In particular, two-dimensional
relations are valid for pressure estimation in the so-called isobaric
zone of separation (pressure plateau), if the reduced velocity com-
ponent normal to the shock/surface intersection line is used. The
plateau pressure and position of the separation lines were estimated
using the simplest dependences presented in Ref. 24:

o = 0.6M,, + 0.7 (1)

y/B =1+053-(Igp,[lgp: — 1) &Y

Here M, is the said normal Mach number component of flow up-
stream of the glancing shock; pyy is the relative plateau pressure;
Dy is the strength of the glancing shock (ratio of the pressure down-
stream of the shock to the pressure upstream of it); p} and g* are
the strength and the inclination angle of the critical glancing shock
corresponding to the beginning of emergence of turbulent separa-
tion for a given Mach number, and the inclinationangle is an angle
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between the upstream flow direction and the shock in the plane rel-
ative to which it is glancing; and y is the angle of inclination of the
separationline. To estimate the critical valuesin Eq. (2), we, as well
as the authors of Refs. 23 and 24, used the Korkedgi formula (of
Ref. 25):

M-5"=03 3)

where §* is the critical value of the angle of the wedge that gener-
ated a glancingshock wave responsiblefor oblique separation of the
boundary layer. The experimental data®®?* are in good agreement
with this dependence.

Fortestconditionsof the modelin T-313 at M, = 6, the calculated
estimates of the laminar separation characteristics with the use of
the two-dimensionalanalogy just mentioned were obtained. The ex-
perimental data®® on three-dimensional separation with interaction

Shock wave induced by a local
separation of the boundary layer

M =4

©

Shock wave from
the cowl leading edge

Shock wave from an internal
inflection of the cowl contour

Fig.4 Photographed flow picture in the inlet duct for M, =4.

Right side wedge

between a glancing plane shock wave and a laminar boundary layer
for M., =2.25 and Re,, = (6-30) x 10° were used. In our case, for
example, the Reynolds number (determined for the first measure-
ment cross section x = 105 mm) corresponds to Re =27 x 10°. In
the case of laminar separationin a two-dimensionalflow, the plateau
pressure remains almost unchanged for Mach numbers M, < 1.4
(e.g., see Ref. 27). For the test conditions®® the Mach number nor-
mal to the shock was M, = 1.1-1.2, and for the inlet model tested
at M, =6 we had (M,,), ~ 1.3. Therefore, in accordance with
Ref. 26, we assumed that the plateau pressure of laminar separation
was equal to

Ppn = const = 1.15 “4)

V. Test Results

A. Inlet Starting

The schlieren flow visualization has shown that there is no de-
tached bow shock wave at the inlet-duct entrance, and a supersonic
flow with oblique shock waves forms in the duct. This means that
the inlet has been started in both wind tunnels within the entire
test range of freestream velocities. A photographed flow picture in
the inlet duct for the smallest Mach number examined, M, =4,
is presented in Fig. 4. The first internal shock wave is generated
by the inlet cowl lip; another arises at the inflection edge of the
upper wall of the duct. There is also a shock wave induced by a
local cross separation of the boundary layer on the lower wall of the
duct immediately behind the inlet throat; this separation is induced
by an intensive oblique shock wave falling on the wall somewhat
downstream (Fig. 4). Oil-film visualization also confirms the inlet
starting. A typical oil-film picture of the limiting streamlines on
surfaces of the compression wedges and lower wall of the duct also
for M, =4 is presented in Fig. 5. It was obtained in a test of the
modelin T-313 without boundary-layertripping. The positionof the

M_=4

Fig.5 Oil-film picture of limiting streamlines on surfaces of the compression wedges. M, =4, no boundary-layer tripping: 1, flow direction at the
wedge leading edge; 2, position of the entrance cross section; 3 and 4, initial and final cross sections of the inlet throat; 5, cross separation immediately
behind the inlet throat; and 6, spanwise-extended separation of the boundary layer with a waved separation line.
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inlet-duct entrance is marked. The streamlines on the ramp wedge
in front of the entrance are smooth, that is, at this place there is no
cross separation of the boundary layer that could be induced by a
normal shock wave.

B. Flow over the Compression Wedges
1. Tests Without Boundary-Layer Tripping

The oil-film picture of the surface streamlines on the compres-
sion wedges, presented in Fig. 5 for M, = 4, correspondsto natural
development of the boundary layer. The lines s/ of oblique separa-
tions of the boundary layer, emanating from the vertices of wedge
corners, are S shaped. By the data of Ref. 24, it is typical of a sepa-
ration induced by a glancing shock wave at its interaction with the
boundary layer initially laminar with a transition to a turbulentone.
The lengths L, correspondingto the laminar portion of separation
lines are marked in Fig. 5. They give a rough estimate of the laminar
boundary-layerlength equal to 15-45 mm as compared to the pre-
dicted value L, = 50-80 mm for the ramp wedge and to 10-12 mm
as compared to L, ~20-35 mm for the side wedges. Positions of
the calculatedreflected shock waves rms and sms are also marked in
Fig. 5. The separation lines on the ramp wedge run at first upstream
and thereafter downstream of these shock-wave traces, which can
be explained by the transitional boundary layer. There was no well-
defined plateauin the pressuredistributionacross the ramp wedge in
the measurement cross section x = 105 mm in this case, but typical
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Fig. 6 Oil-film picture of limiting streamlines on the ramp wedge sur-
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inflections in the pressure curve were observed on the right and left
from the plane of symmetry. The pressure level at these inflections
was in good agreement with the calculated estimate py;; [Eq. (1)]
for a developed oblique turbulent separation.

The oblique separation lines on the ramp wedge bend near the
place of intersection of the shock waves rms approaching asymp-
totically the axes of symmetry. There are attachment lines al af-
ter the oblique separation lines. In zones between the separation
and attachment lines, typical S-shaped streamlines are seen, which
demonstrate that helical vortices form here. The latter develop far
downstream up to the inlet entrance.

The oil-film picture for the ramp wedge obtainedat M,, =6ina
test without boundary-layer tripping is presented in Fig. 6. In this
case the separation lines s/ emanating from the vertices of wedge
corners are arc shaped, which is typical of the laminar boundary
layer*26 This is compatible with the preceding estimates of the
boundary-layer transition length, in particular, L, ~ 135-210 mm
for the ramp wedge in T-313 for M, = 6. Note that internal separa-
tion and reattachment lines cased by secondary oblique separations
of the boundary layer are observed in the main oblique separation
regions (Fig. 6). Arc-shaped separation lines were also obtained for
M, =6 and 8 in IT-302M at testing the model without boundary-
layer tripping.

The laminar character of oblique separation at Mo, =6 in T-313
in tests without boundary-layer tripping is also confirmed by the
pressure distributionin the measurement cross section x = 105 mm
(Fig. 7). The pressure plots are combined with the calculated cross-
flow shock-wave structure (Fig. 7a). The pressure levels upstream
and downstreamof the shock waves rws, rms, sws, and sms, respec-
tively Prwss Prmss Pswss and Pyms, are marked in the graphs of pressure
distributions across the ramp (Fig. 7b) and the side compression
wedge (Fig. 7c). On the ramp wedge the measurement cross section
intersects the zones of oblique separations of the boundary layer
induced by the side-wedge shock waves prior to a place of interac-
tion of the latter with the ramp-wedge shock wave at the plane of
symmetry. The pressuredistributionon this wedge, both on the right
and left from the plane of symmetry, demonstrates plateaus typical
of the laminar separation. On the side wedges the behavior of the
separation lines and the pressure distribution in the measurement
cross section experiencethe influence of tip effects. (The separation
lines curve upstream at the side edges; see Fig. 5.) Nevertheless, a
plateau is again observedin the pressure distribution (Fig. 7c). The
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lines with b.l. tripping
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Fig.7 Pressure distribution in the measurement cross section x =105 mm for M., =6 in T-313.
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plateau pressure level in all cases is in good agreement with the
calculated estimate py; (4) for an oblique laminar separation.

2. Tests with Boundary-Layer Tripping

Boundary-layer tripping at high supersonic velocities is some-
what difficult. In particular, widely used sandpaper trips had failed
for M, = 6 in the T-313 wind tunnel. Therefore, grate-type trips*
were tried out for the model considered at M, =6 in T-313. Their
effectiveness was quite satisfactory,and they were also used in tests
in IT-302M. The trips were made in the form of stainless sheet strips
0.15 mm thick with three rows of jag holes of different diameter d;
made by a punch. On the ramp wedge the trip width was 10 mm,
and its leading edge was located at a distance of 10 mm from the
leading edge of the wedge; the corresponding dimensions of trips
on the side swept compression wedges were 7 and 7.2 mm, respec-
tively. Diameters of the jag holes were chosen such that the jag
height was h; ~ 0.5 mm near the leading edge and #; ~ 1.0 mm in
the middle and near the trailing edge of the trip. This means that
the trips had a cross wedge-shaped profile suitable to place them
behind shock waves formed at the leading edges of the compression
wedges. The spanwise step of holes was about 4 - (d;)max, and the
holes were staggered in the streamwise direction. When the model
was testedin T-313, the trips were glued and were additionally fixed
by miniature rivets; in IT-302M they were fixed by point welding.

The efficiency of boundary-layer trips for M., =6 is demon-
strated in Fig. 8, which shows, in comparison, oblique separation
lines obtained in tests of the model in both wind tunnels with and
without boundary-layer tripping. The separation lines are drawn,
for simplicity, schematically but in a scale, based on the oil-film
pictures obtained. The views on the ramp and side wedges along the
directions normal to the compression planes are shown. The same
figure shows the calculated position of the glancing shock wave rms
and sms responsible for separation and the line of oblique separa-
tion for a turbulent boundary layer calculated by formula (2). The
separation lines obtained with boundary-layer tripping are almost
rectilinear, and their slope coincides with the calculated estimates.
These properties of the separation lines characterize the boundary
layeras fully developedturbulent. The latter is also confirmed by the
pressure distributionin the measurement cross section x = 105 mm
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Fig.8 Configuration of separation lines on the ramp wedge for M, =6
in IT-302M and T-313.
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Fig.9 Lengthwise distribution of heat fluxes in the longitudinalsection
z =20 mm for M, =5.7 in IT-302M.

Fig. 10 Reconstructed crossflow
structure.

for M, =6, whichis shown in Fig. 7, where the test results without
and with boundary-layertripping are compared. For the latter case
the arrows indicate the cross-sectional position of the separation
lines s/ determined by the oil-film spectra. The experimental level
of pressure on the ramp wedge immediately behind these lines is
in good agreement with the calculated estimate py, [Eq. (1)] for an
oblique turbulent separation.

The efficiency of boundary-layertrips in tests in the hotshot wind
tunnel IT-302M can also be evaluatedby the results of heat-flux mea-
surement at M, =5.7. Figure 9 shows the distribution of the heat-
flux coefficient ¢, on the ramp compression wedge and on the lower
wall of the model duct in the longitudinal plane z =20 mm. The
data correspond to the measurement time interval of 110-120 ms at
the end of wind-tunnel operation regime. Figure 9 also shows the
calculated heat fluxes for the laminar and turbulent boundary layer
on a smooth plate, which were obtained in accordance with Refs. 29
and 30. The plane z =20 mm intersects the lines of oblique sepa-
ration of the boundary layer, induced by the side shock wave rms,
downstream of the measurementcross sectionx = 105 mm (Fig. 8),
and the calculated values should be compared with experimental
data at the first measurement point because only this point does not
experience the effect of this oblique separation. Good agreement
of the results can be noted. In particular, this indicates that a flow
regime with a developed turbulent boundary layer forms at the ex-
ternal compression wedges of the inlet in the case of model testing
with boundary-layertripping in IT-302M. Similar results were also
obtained for M, =8.

Thus, the tests conducted give grounds to believe that the grate-
type trips ensure the flow around the external compression section
of the model inlet with a turbulent boundary layer both at M, =6
in T-313 and at M, =6 and 8 in IT-302M.

3. Structure of Shock-Shock Interaction
in Flow over the Inlet Wedges

The crossflow pattern over the compression wedges forming from
the leadingedges to the measurementcross sectionx = 105 mm and
reconstructed according to the data obtained can be represented as
shown in Fig. 10. Under actual conditions the structure of the in-
teracting shock waves rws and sws forming in the inviscid flow is
complicated by oblique separations of the boundary layer induced
on the ramp and side compression wedges by the glancing shock
waves rms and sms. These separations with helical vortices inside
them form beginning from the dihedral corner vertices of the inlet;
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on wedge surfaces they show themselves by swept lines of separa-
tion s/ and attachment al. It can also be assumed that separation-
induced shock waves sps form along the oblique separation lines
sl in this case. The separation shock interacts with the reflected
shock rms or sms with the forming, in a cross section, of a A—shaped
shock configuration including a rear shock, which is typical for a
two-dimensional separation induced by the shock-boundary-layer
interaction. The crossflow topology, determined in this instance by
reconstruction, is analogous to that visualized in Ref. 31 with the
use of planar laser scattering (PLS). A model used in that work for
triple-shock experiments included a ramp (8, = 10 deg) and non-
swept side (s, =15 deg) compression wedges and was tested at
M, =3.85, with the ramp wedge mounted on a flat plate. That is,
there was a rather thick turbulent boundary layer in front of this
ramp wedge in contrast to the inlet considered. In the crossflow im-
age presentedin Ref. 31, the interaction of the ramp and side shocks
is observed, which results in the formation of a Mach shock con-
figuration including a bridging shock bs and reflected shocks rms
and sms, both the latter bifurcate into a separation and rear shocks
with forming a A—shaped shock configuration. Except for the similar
topology, there are no other certain flowfield details that could be
revealed from a comparison of the reconstructed crossflow pattern
with the PLS image.

The transverse dimensions of separation regions on the ramp
wedge and strengthof the vorteciesincreasedownstream. The glanc-
ing shock waves rms, rms’, the separationshock waves sps, sps’, and
vortices inside the oblique separationsare directed toward the plane
of symmetry and impinge onto each other at the plane of symme-
try and interacthere, in a central glancing-shockbblique-separation
interactionregion.

It is evident that the overall structure of flow over the inlet con-
sidered, which is characterized by occurrencesof crossing glancing

Calculated

shock waves, is similar to that for an inlet with side compression
wedges as inlets already mentioned’~® Simulation of such flows,
both experimental and numerical with the use of Navier-Stokes
equations, has been considered in many papers. In analyzing this
overall flow structure in the present investigation, the authorsrelied
on Refs. 31-36. Note that most authors of the said references con-
sider the flows over fins (vertical compression wedges) with rather
large angles, in particular, 8, = 15 deg, which are mounted on a flat
plate with a developed turbulent boundary layer. That is why there
are no specific data in these papers that could be compared directly
with the data obtained.

One of the special features of flow over an inlet with side com-
pression wedges investigated in the present paper is the laminar,
laminar-turbulent, or artificially tripped boundary layer. As was al-
ready shown, the lines of oblique separations induced by glancing
side shock waves rms, which emanate from the corner vertices, can
be arc shaped, S shaped, or almostrectilineardependingon the state
of the boundary layer on the ramp-wedge surface of the inlet con-
sidered. Regardless of their shape, they curve smoothly toward the
plane of symmetry while they approach the latter. Correspondingto
this behavior of the separation lines, the helical vortices forming in
oblique separationregions deflect to a direction parallel to the plane
of symmetry when approaching the latter and propagate far down-
stream. The oil-flow patternsobtainedin tests with a natural predom-
inantly turbulent (M, =4) or a fully turbulent (tripped, M,, =6)
boundarylayerare close, in general topologically,to that shown, for
instance, in Ref. 32 for side wedges with angles §;,, = 11 deg.

The limited transverse and longitudinal dimensions of the flow
region with intersection of shock waves are important for the flow
over the inlet considered as compared to configurations used in
Refs. 31-36 for investigations of flows with crossing shock waves.
First, tip and edge effects from the side compression wedges occur
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distribution.

in the central region of interaction of the glancing shock waves
rms and oblique separationsinduced by them. Second, gasdynamic
structuresarisingas aresultof this interactionand developingdown-
stream come, behind the inlet entrance,under the action of the shock
wave from the cowl lip.

The actual flow pattern of interaction at the plane of symmetry
of the side shock waves and quasi-conical structures of turbulent
separation emanating from the vertices of the dihedral corners is
very complicated. There is a set of works where such flow patterns
were studied in detail, for M., =3, 3.85, and 4, experimentally*
and experimentally and numerically, by solving the Navier-Stokes
equations **=3¢ Unfortunately, the results of these papers cannot
directly be used for analysis of the present experimental data.

The interaction of the glancing side shock waves rms with each
other and with the boundary layer in the central region is evidently
manifested in a lengthwise pressure distribution. And only such
experimental distributions that were obtainedin the presented work
can be used for analysis of interaction of the crossing side shock
waves and quasi-conical structures.

The pressuredistributionin the plane of symmetry z =0 is shown
in Fig. 11 for M, =6 (tests of the model with boundary-layer
tripping in T-313 and IT-302M) and in Fig. 12 for M, =4 (atestin
T-313 with natural developmentof the boundary layer). In the latter
case the pressure distributionin the longitudinal section z =20 mm
is also shown. In these figures the pressure distributions (Figs. 11b
and 12b) are shown together with the model contour in the plane
of symmetry and the calculated configuration of shock waves for
inviscid flow over the compression wedges (Figs. 11a and 12a). In
Figs. 11b and 12b one can see a gradual pressure increase in the
region of intersection of the shock waves rms at the plane of sym-
metry, and the degree of this pressure increase behind the region of
interactionis significantly lower than the calculated pressure behind
the shock waves rss that arise as a result of reflection of shock waves

rms at the line E; D;. The shock waves rss are shown in Fig. 3c; the
levels pus ~ 19.3 for M, = 6 and pss = 9.3 for M, =4 are marked
in Figs. 11a and 12a.

Experimental pressuredistributionsin the longitudinaldirections,
particularly in the plane of symmetry, were compared with a pos-
sible change in the pressure level estimated for the central region
of interaction in the case of the turbulent boundary layer with the
use of the following simple assumptions. It was assumed that the
separation shocks sps just mentioned form along rectilinear swept
separation lines s/ as spatially oriented plane shock waves with the
pressure behind them equal to the plateau pressure. The position of
the separation lines was estimated as just indicated, using formula
(2). With the parameters of the separation shocks sps being known,
one can calculate their intersection and reflection from the plane of
symmetry. Thus, a possible stepwise increase in pressure and the
characteristicdimensions of the zone of interaction of quasi-conical
separations at the plane of symmetry was evaluated. The calculated
structure of the interacting separation shock waves with the line
Ep Dy, of their intersection at the plane of symmetry for M, =6
is shown in Fig. 11a, and the pressure level pg,; ~ 11 after the in-
teraction of the separation shock waves sps is marked in Fig. 11b.
The experimental value of pressure in this region approaches this
calculated estimate only at x =250-260 mm.

As was just noted, S-shaped lines of oblique shock-induced sep-
arations forming in the case of the laminar-turbulent state of the
boundary layer are typical of M, =4. The longitudinal section
z=20 mm intersects the zone of such an oblique separation prior
to intersection of the shock waves rms in the plane of symmetry.
In this longitudinal section, at x = 160-190 mm a pressure plateau
typical of the oblique separation region is observed. The pressure
level here is in good agreement with the calculated py;, of the pres-
sure plateau for an oblique turbulent separation by formula (1). The
value py is also marked in Fig. 12b for this longitudinal section.
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The experimental level of pressure in the plane of symmetry in
the region downstream of interaction of the shock waves sps and
rms asymptotically approaches the calculated estimate pgy,; ~ 6.5
for x =240-260 mm. This means that the conclusions drawn for
M, =6 from a comparison of the experimental pressure increase
and its calculated levels in the central interaction region are also
reasonable for M, =4.

One more cause for the gradual pressure increase in the zone of
central interaction, as compared to the stepwise increase in calcu-
lated estimates, can be assumed. It is that the separationshock waves
form presumably as a result of focusing compression waves arising
in the boundary layer along the separation lines, and, obviously,
they are not planar. Hence, the pressure distributionin the plane of
symmetry rather corresponds to interaction of fairly extended com-
pression waves. Another possible cause is that the inviscid reflected
shock waves rms in a real flow are not planar either but are trans-
versely curved, and their interaction at the plane of symmetry along
the nonstraight line E; D, results in emergence of disturbances in
the form of compression waves.

C. Flow Structure at the Entrance and in the Duct

It follows from the analysis of the shock structure for the inviscid
flow that flowfield nonuniformity at the duct entranceis caused first
by multiple interacting shocks in front of the inlet entrance. In par-
ticular, the shock waves rss reflected from the plane of symmetry
and “cutting” the leading edge of the cowl lip should be noted, as is
shown in Fig. 3c. It is evident from the experimental data just dis-
cussed that viscous features significantly complicate this flowfield
nonuniformity at the duct entrance. This is caused by the fact that
the glancing shock waves induce oblique separations of the bound-
ary layer with forming of powerful streamwise helical vortices in
them, and a complex interaction of these structures at the plane of
symmetry occurs.

The flow patterns in the model duct in the plane of symmetry,
which was obtained from the schlieren pictures, are schematically
shownin Fig. 11a for M, = 6 and in Fig. 12afor M, =4. A system
of X-shaped shock waves forms in the duct, including those shocks
that arise on the leading edge of the cowl lip and on the bend of
the cowl wall, subsequentreflections of shocks from the walls, and
their interaction with each other. Note that the shock waves forming
on the rectilinear leading edge and the rib of the cowl bend are not
planarbecauseof the flow nonuniformityat the entrance.In addition,
the reflected shock waves are “smeared” in a real flow because their
reflectionfrom the walls occurs throughthe boundarylayer;actually,

X-shaped compression waves are observed, as is shown in Figs. 4,
11a, and 12a. A comparison of the wave structure of the internal
flow and the pressure distributionin the plane of symmetry behind
the entrance cross sectionin Figs. 11 and 12 offers an explanationto
the pressure peaks corresponding to the places where shock waves
come on the duct walls.

Concerning the flow pattern at the entrance and in the inlet duct,
we can note the following on the basis of oil-film visualization.
Downstream of the entrance cross section, the internal shock wave
emanating from the rectilinearleading edge of the cowl lip interacts
with the shock waves rss arriving here; as a result, obviously, a
system of spatially oriented and intersecting shock waves forms. At
the places where these shock waves come on the ramp surface, a
complex spanwise extended separation of the boundary layer, with a
waved separationline, occurs, as is exemplified by Fig. 5. Itincludes
the zones of three-dimensional (oblique) separations induced by
the glancing shock waves rss and the zones of two-dimensional
(nonoblique or transverse) separation induced by the shock wave
from the cowl lip. The emergence of a shock wave on the lower wall
in the throat behind the angle of expansion should be noted, as is
seen from the shock-wave structure in the duct, which is shown in
Fig. 4 for M, = 4. Its appearance can be explained by the presence
of alocal transverse separation of the boundarylayerinducedby the
shock wave coming from the line of the cowl wall bend in the throat,
whichis evidencedby the oil-film picture (Fig. 5). The internalshock
waves arising on the leading edge and the contour bend of the cowl
are glancing with respect to the side walls of the duct, and they
induce oblique separations of the boundary layer on these walls.
Oil-film visualization showed that helical vortices arising in these
separationregions are directed first to the lower wall of the duct and
then deflect and propagate downstream along the lower corner of
the rectangular-cross-sedion duct.

The presence of the secondary reflected side shock waves rss
and streamwise helical vortices at the inlet-duct entrance and the
formation of X-shaped compression waves and vortices of such a
kind along the side walls in the duct lead, obviously, to a significant
nonuniformity of the flowfield inside the duct and at the inlet exit.
The latter is confirmed by the distribution of the pressure p;, mea-
sured over the exit cross section by a rake with 25 pitot tubes over
half of the exit cross section. The data obtainedin T-313 for M, = 4
and 6 are plottedin Fig. 13, where the pitot pressure p;, isnormalized
to the freestream total pressure pos . At Mo, =4 a convex character
of the pressure profile with low values of p; near the lower and up-
per walls is observed in the central part of the cross section, which
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can be attributed to two factors. First, the pitot tubes located near the
walls measure the stagnationpressurein the boundary layer; second,
ahead of the survey cross section there are compression waves near
the upper and lower walls of the duct, which were observed by op-
tical visualization of the duct flow (Fig. 5). For M, =6 the same
factors affect the shape of the pressure profiles in the central part of
the cross section, but the maximum of pj is shifted toward the up-
per wall correspondinglyto the movement of the compression wave
(see Fig. 11a). S-shaped pressure profiles p, are observed near the
side walls (z =236 mm) for both Mach numbers M, =4 and 6.
The deformation of these profiles as compared to the central part
of the cross section is related to the vortices just mentioned arising
as a result of the oblique shock-induced separation of the boundary
layer on the side walls.

D. Some Special Features of the Inlet Flow at M, =6 in IT-302M

The special features of the external flow around compression
wedges and internal duct flow just described, which were revealed
by inlet testing in T-313, explain to a large extent the measurement
results obtained in IT-302M.

The lengthwise distributions of heat fluxes ¢, in the longitudinal
section z=20 mm, which was measured in IT-302M at M., =6
in model testing without and with boundary-layer tripping on the
ramp wedge, were shown in Fig. 9. They were already discussed
in connection with the analysis of the heat-flux level at the first
measurement point that was not affected by oblique separation,
which demonstrated the efficiency of boundary-layertrips. Farther
downstream, a wavy character of the heat-flux distribution with two
maxima is observed. The first maximum is related to the line of
boundary-layer reattachment in the zone of oblique separation in-
duced by the side shock wave rms. The second maximum is located
in the duct, at the place where the shock wave from the cowl bend
hits on the lower wall (Fig. 11a). The difference in the levels of
heat-flux minima and maxima obtained in tests without and with
boundary-layertripping is about 30%, that is, in these cases the vis-
cous near-wall flow has a different character at the entrance and in
the inlet duct as it occurs at the external compression wedges.

A comparisonof the lengthwise pressure distributionin the plane
of symmetry z=0 for M,, =6 in tests conducted in T-313 and
IT-302M is shown in Fig. 11b. The pressures measured in IT-302M
are averaged over the time interval t ~80-110 ms, which corre-
sponds to a quasi-steady regime of wind-tunnel operation with al-
most constant freestream parameters. As was discussed for T-313
data, there are maxima in the pressure distribution along the duct
at the places where shock waves come on duct walls and minima
between them. Note that the pressure measurement taps for both the
modelstestedin T-313 and particularlyin I'T-302M were too sparsely
placed, and this did not allow a more accurate localization of the
pressure extrema; nevertheless, their positions in both wind tunnels
roughlycorrelate. A greaterdifferencein pressureis observedimme-
diately behind the inlet throat (where the shock wave from the cowl
lip hits on the lower wall) and near the exit cross section of the inlet.
This is apparently related to some difference in flow parameters in
T-313 and IT-302M, mainly, Reynolds numbers. In T-313 experi-
ments the Mach and Reynolds numbers were M., =5.85-6.0 and
Re o, =(1.8-2) x 107 1/m; the corresponding values in IT-302M
were M, =5.6-5.8 and Re , =(2-2.5) x 10° 1/m. This was re-
sponsible for somewhat different evolution of separation regions,
their length, the flow downstream of them, and hence, different
levels of pressure measured at an identical x coordinate along the
model.

VI. Conclusions

The flow around a three-dimensional inlet with a ramp wedge
and side compression wedges has been studied experimentally in
two wind tunnels of different operation within the Mach range
M, =4-8. The structure of the flow around the external compres-
sion wedges and in the inlet duct with a complex system of multiple
shock waves three-dimensionally interacting with each other and
with the boundary layer has been revealed. A characteristicfeature,
in particular, is the presence of glancing shock waves, which induce
oblique separations of the boundary layer, where intense helical

vortices propagating far downstream form. A complex system of
multiple shock waves, expansion waves, and vortex structures leads
to significant nonuniformity of the flowfield at the inlet-duct en-
trance and exit.

Analytical calculations of the inviscid flow structurein the initial
compressionregion of the airstream captured by the inlet have been
carried out including semi-empirical correlation for parameters of
obliqueseparationsof the boundarylayer. Estimated possibleshock-
wave positions, pressure levels, and heat fluxes in the flow over the
compression wedges including the zones of oblique separation of
the boundary layer are in good agreement with experimental data.
The calculations were helpful for understanding of the formation,
as a whole, of the flow structure around the inlet.

The results of oil-film visualization of the surface streamlines
and the measurement of pressures and heat fluxes on the model
surface have confirmed the efficiency of the method of boundary-
layer tripping used. Model tests with boundary-layer tripping at
My, =6inT-313 and at M, =6 and 8 in IT-302M have shown that
flow regimes forming in this case correspond to a rather developed
turbulent state of the boundary layer on the external compression
wedges.

Model tests with boundary-layer tripping for a Mach number
M, =6 in both wind tunnels ensured a qualitatively identical flow
regime over the inlet, which allowed a direct comparison of the
surface-pressure distributions and other flow characteristics ob-
tained in wind tunnels with different operation principles. As a
whole, experimental data in both wind tunnels are in good qualita-
tive agreement by taking into account some quantitative difference
mainly attributed to the difference in unit Reynolds numbers.
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