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Some Factors of Hypersonic Inlet/Airplane Interactions

Y. P. Goonko*and L. I. Mazhul®

Russian Academy of Sciences, Novosibirsk, 630090, Russia

Results of an experimental study are presented on aerodynamics of a hypersonic vehicle whose air-breathing
engine nacelle, including a two-dimensional inlet, is located under the lifting body. Experiments with a ducted
model were performed in a blow-down wind tunnel at M., =4 and 6. Aerodynamic forces acting on the model
were measured with a balance; aerometry of the inlet-captured airstream was carried out; parameters of the
boundary layer in front of the inlet were also measured. Problems of inlet/airplane interaction such as wedge-
aided diversion of the boundary layer developed upstream of the inlet, lateral flow spillage over the wedge ramp
of the inlet with and without side cheeks, and forebody nose bluntness were studied. Effects of these factors on
the inlet flow-rate, the total aerodynamic and performance characteristics of the vehicle as a whole were revealed.
The resultant aeropropulsive characteristics, which showed flight properties of the vehicle, were obtained by
combining experimental aerodynamic data and calculated estimates of the thrust of the engine in a scramjet
mode. Aeropropulsive force polars demonstrated some special path instability of the vehicle and an extraordinary

behavior of these polars in the case of the blunted forebody.

Nomenclature

cross-sectional area, m>

frontal area of the inlet, m?

cross-sectionalarea of the free airstream captured
by the inlet, m?

relative cross-sectionalarea of the plenum
chamber in the model duct, A¢, /A

relative cross-sectionalentrance area of the

inlet, A, /Ao

relative cross-sectional area of the metering
nozzles at the duct exit,

Nnz

Ay
—~ Au
relative cross-sectionalthroat area of the

inlet, Ay, /Ay

relative frontal area of the inlet, Ay/S,
cross-sectionalarea covered by boundary-layer
displacement thickness §*, m?

width and height of a component of the
aerodynamic configuration, mm

aerodynamic drag coefficient, D /qo Spi

drag coefficientat C; =0

aerodynamic lift coefficient, L /g Sy

C; derivative with respect to the angle

of attack, deg™!

coefficient of resultant aeropropulsivetangential
force, Ry /G0 Sp1,

coefficient of resultant aeropropulsivelift

force, Ry /qoo Spi

engine thrust coefficient, T /g, Ao

aerodynamic drag force or x-componentof the
resultant aerodynamic force, —R,,,

diameter of the metering nozzle, mm
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flow-rate factor of the inlet, A, /A,
boundary-layershape factor, §*/6**

fuel calorific value, J/kg

height of wedges for boundary-layerdiversion
(diversion wedges), mm

total momentum of the flowstream, N; for the
one-dimensionalflowstream, mV + (p — py)A
aerodynamic lift force or y-component of the
resultant aerodynamic force, R,

length of boundary-layer transition, mm
lift-to-drag ratio, maximal lift-to-drag ratio

stoichiometric mass air-to-fuel ratio

span of the lifting configuration, m

flow Mach number

inlet design Mach number

freestream Mach number

mass flow rate, kg/m?s; for the one-dimensional
flowstream, pVA

number of metering nozzles

unit-directing vector

pressure, N/m?

freestream dynamic pressure, N/m?

vector of the resultant aeropropulsive force
vector of the resultant aerodynamic force and its x
and y components

specific constants for air, fuel, and combustion
products, respectively

radius of bluntness of the lifting-body nose or the
leading edge of the inlet, mm

specific gas constant, J/kg/K

tangential component (x component) of the
resultant aeropropulsive force

lift component (y component) of the resultant
aeropropulsive force

freestream Reynolds number per meter, 1/m
Reynolds number of boundary-layertransition
roughness parameter, ;.m

plan area of the lifting configuration or wing, m>
reference plan area of the model configuration, m
vector of engine thrust

temperature, K

velocity, m/s

aerodynamic coordinate axes accepted in Russia,
see Fig. 1

angle of attack, deg
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ot = air-to-fuel ratio

y = adiabatic exponent (or specific heat ratio)

8,68%, 8™ = boundary-layerthickness, displacement thickness,
and momentum thickness, mm

0 = wedge angle, deg

0,,0,,6, = wedge angles of the triple-shock inlet ramp, deg

A = aspectratio of the lifting configuration, I*/S,

0 = density, kg/m®

o = total-pressurerecovery factor

X = sweep angle, deg

Subscripts

a = aerodynamic forces

b = bluntness

bal = balance-measuredforces

base = base face of the body

bl = boundary layer

blw = wedge for boundary-layerdiversion

ch = plenum chamber of the model duct; engine
combustion chamber

cp = combustion products

duct = model duct forces

en = entrance of the internal duct of the inlet

eng = airbreathingengine

ext = forces over external surfaces of the airplane
including the engine nacelle

fuel = fuel parameters

inl = inlet parameters

int = internal section of the inlet from the entrance
to the throat

Ib = lifting body

m = midsection

nz = metering nozzle of the model duct

nze = engine nozzle

Ss = forces over surface of the inlet-captured airstream

supp = supportof the model

SW = shock wave parameters

th = inlet throat

w = wing, also wall

0 = total (stagnation) flow parameters

00 = freestream parameters

Introduction

DISTINCTIVE feature of hypersonicvehicles powered by air-
breathingenginesis ahigh degreeofinteractionand integration
of the propulsion unit and the airplane. Problems of this kind are
typical, in particular, of configurations with the engine nacelle lo-
cated under the lifting body or the wing, which are conventional for
hypersonic scramjet-powered vehicles. One of these problems is as-
sociated with the lifting surfaces of the vehicle forebody or the wing
simultaneously acting as precompression surfaces of the airstream
captured by the inlet. The boundary layer developing on such a sur-
face and entering the inlet may have an adverse effect on the inlet
and engine performance. The latter may be improved by placing
the inlet outside the boundary layer, for example, by installing it on
wedges for boundary-layerdiversion. Obviously, these wedges will
increase somewhat the drag of the vehicle. Thus, the efficiency of
such boundary-layer diversion will be determined by the compro-
mise between the improvement of the internal characteristicsof the
inlet and engine and the increase in the external drag of the vehicle.
Therefore, investigations of this kind of wedge-aided diversion of
the boundary layer should include an integrated analysis of its ef-
fects not only on the characteristics of the inlet itself but also on the
overall aerodynamic and aeropropulsiveefficiency of the vehicle.
Presently, particular questions are generally considered that are
related to the effects of the boundary layer and its diversion at high
supersonic velocities on the characteristics of the inlets themselves,
outside of their combining with an airplane. Some results of an ex-
perimental study (within the range M., = 2-5) of these effects for
a two-dimensional (flat) inlet mounted under a delta wing are pre-

sented in Refs. 1 and 2. It is shown that the adverse effect of the
boundary layer developing on the wing surface is almost eliminated
by shifting the inlet from the wing to a relative height//§ = 0.5-0.6,
where § is the boundary-layer thickness ahead of the inlet. In this
case, the flow-rate and the pressure recovery factors of the inlet are
75-95% of those values that can be reached with complete diversion
of the boundarylayer. Measurementsof the boundary layer develop-
ing on forebody precompression surfaces upstream of an inlet, for
hypersonic vehicles of various configurations, were performed in
Ref. 3 for M, =4 and in Refs. 4 and 5 for M, = 6. It was found*’
that the boundary-layer thickness in the plane of symmetry could
reach 20-100% of the height of the inlet entrance cross section, de-
pending on the vehicle configuration. The state and characteristics
of the boundary layer developing on the compression wedge ramp
of flat inlets mounted on diverter wedges was experimentally stud-
ied in Ref. 1 for M, =2-5 and in Ref. 3 for M, =2-4. The flow
around various such wedges with dummy boxlike inlets mounted on
them and the drag of these wedges were studied in Refs. 6 and 7 for
supersonic velocities (M, = 1.0-2.5). In particular, it was shown’
that, for M, =2.25, diverter wedges with a swept leading edge of
Xoiw > 46 deg have a lower drag (by 15-20%) as compared to the
wedge variant with xp, =0.

There is almost no literature dealing with effects of wedge-aided
diversion of the boundary layer on the total aerodynamic and aero-
propulsive characteristics of scramjet-powered hypersonic vehicles
as a whole. Only Refs. 8 and 9 are recalled. In Ref. 8, estimates of
the resultant aeropropulsive characteristics of a scramjet-powered
vehicle were obtained using approximate calculation methods. It
was shown that boundary-layer diversion with the use of wedges
may improve the resultant characteristics of the vehicle within the
freestream Mach number range from M, ~ 4 to M., =7-10. Note
that the efficiency of wedge-aided diversion of the boundary layer
decreaseswith increasing M.,. Goonkoet al.” give some experimen-
tal supportto the integral approach proposedin Ref. 8 for evaluation
of the effect of boundary-layerdiversion ensured by wedges on the
performance of a hypersonic scramjet-powered vehicle as a whole.
The vehicle configuration considered here was studied in Ref. 9,
and the main results obtained are outlined in the present paper in as-
sociation with other factors of hypersonicinlet/airplane interaction
investigated by the authors more recently.

In studying the characteristics and preliminary designing of
scramjet-powered hypersonic vehicles, two-dimensional or quasi-
two-dimensional supersonic inlets with a multiwedge compression
ramp are widely spread. For two-dimensional inlets, the design
regime is usually identified with M, = M, for which the plane
oblique shock waves forming on the ramp wedges are focusing on
the leading edge of the inlet cowl lip. Such a design flow regime
for a flat inlet really may be achieved if the shock wave forming on
the first wedge of the ramp is aligned with the plane of the swept
leading edges of the side cheeks restricting the design flow regionin
the lateral directions. In off-design regimes for the inlets designed
in such a manner, for instance, at Mach numbers M, < M, the
shocks come out above these leading edges of the cheeks, and the
flow over the compression ramp is no longer strictly two dimen-
sional because of lateral flow spillage. Similar lateral spillage also
arises if the cheeks restrict the compression flow region near the
ramp only partly (short cheeks) or if there are no cheeks.

The effects of three dimensionality of the flow around a multi-
wedge compression ramp on the characteristics of flat inlets, with
cheeks of various shapes and without them, were studied, for ex-
ample, in Refs. 2 and 10-12. It was noted” that, for flat inlets with
the width-to-height ratio b;y/ hiy > 4, the lateral spillage over the
compressionramp weakly affects the flow-rate factor depending on
the configuration of the cheeks. At the same time, the numerical
computations'®!! show that, in flow around the inlet with short side
cheeks, internal shock waves form on the latter because of slip de-
flection of the flow near the compression ramp. Investigationshave
not as yet been carried out of possible effects of lateral flow spillage
near the compression ramp on the characteristics of the flat inlets
combined with the airplane and on the characteristicsof the vehicle
as a whole.
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The flight of vehicles at high hypersonic speeds is accompanied
by intense aerodynamic heating. Therefore, the nose tips and the
leading edges of the forebody and other elements of these vehi-
cles should be blunted. The bluntness dimensions are usually small
relative to the vehicle dimensions, but strong normal-curved shock
waves form overa blunted nose or leadingedge. The inlet flow struc-
ture can significantly change the overall pattern of the external flow
around the vehicle, especially for vehicles powered by airbreathing
engines, as compared to equivalent pointed bodies. A high-entropy
layer can form near the surface of such a blunted body, which is
characterized by high nonuniformity and low Reynolds numbers
for the layer flow. Under these conditions, the development of the
boundary layer, its integral characteristics,and its effect on the inlet
performance may also significantly differ from those for a sharp
configuration.

The effects of blunted leading edges of the compression wedge
ramp, side cheeks, and cowl lip on the performanceof a flat inlet was
experimentally studied for M,, =4-5.5 in Ref. 13. It is shown that
the small bluntness of the cowl lip and side cheeks has a weak effect
on the flow-rate factor of the inlet. In contrast to that, the bluntness
of the leading edge of the ramp wedge has a significant effect. For a
rather large bluntness (with a radius R, ~ 0.025 hy,), the operating
regime of a started inlet may be destroyed. The shape of leading-
edgebluntnessof theramp wedge alsoexertsa significanteffect. The
effect of blunted leading edges of a delta wing on the characteristics
of an inlet mounted under this wing was studied experimentally
in Ref. 13 and numerically, for an inviscid flow, in Ref. 14. An
increase in the wing bluntness radius is accompanied by a decrease
in the inlet flow-rate factor'*!* and can also lead to flow stalling
ahead of the inlet entrance.!® The adverse effect of wing bluntness
decreases'® with increasing angle of attack and sweep angle of the
wing or with moving the inlet away from the wing surface, that
is, in the case where the boundary layer is diverted partially or
completely. An analysisof the drag producedby the blunted leading
edges themselvesas applied to supersonic and hypersonicinlets can
be found in Ref. 15. The effects of nose bluntness of the forebody
on the characteristics of the inlet, engine, and vehicle as a whole
have not been adequately studied yet; this is particularly true for the
total aeropropulsive characteristics.

The objectiveof the presented work was an experimental study of
the influence of the mentioned factors of inlet/airplane interaction
(boundary-layer diversion, lateral flow spillage over the compres-
sion wedge ramp of the inlet, and nose bluntness of the forebody)
on the characteristics of scramjet-powered hypersonic vehicles. In
contrast to many cited papers dealing with particular aspects, an
attempt was made to perform an integrated analysis of these fac-
tors extending the works.®® We consider their effects, first, on the
characteristics of the inlet itself, taking into account its integration
with the lifting body and, second, on the total aerodynamic and
aeropropulsive characteristics of the vehicle as a whole.

Model and Test Conditions

The experimental study was performed with a schematizedmodel
representing a scramjet-powered vehicle, which consists of a lifting
body (fuselage), a delta wing, and a scramjet engine nacelle located
in a ventral position under the lower surface of the body (Fig. 1).
The body and the wing form a total lifting delta configuration with
leading edges of sweep x =80 deg. The lifting body has a trape-
zoidal cross section of its forebody transformed to a rectangularone
at the tail of its rearbody. A lower triangular plane surface of the
forebody is a precompression surface of an airstream captured by
the inlet. The wing has a lower plane surface and a wedge-shaped
airfoil of angle 6,, = 3 deg. The overall dimensions (in millimeters)
of the model are given in Fig. 1. The model configuration consid-
ered is characterized by the following parameters: reference plan
area of the model Sy =0.0936 m?, aspect ratio of the overall lift-
ing planform surface A = 0.708, relative planform area of the wing
S/ Sp = 0.305, relative area of the base cross section of the lifting
body together with the engine nacelle Ay, /S, = 0.084, and relative
area of the midsection of the airplane including the wing and the
engine nacelle A, /Sy, = 0.09. The body has a replaceable nose tip,
which can be pointed or three dimensionally blunted; the blunt-
ness radii are R, =7 mm in the plan view (2R, /by, = 0.122, where
by, =115 mm is the lifting body width) and R, =2.5 mm in the
vertical plane of symmetry (2R, /hy, =0.124, where hy, =40 mm
is the lifting body height).

The overall dimensions of the model are made with tolerancesno
more than —0.7 mm. The inlet tolerances are —0.1 mm in length,
—0.07mm in width, and £0.03 mm in throatheight;deviationsof the
ramp wedges are no more than =17 minute of an arc. The roughness
of external aerodynamic surfaces of the model and compression
surfaces of the inlet is not worse than Rz =20 um and, apparently,
Rz=2.5 pum.

The general arrangement of the engine nacelle and the model
duct is shown in Fig. 2. The inlet has a triple-shock wedge ramp
of external compression with wedge angles 6, =7.5, 6, =15, and
03 =22.5 deg. For adesignMach number M, = 6, whichrefersto the
inlet proper, plane shock waves arising on the ramp wedges should
intersecton the leadingedge of the inlet cowl. The inlet cowlis made
without bending its lip. The frontal area of the inletis Ay = by hin,
where by, / hiy ~1.91 and b;,; =68.3 mm and h;,; =35.6 mm are
the height and width of the inlet by its leading edges including
those of the wedge ramp, the side cheeks, and the cowl. Its relative
valueis Ay =0.026. The inlet has the simplest geometry of the input
section of the internal duct with a relative entrance area and throat
area A., & Ay, ~0.2. The inlet throat is rather short with a relative
length of about twice its height and with a small flare of an angle
about 2 deg, downstream of which there is a 17-deg diffuser. The
general arrangement of the model duct is made by requirements
for aerodynamic testing the ducted models representing vehicles
powered by airbreathingengines. These requirements are presented
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Fig. 1 General view of the tested model of a ramjet-powered vehicle.
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Fig. 2 General arrangement of the engine nacelle and the model duct.

in Ref. 16. Damping screens are mounted in the plenum chamber of
the model duct with a relative area Ao, ~ 7.2. Four narrow metering
nozzles (plugs) are mounted at the model duct exit (N,, =4). Their
diameteris chosenunderthe conditionthat the inlet shouldbe started
within the entire range of freestream parameters examined and that
the rear normal shock arising in the internal duct flow should be
located in the inlet diffuser. The experimental data presented were
obtained for d,, = 15.6 mm, and the total relative exit area of the
metering nozzles is A,, = 1.62. A pitot rake for acrometry of flow
parameters in the metering nozzles is installed at the nacelle duct
exit (Fig. 2).

The model is equipped with two replaceable engine nacelles,
which differs by the presence or absence of the side cheeks (walls)
along the inlet wedge ramp, but the geometric parameters of the
ducts and the main lines of the external contour were identical
(Fig. 1). In tests with boundary-layerdiversion, one or the other na-
celle can be mounted on two symmetrically located diverter wedges
of height hy,,. The geometry of these wedges is shown in Fig. 2.
The wedges of height Ay, =2 and 3.7 mm and Ay, =3 and 5 mm
were used in experiments for M, =4 and 6, respectively.

The model was tested in the supersonic blowdown wind tun-
nel T-313 (Ref. 17) based at Institute of Theoretical and Applied
Mechanics (Novosibirsk, Russia). This wind tunnel has a rectangu-
lar test section of 0.6 x 0.6 m transverse dimensions and of 2.5 m
length; interchangeablenozzle inserts provide flow Mach numbers
in the range M., =2-6. It is equipped with a staff four-component
mechanical-typebalance,multichanneltransducerfor pressuremea-
surement, and schlieren shadowgraph device. The instrumental er-
ror of balance measurement is less than 0.1% of the upper limit of
the balance ranges. Respectively, in testing the model, the error of
onefold measurement for the drag was 0.7-0.2% for M., =4 and
1.1-0.4% for M, = 6; the error of lift force measurement was even
smaller. The pressure transducer has the ranges of 0-10°> N/m? and
0-6 x 10° N/m? with a measurement error of less than 0.3% of the
upper limit of these ranges.

For the model considered, the test conditionsincluded the follow-
ing freestream parameters: Mo, =4.05, Re oo =50 X 10° 1/m, and
Goo =7.5 x 10* N/m? and M, =6.06, Re,o. =17.7 x 10% 1/m, and
g = 1.2 x 10* N/m?. The stagnation temperature in the plenum
chamber of the wind tunnel was #,,, 286 K for the both Mach
numbers.

The characteristicsof the stream capturedby the inlet and passing
through the nacelle duct were measured at the duct exit using the
metering nozzles and the pitot rake mentioned earlier. This aerom-
etry was carried out simultaneously with the balance measurement;
thus, the pitot rake did not affect the latter. These aerometric data
were used to determine the flow-rate factor of the inlet and the forces
over the internal surfaces of the duct. The latter were not simulated
for a full-scale vehicle and were excluded from the resultant aero-
dynamic forces measured with the balance. Based on the data of
Refs. 16 and 18, the total instrumental errors occurred in tests of

ducted models in T-313 with the aerometric technique considered
are as follows: the inlet flow-rate factor 1-4%, the drag at near-zero
angles of attack about ~3.0% for M, =4 and ~8.7% for M,, =6,
and the maximal lift-to-drag ratio ~1.3% for M., =4 and ~3.8%
for M, =6.

Note that the aerodynamiccharacteristicspresented for the model
considered include also the base drag over that part of the rear face
of the lifting body and engine nacelle that is not occupied by the
metering nozzles. There is some base drag of the wing, which also
has a rear face because of a wedge-shaped profile. Estimates for the
base drag of the airplane and engine nacelle yield ~6% for M, =4
and ~3% for M, = 6.

All of the tests were performed with natural development of the
boundary layer on the model surfaces. As evidenced by an analysis
of velocity profiles in the boundary layer measured on the model
configuration without nose bluntness for M,, =4 and calculated
estimates of the transition length for M., =6, the boundary layer
immediately ahead of the inlet was turbulent.

Representation of Aerodynamic Forces of the Model

A technique for aerodynamic testing of ducted models of vehi-
cles powered by airbreathingengines, which has been used beforein
Russia (see Ref. 16), was used for experimentation with the studied
model. The essential feature of this technique is that the external
flow around the vehicle and over the inlet is simulated, but the oper-
ation of the engine and the exhaust jet are not considered. Internal
nonsimulated forces acting in the model duct are determined and
excluded from the balance measurement results in this case; they
are found from the change in the momentum of the inlet airstream
captured by the inlet and passing through the duct. The flow-rate
and momentum of this stream, which are required for this purpose,
are determined by measuring flow parameters at the exit duct. Note,
as this takes place, the flow-rate factor of the inlet integrated with
the airplane is determined.

The flow rate m, of the airstreamcapturedby the inletand passing
through the model duct is determined from the mass flow continuity
and by the flow rate measuredat the ductexitusing meteringnozzles:

Nnz A
My, = My, my, = km : C](an) * Ponz — (1)
1 t(an

Here

k = 712/ + D) =100 /R,
is a dimensional coefficient, K'/? s/m,
g(M)=MQ/(y + D{1 + [(y — 1)/21M?})~ DR

is a gasdynamicfunctionof the reducedflowrate, A,, = 7 d2, /4,and
M,,, Ponz, and 1y, are the average values of the stream parameters
in the metering nozzle. In testing the model under the freestream
parameters considered, a critical choked flow occurred at the model
duct exit, and the flow in a narrow metering nozzle was close to
sonic. In accordance with this, the local total pressure in the nozzle
can be taken equal to the pitot pressure measured. Note, in a general
case of a supersonicflow, the total pressure behind the normal shock
is measured with a pitot tube. The average total pressure pg,, was
determined by averaging over the area the pitot pressures measured
with the rake in every nozzle. It was also assumed that M,,=1.
The flow in the model duct was assumed to be adiabatic, and the
thermophysical properties of air were assumed to be constant, that
is, ty,, = const="ty,, and y = const=1.4.

The flow-rate factor of the inlet is found from the flow-rate
equation (1) as

f _ A_oo _ Zi\]“l Ponz * C](an) ) Anz (2)
Ag Poco 4 (M) - Ag

The total aerodynamic forces obtainedin testing a ducted model are
determined in the form

Ra = Rbal - Rduct - Rsupp (3)
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where R, is the vector of the resultant aerodynamic force to be de-
termined; Ry, is the vector of the resultant force acting on the model
and measured by the balance; Ry, is the vector of the excluded re-
sultant force of the duct, the components of Ry, are usually called
duct-effectcorrections;and Ry, is the vector of the force represent-
ing some methodical correction related to the manner of installing
the model on a support of the aerodynamic balance. The last term
was determined by a staff procedure accepted for the wind tunnel
T-313 (Ref. 17) and is not considered here.

The forces acting in the model duct are found from the change in
the momentum of the inlet-capturedairstream with considerationof
this stream portion between the cross section in the freestream flow
to the duct-exitcross section. The excluded forces contain a part of
duct forces that are not simulated for a full-scale vehicle and a part
of modeled forces. Different forms of decompositionof these forces
and, correspondingly,determinationof internal nonsimulatedforces
are possible.!® Hence, the aerodynamic characteristics of the same
ducted model obtained in various ways may differ. In the presented
work, we used the approach of Ref. 19 (discussed also in Ref. 16).
According to Ref. 19, the forces involved by the deflection of the
momentum vector of the inlet-captured airstream passing through
the model duct refer to modeled forces and are not excluded. The
forces arising as a result of the change in the magnitude of this
momentum refer to nonsimulated forces and should be excluded
from the balance measurementresults. In accordance with Ref. 19,
the duct-effectcorrection should be written as

Rduct = _(Inz - oo) sy,

Nnz

Inz = Z[mnzvnz + (Pnz - poo)AnZ]

Nz

= Z [pnznyz + (pnz - poo)Anz]
1

where n,, is the unit-directing vector of the axis of the metering
nozzles, which is assumed to coincide with the vector n.,, of the
engine axis, and V,, and p,, are the velocity and static pressure of
the duct stream in a metering nozzle.

The aerodynamic characteristics of the model, which were ob-
tained from the test results taking into account the duct-effect cor-
rection in the form of Eq. (4), have the following expansion:

Ra = Rext +Rss +Ioo : (nnz - noo) (5)

where R.,, is the vector of the resultant force over the external sur-
faces of the airplane and the engine nacelle, which are not wetted by
the airstream captured by the inlet. As stated earlier, this resultant
force, in the aerodynamicdata presented, includes the force Ry, of
base pressure acting over that part of the rear face of the lifting body
and engine nacelle thatis not occupied by the metering nozzles. The
reciprocal of the x component Ry, is usually called base drag. The
vector R is the resultant force over a so-called nonsolid stream-
surface of the inlet. This streamsurface is formed by streamlines of
the inlet-captured airstream passing through the leading edges of
the inlet and corresponds to a portion of this stream between the
freestream cross section and the inlet edges. The drag component
of the R, force is also known as ram or preentry drag. The vector
I (n,, —n.) refers to deflection-caused forces mentioned earlier;
they are a result of deflection of the airstream captured by the inlet
and passing through the duct from the freestream direction n, to
the direction n,,. Note, the resultant aerodynamic force [Eq. (5)]
does not include forces acting on the forebody surface wetted by
the inlet-capturedairstream, that is, the resultant aerodynamic drag
of the ducted model does not include viscous and wave drag from
the forebody surface compressing the inlet flow.

Thus, the characteristics of the inlet integrated in the vehicle
system, Egs. (1) and (2), and the total aerodynamic characteris-
tics, Egs. (3-5), were obtained from testing the ducted model under
consideration.

Determination of the Resultant
Aeropropulsive Characteristics

In this work, apart from consideration of the aerodynamic char-
acteristics already mentioned, we performed a more detailed anal-
ysis of the properties of the examined scramjet-powered vehicle as
a whole, extending the approach,” which implies consideration of
all forces acting on the vehicle including the propulsion unit. For
this purpose, estimates of the resultantaeropropulsiveforces for the
test Mach numbers were obtained using experimentally determined
aerodynamic characteristics and flow-rate factor, as well as engine
thrust characteristics calculated on the basis of one-dimensional
treatment of the flow with heat addition from fuel burning in the
engine combustion chamber.

The aerodynamic characteristics of ducted models obtained ex-
perimentally should be incorporated into the total forces acting on
the vehicle, including all of the external and internal surfaces of the
airplane and propulsion unit, in the form

R=R,+T (6)

where R is the vector of the resultant aeropropulsive force over all
external and internal surfaces of the airplane and engine nacelle.
The lift and drag components of the resultant aerodynamic force
R, for a full-scale vehicle should be determined through nondi-
mensional aerodynamic coefficients obtained experimentally. The
engine thrust vector 7" should be determined in a different manner,
depending on the method of duct force decompositionas mentioned
earlier. When experimental determination [Eq. (5)] of aerodynamic
forces corresponding to Ref. 19 are taken into account, the thrust
vector in Eq. (6) should be represented in the following form:

T= _(Inze - Ioo) *Reng

Inze = [mnzevnze + (pnze - poo)Anze - moovoo] (7)

where m,,., Ve, and p,,. are the mass flow rate, velocity, and
static pressure of the exhausted jet and A, is the exit area of the
nozzle of a full-scale engine whose thrust vector is directed along
the axis n.,; common to the nozzle and engine. Note that the exit
area of the engine nozzle of the vehicle considered refers to the
total area of the base face of the lifting body and engine nacelle;
thus, this relative area is A,,./Ay=3.78-4.02 depending on the
height of the diverter wedges. The flow-rate characteristics of the
engine, that is, the quantity m., in Eq. (7), should be determined
taking into accountthe flow-rate factor of the inlet [Eq. (2)] obtained
experimentally;the quantity m,,. follows from adding to m, some
mass of fuel supplied into the engine combustor.

The definitions and decomposition of forces used are shown in
Fig. 3, which shows schematics of a ducted model in a longitudinal

Fig. 3 Schematics of forces acting on the ducted model and airbreath-
ing vehicle.
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section (Fig. 3a) and an appropriate vector diagram (Fig. 3b). The
same considerationscould be appliedto aerodynamicand thrustmo-
ments of the model and full-scale vehicle, but they are not involved
here.

To calculate the thrust characteristics of the engine, we estimated
the parameters of a one-dimensional flow in the inlet throat. The
Mach number My, was obtained from the equation of mass flow
continuity using experimental values of the flow-rate factor,

qMy) - f
Ap - on

qMy) = ®)

where oy, = Pon/Poso 18 the total-pressure recovery factor of the
throat flow, oy, = GenOint, Where 0ey = Poen/ Poco 18 the total-pressure
recovery factor of the inlet-captured airstream in the entrance cross
section and oy = Pom/ Poen 18 the total-pressure recovery factor for
the internal flow in the inlet input section between the entrance and
throat cross sections.

The values of 0., were determined by calculation of the invis-
cid flow over the compression surfaces of the forebody and the
inlet. The flow parameters near the triangular precompression sur-
face of the forebody were found using an approximate method,*
which presents an adaptation of the well-known tangent-wedge and
tangent-cone methods as applied to triangular wing-shaped bodies.
In this method, the flow near a triangular flat surface is assumed to
be uniform, and its parameters are determined by interpolation be-
tween two values calculatedfor tangentwedge and cone, with taking
into account sweep and incidence angles of the surface. Analytical
formulas were used: exact for the wedge?' and approximate for the
cone.?? The flow over the inlet wedge ramp and shock waves on its
wedges were assumed to be planar. The geometry of the model inlet
entrance is simple, so that the total pressure loss in the entrance
section is mainly produced by an oblique shock wave arising on
the cowl lip, where a supersonic flow at the entrance deflects from
its direction along the wedge ramp (with an angle 6; =22.5 deg)
to the direction in the throat (6, =0 deg). Consequently, the value
Oint = Osw = pUsW/pUen was taken.

The change in the total-pressure recovery factor of the inlet-
captured airstream includes some losses caused the boundary layer.
Inaccordancewith Ref. 1, if there is no shock-inducedseparationof
the boundarylayerat theinletentrance, these losses can be estimated
by the value oy, = (1 — A /A,), where A} is the area covered by
the boundary-layer displacement thickness 6* in the inlet-entrance
cross section. The value o, was not obtained in the experiments
and calculations, but these losses for a full-scale vehicle are small
in comparison with the total pressure losses in the shock waves es-
timated by the value oy, defined earlier, and they were neglected
in thrust estimations. The remaining parameters of the inlet throat
flow are evident from known My, and o, and the engine thrust can
be calculated.

Thus, the change in the total-pressurerecovery factor of the inlet
caused by the examined factors (wedge-diversioneffects, presence
or absence of the side cheeks, and nose bluntness) is not taken into
account in estimating the throat flow parameters. Correspondingly,
the calculated change in the thrust coefficient depending on these
factorsis related mainly to the changein the flow-rate factor obtained
experimentally.

In accordance with Egs. (6) and (7), the coefficients of tangential
(directed against the freestream flow) Cg, and lifting Cr, compo-
nents of the resultant aeropropulsive force R are determined as

Cg, = Cr - cos(@) - AU/Spl —-Cp
Cr, = Cr -sin(@) - Ag/Sp — Cp, ©)

where Cp and C, are coefficients of the drag D = —R,_ and lift
L =R,, components of the acrodynamic force R, determined ex-
perimentally in the form of Eq. (3) Cr is the coefficient of the engine
thrust value |T'| determined in accordance with Eq. (7).
Determining the aeropropulsive characteristics of the examined
vehicle configuration as a whole means actually going from the
model to a full-scale vehicle, and it should include extrapolation

of experimental aerodynamic characteristics to flight conditions.
It could be suggested that the change in these characteristics is
mainly determined by the change in friction drag with increas-
ing the Reynolds numbers to flight values; thus, the overall drag
coefficient will decrease and improve the aerodynamic character-
istics. It is difficult to separate the wave and friction drag in ex-
perimental data obtained; therefore, the said extrapolation was not
performed.

A scramjet operation regime with a supersonic velocity in the
combustion chamber was examined for the propulsion unit of the
full-scalevehicle considered.In determiningthe thermogasdynamic
and thrust characteristics of the scramjet, we used a simplified ap-
proach whose brief description and main assumptions can be found
in Refs. 23 and 24. The approach was based on Refs. 25-28. Flight
Mach numbers corresponded to the test Mach numbers, and the
other flight conditions were considered correspondingto a dynamic
pressureqo, =7 x 10° N/m? (po, = 6.25 x 10° N/m?, 1., =216.65K
for Mo, =4 and p,, =2.78 x 10* N/m?, 1., =221 K for M, =6).
The relative throat area Ay, =0.12 was preset for an inlet of the
full-scale vehicle, and the throat flow parameters were calculated
from Eq. (8). The scramjet operation mode with supersonic com-
bustion and with fuel supply corresponding to the air-to-fuel ratio
o, =1 was assumed. An initial fuel portion was supplied in the
combustion section of constant cross-sectionalarea A., /Ay, =1.5;
the possible amount of injected fuel was determined from the con-
dition of reaching the critical velocity M., =1.0 at the exit of
this section. An additional fuel portion was supplied in the next
flared combustion section to reach the given air-to-fuel ratio o,y = 1.
The condition My, = const= 1.0 was held for this process. The en-
gine jet expanded adiabatically in an exhaust nozzle from a cross-
sectional area corresponding to the fuel supply completion up to
the nozzle exit cross-sectionalarea A,,. /Ay = 3.78-4.02 mentioned
earlier.

A calorific value H, = 1.3 x 10® J/kg and a stoichiometric mass
air-to-fuel ratio Ly = 34.25 were taken for the fuel (gaseous hydro-
gen). The specific gas constant of combustion products was de-
termined as Rep = (Ryir Moo + Rivel Mpyet) /(Moo + Miygye). The heat
capacity of the combustion products was assumed to be constant
and characterized by the effective ratio of specific heats y,, =1.26
accepted by Ref. 25. The combustion efficiency and other coeffi-
cients that specify losses of different kinds in the combustor and in
the nozzle were assumed to be equal to unity, that is, the thrust esti-
mates obtained correspond,in a certainsense, toideal characteristics
of the scramjet.

Note that the contribution of the engine thrust to the lift force
of the vehicle is rather small despite its reasonably large motor-
ization factor. The latter can be characterized by the relative cross-
sectionalareas of the inputand outputunits of the engine, of the inlet
Ay /Sy =0.026 and of the nozzle A, /Sy A~ 0.1. This is appreciably
explained by the engine thrust being aligned with the construction
axis of the engine and the vehicle by presumption, that is, the lift
and tangential thrust components are merely Cr, = Cr sin(«) and
Cr, =Crcos(w). i

Boundary-Layer Diversion

Effects of boundary-layerdiversion were experimentally studied
for a configuration of the model on which the pointed nose of the
lifting body and the engine nacelle variant with the noncheeked
inlet were mounted. The schlieren pictures of the flow pattern over
the external compression section of the inlet were obtained in these
experiments. They showed that, within almost the entire range of
the angle of attack under study, a supersonic inflow at the inlet
duct entrance occurs for the model variant without diverter wedges
both for M, =6 and for M, =4. A shock wave detached from
the leading edge of the inlet cowl was observed for angles of attack
o > 9degin tests of the model variantwith wedges A, = 3.7 mm at
M, =4.Thus, regimes of the flow around the inlet with a supersonic
inflow at the entrance and a supersonicflow in the throat were mainly
obtained in the experiments.

To choose properly the required heights of diverter wedges, one
should know the boundary-layerparameters ahead of the inlet. The
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state of the boundary layer developed on the forebody compression
surface was estimated on the basis of transitiondata obtained by V. I.
Kornilov (unpublished,private communication) for a flat plate tested
in the T-313 wind tunnel for M, =2.5-6 and different Reynolds
numbers per meter. The transition Reynolds numbers obtained obey
the power dependence Re, ~ Re|  with an exponentn ~0.4 ex-
tended for the T-313 wind tunnel in Ref. 29 by data for M, =3
and 4. The effect of the sweep angle x was taken into account by
data®® for triangular flat wings also tested in T-313 at M, = 3 and
4. According to these data, the relationship (Rey), .o/(Rey)y =0
changes little as compared between M, =3 and 4, and the said
ratio determined for M, =4 was extended to M, = 6. For exper-
imental conditions under consideration, @ =0, the following val-
ues of the Reynolds number and the length of the boundary-layer
transition on the nose swept compression surface were estimated:
M, =4, Re, =3.8-5.7 x 10°, and L, =19-29 mm, and M, =6,
Re, =5.9-8.6 x 10°, and L, = 83-120 mm. Thus, a developedtur-
bulentboundarylayer was expected immediately in front of the inlet
wedge, which correspondsto flight flow conditions of full-scalehy-
personic aircraft.

For the model under consideration, the characteristics of the
boundary layer on the precompressionsurface of the forebody were
experimentally dertermined® in the plane of symmetry z=0 at a
distance x =340 mm from the nose tip of the model. The static
pressure on the wall and the pitot-pressure profile in the bound-
ary layer were measured with a small-size probe positioned on a
traversing gear. The velocity distribution in the boundary-layer, the
boundary-layerthickness §, the displacement thickness 6*, and the
momentum thickness §** were obtained from these data. There-
with, Crocco’s integral was assumed to be valid for the description
of temperature variation across the boundary layer. The boundary
layeron the model surfacesdevelopednaturallyundernear adiabatic
temperature of the model wall 7, ~ 1y, ~ 295 K. The freestream pa-
rameters correspondedto Mach numbers M, =2.03,3.03,and 4.05
(Rejoo =27 x 10%, 37 x 105, and 56 x 10° 1/m, respectively).

Some integral characteristics of the boundary layer on the fore-
body precompression surface, which will be used subsequently,
were estimated under the assumption that this boundary layer is two
dimensional and fully turbulent. We used the method of Ref. 31
developed as applied to the turbulent boundary layer of a non-
thermoinsulated flat plate. This method presents an analytical for-
mulation based on the logarithmic law for the velocity profile of the
compressible turbulent boundary layer. Integral parameters of the
boundary layer such as the thickness, displacement thickness, and
momentum thickness are determined. In due course, Kovalenko®!
has demonstrated that the analytical method yields somewhat better
accuracyin comparisonwith the well-known semi-empirical predic-
tion procedure of Ref. 32. Note, the flow about the model forebody
is, in general, three dimensional. In addition, the boundary layer
over the model is really transitional, but the lengths of laminar and
transitional sections of it were not determined. Thus, the said es-
timates cannot be rigorously correlated with the experimental data
obtained, but they give some reference estimates. In particular, they
allowed the choice of diverter wedge heights.

As is shown in Ref. 9 by analysis of the measured velocity pro-
files, the boundary layer ahead of the inlet is turbulentin the entire
range of experimental freestream parameters considered. The inte-
gral characteristics of the boundary layer are plotted in Fig. 4 as
functions of M. It is evident from these data that the shape factor
at M, =4 is about Hy =7.8-7.9, which corresponds to a devel-
oped turbulent boundary layer. A calculated estimate for M,, =4
yields Hy, ~ 8.1, which conforms to the experimental value. Note
that the difference in the values of §, §*, and 5" measured for
an angle of attack o« =3 deg does not exceed 6% in comparison
with @ =0. However, for « = 10 deg, this difference increases ap-
preciably and, for example, reaches ~35% for the displacement
thickness §*.

According to the measurement data, the boundary-layer thick-
ness § ahead of the inlet is ~3.9 mm for M, =4 and o =0, the
relative values are correspondingly Ay, /8~ 0.51 for hy =2 mm
and hyy,, /6 2 0.95 for hy, = 3.7 mm. For M, =6, the calculated
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Fig. 5 Flow-rate factor of the model inlet vs the angle of attack for a
set of diverter wedge heights.

boundary-layerthickness ahead of the inlet could reach § ~ 5 mm,
which was confirmed by the schlieren pictures of the flow pattern
around the model inlet. Hence, for the chosen heights of the diverter
wedges, their expected relative heights for this Mach number are
about hyy,, /8 ~ 0.6 for hyy, =3 mm and Ay, /8 ~ 1 for hy, =5 mm.
Taking into account the high-power character of velocity distribu-
tion in the turbulentboundary layer, we may assume that the values
Iy /8 > 0.5-0.6 obtained for the model will allow elimination of
the influence of its most stagnated part and a tangible increase in
the inlet efficiency.

Letus considerthe effectof wedge diversionof the boundarylayer
on the flow-rate characteristicsof the inlet. The experimental values
of the flow-rate factor f are plotted in Fig. 5 for Mach numbers
M., =4 and 6 as functions of the angle of attack. The data for the
examined values of the diverter wedge height hy,, are presented.
As evident from these data, an increase in the relative height of the
diverter wedges above hy,,, /6 > 0.5-0.6 weakly affects the flow-rate
factor. The schlieren pictures show that, for My, =4, hyy = 3.7 mm
and M, = 6, hy,y, = 5 mm, the near-wall stagnatedpart of the bound-
ary layer developed on the forebody surface passes through the slot
for boundary-layerdiversion. That is, the flow around the inlet ramp
is affected only by the external, dynamic part of the viscous layer.
Under these conditions, a new boundary layer is developed on the
inlet wedge ramp. The thickness of this new boundary layer at the
inlet entrance cross section is much smaller than that occurring for
the model variant without the diverter wedges. For instance, based
on the data of the schlieren pictures, we can say that the thickness
of the boundary layer in the inlet entrance cross section for a Mach
number M, = 6 in the absence of its diversion is more than 50% of
the entrance height; with the diverter wedges of height /1, =5 mm,
this thickness decreases to about 25%.

The specific behavior of the flow-rate factor as a function of the
angle of attack for o > 6 deg in model testing with M, =4 and
the wedge height /iy, = 3.7 mm (A, /8 & 1) should be noted (see
Fig. 5). Despite that the boundary layer ahead of the inlet is almost
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completely cut off, the flow-rate factor has lower values as com-
pared to the wedge with &y =2 mm (hyy /8~ 0.51). For « > 14
deg, this factor becomes almost equal to that for the variant with-
out boundary-layerdiversion A, = 0. The schlieren pictures show
that, in this range of flow parameters at the inlet entrance, there is a
shock wave detachedfrom the leading edge of the cowl. Note thatthe
wedges with &y, = 3.7 mm provide the passage of practicallyall of
the boundary layer developed on the forebody under the inlet ramp
(Myry /8 2 0.95). The calculated estimates for an inviscid flow in this
case also indicate the possibility of this detachment due to the ex-
cess of the critical angles of flow deflection on the cowl. At the same
time, no detached shock wave was observed in the case of wedges
with &y, <2 mm, apparently, because of a certain reconstruction
of the flow pattern with a rather thick boundary layer. As a whole,
we can note that, up to angles of attack corresponding to the max-
imum lift-to-drag ratio o/ p),,, ~ 6 deg, an increase in the wedge
height above A,y /§ > 0.5-0.6 does not lead to a further significant
increase in the flow-rate factor and does not seem reasonable. For
angles of attack close to oz /p),., the flow-rate factor increases
by ~5 and ~11% for M., =4 and 6, respectively, which, obvi-
ously, leads to an increase in the thrust produced by the propulsion
unit.

The drag of the vehicle as a whole, in a configuration with wedges
for boundary-layer diversion, should increase througth the wave
drag and friction drag of the wedges themselves, friction drag of
additional wetted surfaces in the slot for boundary-layerdiversion
between the enginenacelle and the body, and also interferencedrag.
Obviously, for a ducted model with such wedges tested with the use
of the experimental technique discussed earlier, the drag over the
inletstreamsurfaceshouldalsochangeas a consequenceof changing
the flow-rate factor as compared to its variant without wedges. The
drag coefficient Cp,, of the model as a function of the wedge height
is shown in Fig. 6. An increase in the value of Cp, by 20-26% for
a Mach number M, =4 and by 27-32% for M, =6 is observed
as compared to the case hy, =0. These data show that the relative
contribution of the wedges to the drag somewhat increases with
increasing freestream Mach number.

Ananalysisofthe lifting properties of the hypersonic vehicle con-
figuration consideredshowed’ that, within the range of the angles of
attack @ = 0-12 deg, the presence of the diverter wedges involved a
small increase in the lift coefficient C, for M., = 6 and had practi-
cally no effecton it for M, = 4. The dependencesof the lift-to-drag
ratio L /D vs the angle of attack for M., =6 and for the studied
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Fig. 9 Engine thrust coefficient vs the angle of attack for M., =6 and
for a set of diverter wedge heights.

set of values of hy,, and the maximal lift-to-dragratio (L /D). VS
the wedge height Ay, are plotted in Figs. 7 and 8, respectively. The
decrease in (L /D), caused by the presence of diverter wedges
amounts up to 12% as compared to the variant without boundary-
layer diversion.

The discussedexperimental datademonstrate that, despite the im-
provement of the flow-rate characteristics of the inlet, the presence
of wedges for boundary-layer diversion leads to a noticeable in-
creasein the drag of the vehicle as a whole and, hence, to a decrease
in the maximal lift-to-drag ratio. At the same time, it is obvious
that these data are insufficient for making the final conclusionabout
the efficiency of boundary-layer diversion. Analysis of all of the
forces acting on the vehicle including the propulsionunit is needed
to evaluate such a global efficiency. As has been mentioned, such
an analysis for the hypersonic vehicle under study was carried out
using estimates of the resultant aeropropulsive forces, which were
obtained by combining the aerodynamic characteristicsdetermined
experimentally and the thrust characteristics of the scramjet engine
calculated by approximate methods.

As has been described, calculation of the engine thrust proceeds
from flow parameters in the inlet throat, which mainly depend on
the flow-rate factor obtained experimentally. By calculation, the
pressure recovery factor and Mach number in the throat are oy =
0.73-0.76 with My, =2.25-1.75 at M, =4 and oy =0.51-0.56
with My, =3.25-2.52 at M, = 6. Thus, the pressurerecovery factor
varies little with the angle of attack.

The engine thrust coefficient for M., =6 is presented in Fig. 9
vs the angle of attack Cr(«). For the configuration with diverter
wedges hyw =5 mm (corresponding to hy, /8 & 1), the thrust co-
efficient increases by 9-11% as compared to the variant Ay, =0.
This increaseis caused by the increasein the flow-rate factor, which
results from the mentioned simplified determination of the flow pa-
rameters in the inlet throat and, respectively, the engine thrust. The
estimated effect of boundary-layerdiversion on the scramjet thrust
is in agreement with the data of Ref. 8, where the same effect was
calculated taking into account the displacingaction of the boundary
layer.

The resultant aeropropulsive characteristics for M, =6 are il-
lustrated in the form of polars: dependences Cg, (Cg,) plotted in
Fig. 10. The aerodynamic polars C;(Cp) are also presented in
Fig. 10. The greatest relative increment in the drag caused by the
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Fig. 10 Polars of aerodynamic forces C.(Cp) and resultant aero-
propulsive forces Cg, (Cg,) for Mo =6 and for a set of diverter wedge
heights.

diverter wedges is observed near « = 0; therewith the resultant tan-
gential force remains virtually unchanged. A significant increment
inthe coefficient Cg, of thisforceoccursfora > 6 deg (Cg, > 0.06),
and it is almost the same for Ay, =3 mm (hy, /8§ =0.6) and
hblw =5mm (hblw/S = 10)

It is obvious that this positive effect can be enhanced by opti-
mization of the wedges for boundary-layerdiversion. For instance,
the experimental data presented allow one to estimate the resultant
characteristics corresponding to zero drag of the diverter wedges
(Cp)pw =0, which in a certain sense corresponds to bleeding the
boundary layer developed upstream of the inlet. The values of the
flow-rate factor for the greatest height of the wedges (/,,, =35 mm
for M,, =6) and aerodynamic characteristics for the model vari-
ant without the wedges (/,,, = 0) can be used for this purpose. A
dashed curve connecting the solid circles in Fig. 10 shows these
estimates. For this case, there is an increase in the resultant tan-
gential force over the entire range of angles of attack examined.
However, note that these estimates can be considered only as a
limit for the aeropropulsive characteristics that could be reached
due to boundary-layer suction upstream of the inlet. A more rig-
orous estimate of the efficiency of such boundary-layer bleeding
requires the energy losses on suction to be taken into account, in-
cluding the effect of dumping the bled air back into the engine duct
stream.

The following distinctive feature of the polars of the resultant
aeropropulsiveforces presentedin Fig. 10 should be noted. The tan-
gential force increases with increasing the lift force or with chang-
ing the angle of attack from ¢ =0 to o ~ 6 deg, and thereafter it
begins to decrease. The initial increase in this force is a result of
the significant increase in the inlet flow-rate factor with increasing
the angle of attack; the engine thrust rises, correspondingly, ap-
proximately linearly (see Fig. 9). This increase in the propulsive
force exceeds that for aerodynamic drag. For o > 6 deg, the fur-
ther increase in the inlet flow-rate factor and engine thrust does
not compensate the drag rising approximately as the angle of at-
tack squared. Corresponding to the behavior of Cg, as a function
of Cg,, two branches, respectively, the lower and the upper ones,
can be distinguished, which differ by the aircraftresponse to a per-
turbation of the angle of attack at a given flight Mach number. For
instance, for flight values Cg, corresponding to the upper branch
of the polar, a perturbationincreasing the angle of attack should be
accompanied by an ordinary response: transition to a decelerated
climb. For the lower branch of the polar, such a perturbation should
be accompanied by the transition from a steady horizontal flight or
a steady climb flight to a spontaneously accelerated climb. This sort
of path instability was discussed in Refs. 23 and 24; obviously, it
correlates with the conventional characteristics of aircraft such as
the speed stability and the stability related to the angle-of-attack
load.

The calculated resultant aeropropulsive characteristics of
scramjet-powered aircraft presented in Refs. 23 and 24 show that
the said feature of the resultant polar is representative of aircraft
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Fig. 11 Polars of aerodynamic forces C.(Cp) and resultant aero-
propulsive forces Cg, (Cg,) for M, =4 and for a set of diverter wedge
heights.

configurations with a scramjet module positioned under the lifting
body. Note that conventional flight conditions of hypersonic air-
craft correspond to dynamic pressures ¢,, =5-8 x 10* N/m? and
Cr, =0.05-0.1. In the case M, = 6 considered, these flight param-
eters will fall onto the lower unstable branch of the polar.

Related estimates of the resultantaeropropulsiveforces were ob-
tained for M, =4 (see Fig. 11). They showed that there is scarcely
any effect of the diverter wedges on increasing the resultant tan-
gential force in this case. Taking into account the approximation of
engine thrustcalculations,one can say thatthe wedges for boundary-
layer diversion in this case at least do not worsen the aircraft per-
formance. Also note that the resultant polars Cg, (Cy, ) for M, =4
have no unstable branch, that is, they are characterized by the ordi-
nary response to perturbations over the entire range of the angle of
attack considered. Such a change in the form of the resultant polars
for M, =4 as compared to M, = 6 is also associated® with path
instability analogous to that discussed earlier.

As a whole, the presented experimental results and calculation
estimates on effects of wedge-aided diversion of the boundary layer
showed that mounting the inlet on such wedges of an appropriate
heightallows reaching, at high Mach numbers, some increasein the
total propulsive force of the vehicle despite the increase in the drag
force. This supports the conclusions obtained only on the basis
of calculation estimates. To determine the benefits of arrangement
of diverter wedges on a certain hypersonic vehicle, obviously, it is
necessary to take into account the influence of other factors, for
example, the angles of the wedges and their longitudinal contour,
the sweep angles and the bluntness of their leading edge, etc. Some
optimization and improvement of the characteristics of the wedges
is also possible. Also bear in mind that the characteristicsof devices
for boundary-layerdiversion depend on the particular arrangement
of the propulsion unit on the vehicle. Therefore, it is desirable to
perform more complete investigations of the influence of various
factors on the efficiency of boundary-layerdiversion for particular
conditions.

Effect of Lateral Spillage over the Compression
Wedge Ramp of the Inlet

A configuration of the model with a pointed nose and without
diverter wedges was used for experimentation to compare the en-
gine nacelle variants with the cheeked and noncheeked inlets. The
effects of lateral spillage for a two-dimensional inlet with or with-
out side cheeks depending on M, should be considered by taking
into account the design Mach number of the inlet M,. For Mach
numbers Mo, < M, or for Mo, =M, and « > 0, the cheeks only
partially restrict the region of flow over the compression ramp be-
hind the shock waves from the external flow on the sides of the inlet.
As a consequence, lateral spillage is observed even in the presence
of the cheeks, which can lead to a change in the inlet characteris-
tics, in particular, in the flow-rate factor. Obviously, the effects of
lateral spillage should depend on the width-to-length ratio of the
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inlet ramp related directly to the width-to-heightratio of the inlet
binl/hinl-

Effects of lateral spillage were studied, for instance, in Ref. 2.
A flat inlet defined by M, =5.3, a three-wedge ramp of 6, =7.5,
0, =15, and 6; =27.5 deg and b, / h;,; > 4 was considered; it was
located under a delta wing. It was shown that the presence of the side
cheeks increased the flow-rate factor only by 1.5-2% for M, < M,
and by 2-3% for M, > M, as compared with the noncheeked in-
let variant. However, a more pronounced effect of the side cheeks
was revealed,!” for an inlet with M, =4, a two-wedge ramp of
0, =12 and 6, =22.8 deg, and by, /h;, = 1.33. For this inlet, the
presence of the side cheeks led to an increase in the flow-rate fac-
tor, essentially at M, close to the design M,. For M, =4=M,
and o =0, this increase accounted for about 22%. Similarly, an
increase of about 11% in the flow-rate factor caused by the pres-
ence of the side cheeks was observed'' for an inlet with a one-
wedge ramp of 6, =10 deg, bin1/ hiny =1 in the design flow regime
M., =M, =6.1. Note that the data'®'! refer to two-dimensional
inlets nonintegrated with a forebody, that is, outside of their ar-
rangement on an airplane. An inlet integrated with the airplane ex-
periences the action of a three-dimensionalflow from the forebody.
For instance, despite that the lower surface of the model forebody
is freestream directed in the case o =0, the upper and side sur-
faces are inclined relative to the freestream, and the flow over them
is compressed. There is some cross overflow from the upper side
to the lower surface caused by this compression, which involves a
change in flow parameters ahead of the inlet and leads, in partic-
ular, to an off-design flow regime for it. The said cross overflow
acts in a direction opposite to the lateral spillage over the inlet
ramp, so that one might expect that the effects of lateral spillage
related to the presence or absence of the side cheeks in this case
will be manifested to a smaller extent as compared to nonintegrated
inlets.

The experimental data obtained for M, =4 and 6 on the flow-
rate factor of the inlet for the examined model configuration with
pointed nose are plotted in Fig. 12, where the model variant with
the inlet cheeked engine nacelle is compared with the noncheeked
variant. The increment in the flow-rate factor Af caused by the
side cheeks does not exceed 1.2-2.8% for o = 0 and decreases with
increasing angle of attack. Thus, the efficiency of the side cheeks
in restriction of lateral spillage of the ramp-compressed flow corre-
spondsto that noted previouslyin Ref. 2 forinlets with by, / hy, > 4,
although the relative width of the inlet for the model configura-
tion tested is approximately two times smaller, by, /hiy =1.91.
The relative increment in the flow-rate factor Af/f for our in-
let even for M, =M, is significantly smaller than the values
obtained!” for a nonintegratedinlet with by, / by = 1.33, for which
a substantial effect of the side cheeks in design flow regimes was
noted.

In the context of consideration of lateral spillage effects at M, =
M,, the question on the inlet design-flow pattern should be dis-
cussed. Note that this flow pattern is defined for the model inlet
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Fig. 12 Flow-rate factor for cheeked and noncheeked inlets of the
model vs angle of attack.

proper under the assumption that the flow with the design Mach
number M, = 6 upstream of the inlet is uniform and the flow over
the inletis two dimensional. It should occur for the cheeked inlet of
the model in the case of M, = 6 and @ =0, where the forebody pre-
compression surface is located along the freestream flow. The inlet
flow-rate factor should be unity f =1 therewith. However, the ex-
perimental flow-rate factor is significantly smaller than unity (about
f=~0.65, Fig. 12).

As was noted earlier, there is some deviation of the flow pattern
from the design mode one for the inlet combined with the vehicle
forebody. The flow over the precompression surface formed by the
forebody is three dimensional in front of the inlet even for @ =0,
and these flow parameters differ from those for the freestream flow
with M, = M,. Itis one of the factors affecting the said discrepancy
of the design and real inlet flow-rate factors. However, numerical
computations® of the flow around the configuration considered,
which were performed for M., =4 using an Euler code, show that
the said flow three dimensionality rather weakly affects the flow
over the inlet itself and its flow-rate factor as compared to a purely
two-dimensional flow. The values of the flow-rate factor computed
for a three-dimensional flow over the forebody/inlet configuration
and for a purely two-dimensional one are virtually the same for
o = 0 and differ by no more than 3.7% for « =5 deg.

The second essential factor is the effect of boundary-layer dis-
placement. As was already discussed for Mo, =6 and o =0, the
boundary layer on the wedge ramp in the inlet entrance cross sec-
tion occupies more than 50% (roughly 50-70%) of the entrance
height. If the boundary layer at the entrance is turbulent, its dis-
placement thickness, by estimationin accordance with Ref. 31, will
be about 13-18% of the entrance height. A decreasein the flow-rate
factor caused by this displacing effect of the boundary layer is in
proportion to the already mentioned area AY as Af/f ~ A% /A,.
The value A7, for the noncheeked inlet variant is determined only
by the boundary layer on the wedge ramp; for the cheeked inlet it
should be greater because of the boundary layer developing on the
side cheeks. The value of Af/f will be even somewhat greater for
a certain slowdown of the inviscid flow out of the boundary layer
due to its displacement effect.

The effects of flow three dimensionality and boundary-layerdis-
placement together explain to a large extent the already mentioned
discrepancy in the flow-rate factor. The displacement effect of a
rather thick boundary layer may also enhance three dimensionality
of the flow over the inlet, notably for its noncheeked variants.

The change in the drag coefficient Cp,, at a zero lifting force ac-
cording to whether the side cheeks are present or absent has rather
an ambiguous character depending on the freestream Mach num-
bers M, under study. For example, for M, =4, the drag coeffi-
cient for the configuration variant with the inlet-cheeked engine
nacelle is Cp, =0.0129 as compared to the noncheeked variant
Cp, =0.0117, that is, the drag increases by ~10%. For M, =6,
we have Cp, =0.0065 and 0.0073, that is, the drag coefficient de-
creases by roughly the same value. This behavior of Cp, may be
related to the correspondingchangein the drag over the inlet stream-
surface Cp . The latter drag for two-dimensional inlets was nu-
merically studied in Ref. 10, and the changes in Cp of the same
character were obtained for the cases in the presence or absence
of the side cheeks. This effect can be explained by the following.
For a cheeked inlet, the area of the inlet streamsurface on the sides
decreases as compared to the noncheeked variant, which leads to
the corresponding decrease in Cp_, notably in the case of flow
regimes close to M., ~ M,. Despite an additional drag of exter-
nal surfaces of the side cheeks, the total drag of the configuration
may become lower. For Mach numbers M., < M, the arrangement
of the side cheeks, that is, the restriction of lateral spillage, addi-
tionally leads to an increase in the slope of the shock waves arising
on the inlet ramp. This, consequently, leads to an increase in the
length and area of the inlet streamsurface and to an increase in the
drag over this streamsurface. The experimental data on Cp, for the
vehicle configuration considered confirm the conclusion'® made on
the basis of numerical calculations of an inviscid flow that, in terms
of the smaller drag, a better inlet is the inlet with complete side
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cheeks for M, ~ M, and the inlet with short cheeks or without
them for M, < M.

An analysis of the aerodynamic characteristics of the model
showed that the lifting properties of the configuration and, corre-
spondingly, the inductive drag did not practically depend on the
restriction of lateral spillage on the compression ramp of the inlet.
Therefore, the change in the lift-to-drag ratio L /D associated with
the presence or absence of the side cheeks as a function of M, is
determinedby the correspondingchangein Cp,, (M, ). The maximal
lift-to-dragratio of the configuration with the inlet-cheeked engine
nacelle variant as compared to the noncheeked one for M, =4 is
(L/D) . =4.03and4.28, respectively,thatis, itis smallerby ~4 %,
whereas for M, = 6, it is greaterby ~8%, (L /D) y.x = 5.4 and 5.0.
For both variants of the engine nacelle, the maximal lift-to-drag
ratio of the model increases with increasing the freestream Mach
number.

Thus, in flow regimes with M, ~ M, both the flow-rate charac-
teristics of the inlet itself and the total aerodynamic characteristics
are better for the model variant with the inlet-cheeked engine na-
celle than for the noncheeked variant. The relative increase in the
flow-rate factor and the decrease in drag are not large, but both
characteristics are improved simultaneously, and a more noticeable
increase in efficiency of the engine and the vehicle as a whole may
be expected.

To evaluate the effect of the presenceor absence of the side cheeks
on the overall efficiency of the vehicle, the integral aeropropulsive
characteristics of the configuration were considered for test Mach
numbers. It was made in the same manner as for the case of the study
on wedge-aided diversion of the boundary layer. The polars of the
resultant aeropropulsiveforces C, (Cr, ) together with the aerody-
namic polars C;(Cp) for the model tested with different variants
of the engine nacelle are shown in Fig. 13 for M., =6. Note that
the difference in the aerodynamic polars C. (Cp) for these variants
is mainly manifested in a shift of one polar relative to the other
because of the different values of Cp,. This is because the pres-
ence or absence of the side cheeks has an insignificant effect on
the lift force and lift-dependentdrag of the configuration. The po-
lars presented show that, at freestream Mach numbers close to the
inlet design Mach number M, ~ M, the inlet with complete side
cheeks, which is better, in terms of the smaller drag, as compared
to the noncheeked inlet, is also better in terms of aeropropulsive
performance.

The propulsive force for the inlet-cheeked model configuration
is larger in comparison to the noncheeked variant within the entire
range of angles of attack considered. The increment ACg, in the
resultant aeropropulsive force caused by the presence of the side
cheeks remains almost constant within the entire range of angles of
attack under study. Note that the said total increment ACy_can be
decomposedinto componentscaused by the increasein the flow-rate
factor and by the decrease in the drag Cp,, respectively. For esti-
mation of the first effects, it is necessary to determine the resultant
characteristics CR), (Cg, ) using experimental data on the flow-rate
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Fig. 13 Polars of aerodynamic forces C.(Cp) and resultant aero-
propulsive forces Cg, (Cg,) for M. =6; model variants with cheeked
and noncheeked inlets.

factor for the inlet-cheeked model variant and on the aerodynamic
characteristics for the noncheeked variant. The corresponding polar
Cg,(Cg,) is also plotted in Fig. 13 (combined data, solid circles);
it differs little from the polar for configuration with the noncheeked
inlet. One can see that the increase in the resultant tangential force,
in this context, is predominantly associated with the decreasein the
drag Cp,.

The polars of the resultant aeropropulsive forces obtained for
M., =4 and for different variants of the engine nacelle revealed
that these characteristics for the cheeked inlet change very little
as compared to that for the noncheeked inlet, which are presented
in Fig. 11 for hyy,, =0. The resultant polars for the cheeked inlet
variant, both for M, =6 and 4, have the same features of the path
instability, which were discussed earlier for the noncheekedinletin
analyzing the effects of the diverter wedges.

Effect of Nose Bluntness of the Lifting Body

The presented results on the effect of wedge-aided diversion of
the boundary layer demonstrate that the boundary layer developing
on the precompression surface of the forebody and on the exter-
nal compression ramp of the inlet itself is one of the main factors
determining the efficiency of inlet operation for the vehicle con-
figuration considered. In the case of the forebody with the blunted
nose that forms a strong bow shock wave, a high-entropy layer
develops near the body surface, which complicates development
of the boundary layer. The thickness of this entropy layer may be
comparable with or greater than the thickness of the viscous layer.
Numerical computations'? of the inviscid flow around a delta wing
with blunted leading edges show that the thickness of the entropy
layer on the lower surface related to the wing length increases with
increasing Mach number M, and decreases with increasing angle
of attack. Note that, in most cases, it is impractical to distinguish
in the near-wall flow the viscous nonuniformity related to energy
dissipation in the boundary layer from the inviscid nonuniformity
caused by energy dissipation in the detached curved strong shock
wave. Therefore, in our work we understand the near-wall flow as
the viscous-entropy layer, includingboth effects, under the assump-
tion that static pressure is constantacross this layer, which holds for
the boundary layer.

To reveal the bluntness effect on the aerodynamic efficiency of
the considered hypersonic scramjet-powered vehicle as a whole,
a comparative study of the boundary layer on the precompression
surface of the forebody was performed at M., =4.05 for model
configuration variants with a pointed and blunted nose. A configu-
ration of the model with the inlet-noncheeked engine nacelle and
without wedge-aided diversion of the boundary layer was tested. As
already indicated, the boundary layer was measured on the forebody
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pre-compressionsurfacein the plane of symmetry z = Q ata distance
x =340 mm from the model nose tip.

An example of the integral characteristics of the boundary layer
measured in testing the model with different nose bluntness for
M, =4.05and Re,, =56 x 10° 1/m is shown in Fig. 14. Note that
the nose bluntness leads to a significant increase in all thickness
dimensions of the boundary layer. For instance, within the range of
angles of attack « =0-3 deg, the values of §, §%, and 6** increase
by a factor of 2.5-2.7 and for o = 10 deg by a factor of 1.4-1.8
as compared to the pointed configuration. An analysis of boundary-
layervelocity profiles obtainedfor the configuration with the blunted
nose showed that the entropy layer seemed to be absorbed by the
boundary layer upstream of the measurement cross section only for
angles of attack o > 10 deg.

Based on the measurement data for M., =4 and o =0, the
boundary-layerthickness ahead of the inlet for the pointed configu-
rationis § = 3.9 mm, and the displacementthicknessis §* = 1.7 mm.
In the case with nose bluntness, the corresponding values are § =
10.1 mm and §* =4.3 mm. This significant increase in the dis-
placement thickness should be accompanied by noticeable losses
of the flow rate of air through the inlet. The experimental val-
ues of the flow-rate factor obtained for the blunted configuration
at My, =4 and 6 are plotted in Fig. 15 as a function of the an-
gle of attack. For comparison, Fig. 15 also shows the data for the
pointed configuration discussed earlier. For angles of attack near
o =0, the nose bluntness decreases the flow-rate factor by ~23%
for M, =4 and by ~42% for M., =6, that is, the losses of the
flow rate caused by the nose bluntness significantly increase with
increasing the freestream Mach number. Nevertheless, the effect of
nose bluntnessdecreases with increasingangle of attack,as could be
expectedfrom evidence of the measured values of 6*. For o > 9 deg,
the flow-rate factors for the blunted and pointed configurations are
close.

The character of variation of the flow-rate factor as a function
of the angle of attack for the blunted configuration determines to a
large extent the behavior of the total aerodynamic characteristicsof
the configuration as a whole, which include the forces over the inlet
streamsurface. In particular, note that, for a Mach number M, =6,
the model drag significantly increases within the range of angles of
attack o < 6 deg, and the aerodynamicpolar C; (Cp) for the blunted
configuration is no longer parabolic (Fig. 16). The increase in the
zero-liftdrag coefficient Cp, reaches ~12% for M, =4 and ~21%
for M, = 6. Thus, the effects of nose bluntness on the vehicle drag
and on the inlet flow-rate factor increase with increasing freestream
Mach number.

The experimental data showed that the lifting properties of the
configuration depended weakly on nose bluntness, though some in-
crease in the values C; and Cy was observed within the range of
angles of attack o =0-6 deg for M, =6. As a whole, nose blunt-
ness decreased the maximal lift-to-dragratio (L /D) ., by ~3% for
M, =4 and by ~7% for M., = 6. At the same time, because of
the already noted deformation of the aerodynamic polars C; (Cp),
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Fig. 16 Polars of aerodynamic forces C.(Cp) and resultant aero-
propulsive forces Cg, (Cg,) for M., =6; model variants with blunted
and pointed nose tips.

the maximum of the lift-to-drag ratio for M., =6 for the blunted
configuration was reached at significantly greater angles of attack
(1) Dymx = 10-11 deg as compared to &, /p),,, =6-7 deg for the
pointed configuration.

It would appear reasonable that the decrease in the flow-rate fac-
tor of the inlet and the increasein the drag coefficient caused by nose
bluntness will lead to deterioration of the resultant aeropropulsive
characteristics of the vehicle. For example, the thrust coefficient
Cr calculated for the blunted model configuration, as compared to
the pointed variant, is very low within the range of angles of at-
tack o = 0-8 deg, with a corresponding significant decrease in the
experimental flow-rate factor (see Fig. 15). As a consequence, the
engine thrust obtained does not compensate for the elevated drag
of the configuration caused by nose bluntness and does not ensure
the resultant propulsive tangential force for these angles of attack
(Fig. 16). However, a positive tangential force occurs for larger an-
gles of attack o« > 6 deg. An extraordinary S-shaped resultant-force
polarfor the bluntedmodel configurationis obtained.One would ex-
pectsome specialinstability properties, which would be reflected by
the said extraordinary S-shaped resultant-force polar, for a vehicle
configuration with a blunted nose of the lifting body. For M, =4,
the changesin aerodynamic and resultantaeropropulsivecharacter-
istics caused by nose bluntness are the same in the qualitative sense
but are less significant in magnitude.

The noted extraordinary behavior of the resultant aeropropulsive
forces, by the data obtained, is a consequence of unusual varying
of the inlet flow rate. Because of scanty measurementon inlet flow
patterns, one could only conjecturefrom general considerationsthat
this peculiarity is a summed effect of realignment of flow around
the blunted forebody in comparison to the pointed one, including
both the inviscid flow and the boundary layer or a more extended
viscid flow nearits surface. All of these effects invite a more detailed
investigation.

Conclusions

Some factors of inlet/airplane interaction were experimentally
studied for a hypersonic scramjet-powered vehicle with a ventral
position of the engine nacelle. Experimental aerodynamic charac-
teristics are supplemented by calculated estimates of the engine
thrust. Thus, the effects of the considered factors on the total aero-
propulsive characteristicsof the vehicle are determined. The results
obtained allow us to make the following conclusions.

1) Diversion of the boundary layer developing ahead of the inlet,
with the use of diverter wedges, improves the flow-rate characteris-
tics of the inlet and increases the engine thrust at high flight Mach
numbers. Despite the increase in the drag force in this case, an in-
creasein the resultant propulsive force of the vehicle as a whole can
be reached with a certain height of the diverter wedges.

2) The arrangementof the side cheeks restricting lateral spillage
of flow over the compression wedge ramp of the inlet leads to rather
small increments in the flow-rate factor both for Mach numbers
My < M, and M, =~ M, = 6. This may be explained by effects of
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three dimensionality of the flow around the inlet integrated with the
forebody, which violate the design flow regime for the inlet itself.
For freestream flow conditions with M, & M, the inlet with the
side cheeks ensures a lower drag of the model as compared to the
noncheekedinlet variant. Correspondingly, the resultant propulsive
force of the vehicleincreasesin the first case. For Mo, =4 < My, by
contrast, the noncheeked inlet provides lower drag, therewith there
is a minor effect of increasing of the resultant propulsive force of
the vehicle.

3) Nose bluntness of the lifting body is responsible for devel-
opment of a thick near-wall viscous-entropy layer on the fore-
body precompression surface, especially for small angles of at-
tack. This leads to an increase in the vehicle drag and to sig-
nificant losses in the flow-rate factor and engine thrust at near-
zero angles of attack, and, as a consequence, the resultant aero-
propulsive characteristics of the vehicle as a whole become much
Worse.

The approach used in the presented study on the problem of
inlet/airplane interaction is based on experiments and calculations.
An important merit of such an approach is its comprehensive-
ness and the possibility to consider flight properties of the ve-
hicle as a whole, including the airplane and the engine. At the
same time, in this study, the extrapolation of the experimental
aerodynamic characteristics to a full-scale vehicle and determi-
nation of the engine thrust are rather simplified. The inlet is not
fully represented, the parameters of its internal section down-
stream of the entrance are assumed, and the engine thrust is de-
termined on the basis of a one-dimensional scramjet model. This
does not allow one to consider in detail operability issues and per-
formance quantities of the engine, such as inlet starting, engine
flow stability, distortion, fueling, effects of engine cross-sectional
areas, etc. That is why the results presented are not absolute,
but they give a general idea about possible aeropropulsive prop-
erties of the vehicle under consideration, which call for further
investigation.
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