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Aerodynamic Performance Analysis of a Hypersonic Inlet
Isolator Using Computation and Experiment
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A two-dimensional mixed compression inlet model with a subsequent isolator section is tested under Mach 4
and 5 flight conditions. Different configurations of the isolator are assessed with respect to their compression
efficiency. The experimental investigations yield schlieren pictures of the isolator flow and static surface pressure
measurements. The numerical simulations are performed with a Reynolds-averaged Navier-Stokes solver using a
k-w turbulence model, especially extended for modeling high-speed wall-bounded flows and separation regions.
The close collaboration of experiment and simulation is beneficial: Validation of the simulation is achieved by
the test data and the flowfield information available in the computational fluid dynamics results is employed to
interpret the experimental findings and to compute the performance parameters. The computed static pressure
ratios are in excellent agreement with empirical predictions. Furthermore, the investigations show that increasing
the isolator length reduces the pressure sensitivity of the inlet. However, the experimental tests show that above a
certain isolator length, no further increase of the sustainable backpressure is possible.

Nomenclature
A = area
h = isolator height
[ = isolator length
M = Mach number
p = pressure
Re = Reynolds number
T = temperature
o = angle of attack
A = throttling degree
81,...,84 = intake geometry angle
Ne = adiabatic compression efficiency
NKE = adiabatic kinetic energy efficiency
0 = momentum boundary layer thickness
e = total pressure recovery coefficient
Subscripts
back = outflow boundary of computational domain
e2 = ejector?2
t = total condition
2 = isolator entrance (station 2)
3 = combustor/diffusor entrance (station 3)
00, 0 = freestream conditions (station 0)

Introduction

HE aerodynamic design of hypersonic inlets is a critical is-
sue for the overall performance of an airbreathing propulsion
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system and is the subject of recent investigations.!=* The primary
purpose of the inlet is to provide homogeneous high-pressure flow
to the engine with a minimum of aerodynamiclosses. Compression
is performed through a series of oblique shock waves and internal
contraction that lead to a shock wave/expansion wave interaction
pattern inside the inlet. A schematic of the complex flowfield is
shownin Fig. 1. A special feature of the scramjetinletis thata large
portion of the compressionis achieved by an internal precombustion
shock system.® The engine component responsible for this internal
compression is the isolator, which protects the inlet from upstream
disturbances of the high-pressure combustion zone. The developing
shock train provides an elegant mechanism for supersonic flow to
adjust to a specific backpressure. Whether a normal or an oblique
shock train develops is mainly determined by the conditions at the
isolator entrance, in particular Mach number and boundary-layer
thickness® Figure 2 shows a schematic of the normal shock train
developing for entrance Mach numbers below M, =2 — 3. Here,
station 2 corresponds to the location where the turning of the ex-
ternal compression is completely canceled by the inlet geometry,
and station 3 is the combustor entrance. The major portion of the
compressionis achieved by the first normal shock that separates the
boundary layer. Afterward, the boundary-layerthickness increases
rapidly and evens the pressurerise over the subsequentshock waves
to a continuous compression. The maximum compression achiev-
able by a shock train (neglecting viscous effects) is that of a normal
shock wave, provided that the isolator is sufficiently long. If the
backpressureexceeds this limit, the shock train is disgorged and the
engine unstarts.

The performance of the inlet can be assessed in form of various
parameters. Typical performance parameters are the mass flow ratio
(MFR), the adiabatickinetic energy efficiency ngg, and the adiabatic
compressionefficiency nc. The MFR denotes how much of the max-
imum possible amount of flow at freestream conditions through the
inlet is being captured. When isentropic expansion is assumed, the
adiabatic kinetic energy efficiency is the ratio of kinetic energy of
the decelerated flow to the kinetic energy of the undisturbed flow.
For an ideal gas, ngg is a function of the total pressure recovery co-
efficient - = p, 3/ p,o and the freestream Mach number.® Finally,
the ratio of theisentropicallyachievedenthalpyincrease over the ac-
tual increase of the compression process is denoted as compression
efficiency, and in the adiabatic case, a relationship can be derived
that states . = f (¢, Mo, M) (Ref. 6).
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Fig. 2 Schematic of the flow pattern and wall pressure distribution of
a normal shock train.®

The main focus of the presentinvestigationis a parametric study
of the isolator length at Mach numbers of M., =2.5 and 3.0, which
correspondto flight Machnumbersof4.1and 5.3, respectively.In the
experiment, eight different geometries are tested, and four of those
geometriesare alsoanalyzednumerically. The experimentaltestdata
providethe necessary validationof the numerical simulations, which
are needed to compute the performance parameters. Furthermore,
the numerical simulations complete the knowledge of the flowfield
in areas that are not accessible for measurements and, thus, are an
important diagnostic to understand the test data.

Experimental Setup
Test Bed

The open-circuitwind tunnel at the Aachen Jet Propulsion Labo-
ratory has been used in several inlet investigations”-® The testbed is
connected to a central compressor station, which supplies a contin-
uous mass flow of 5.5 kg/s. The total temperature at the inlet of the
test sectionranges from 290 to 380 K and can be adjusted by use of
a precooling system. Two separate Laval nozzles are used to realize
the inlet Mach numbers M, =2.5 and 3.0. For the M, = 3.0 mea-
surements, the nozzlehasto be connectedto a low-pressurechamber
to establish the necessary pressure ratio for the expansion to accel-
erate the inlet velocity. The low-pressure chamber is evacuated by a
variable ejector system. A second ejector system is connected to the
inlet model for the evacuation of the inner flow. For the simulation
of different throttling conditions, the second ejector can be adjusted
during the test. To compare the throttling conditions of the different
model configurations, a throttlingdegree A is defined using the ratio
of the ejector entrance area and the model exit area:

A=(1-A4,/Ax) 100 ey

According to Eq. (1), the throttling degree can be varied between
A =0% (fully opened) and 100% (fully closed).

The side walls of the low-pressure chamber and the inlet model
are equipped with glass windows to obtain optical access. The test
bed is shown in Fig. 3.

Table 1 Main dimensions of the inlet model

Quantity Value
Inner width 52 mm
Overall length 400 mm
Isolator height i 15 mm
Second ramp angle &, 21.5deg
Cowl angle 63 9.5 deg
Divergence angle 84 5 deg

hypersonic intake
model
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ejector 2
(throttle)

low pressure ejector 1
chamber (evacuation)
T |
Fig. 3 Inlet model test bed.
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Fig. 4 Main dimensions of the model.
Inlet Models

The subject of the present study is the influence of the isolator
length variation on the inlet performance. The overall inlet geome-
try is based on similar inlet models tested within the frame of earlier
German research activities ' The design with respect to the exter-
nal ramp angles and the position of the engine cowl was the focus of
a research project’-!! preceding the current work. In that project, a
fixed geometry for the externalcompression was chosenconsidering
start behavior of the inlet and minimizing ramp flow separation. In
this original model geometry (dashed line in Fig. 4), two consecu-
tive ramps deflect the flow before entering the inlet with subsequent
interior compression. However, because of the restrictions of the
wind tunnel used, the experimental setup requires that the first outer
compression ramp of the inlet geometry be omitted in the current
experimental testing to attain the specified test conditions for the
isolator study. As shown in Fig. 4, the given angle of attack of the
freestream, @ = —10 deg, arises from the missing first ramp. The
design Mach number of the second ramp is M, = 3.0.

The outline of the inlet contour and the definition of the main
dimensions are given in Fig. 4 and in Table 1. The design of the
model allows the variation of the isolator length / within the range
of 29.3-99.3 mm by inserting additional pieces (width of 10 mm).

Because of a serious flow separation on the inlet ramp at
M., =3.0, it was assumed that the boundary layer is still transi-
tional at the point of separation. Therefore, a turbulence producing
wire (¢ = 0.9 mm) was mounted at the ramp at x =40 mm to ensure
a fully turbulent boundary layer.

Data Recording

The investigated subscale inlet model is a two-dimensional con-
figuration with a width-to-heightratio of 3.5. To obtain detailed in-
formation on the internal shock pattern and shock/boundary layer-
interactions, a two-dimensional, color-schlieren system has been
installed at the test facility. Because of the integrating effect of
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Fig. 5 Inlet model.

the schlieren technique, it is assumed that the influence of three-
dimensional flow effects, such as the effect of side wall compres-
sion, on the schlieren pictures is neglectable in comparison to the
two-dimensional main flow.

A xenon lamp lightened color mask with separate color fields
is used as the schlieren light source. The color fields of the mask
are adapted to the desired density gradients and to the applied light
source to obtain colored regions of equal brightness and extension,
as well as a suitable definition of the model contour.!? For the sep-
aration of the schlieren colors, a slit diaphragm s used as schlieren
edge in the focus of the concave mirror of the picture side. The
schlieren pictures are taken by use of a digital camera, which is
directly connected to the measurement computer. Because of the
resolution of the digital camera and the high width-to-length ratio
of the model window (Fig. 5), the schlieren pictures of the inlet flow
are built up of two overlapping frames.

For additional information about the flowfield, the wall pressure
distributionsalong the model centerlineare measured. The positions
of the wall pressure holes can be taken from Fig. 4. Because of the
sequential measurement mode, the pressure distributions can only
be evaluated for stationary conditions. A detailed overview of the
obtained test data is given by Herrmann and Koschel.!?

Numerical Method

Navier-Stokes Solver FLOWer

The computations are performed with the FLOWer code!*" in-
cluding some extensions for hypersonic flows.!® The code uses
a finite volume technique with upwind discretization on block-
structured grids to solve the unsteady three-dimensional compress-
ible Reynolds-averaged Navier-Stokes equations. Because of the
moderate test conditions, for example, 7; o ~ 300 K, during the
wind-tunnel experiment, the air is considered to be a calorically
perfect gas with constant ratio of specific heats, y =1.4. The com-
putational domain is divided into nonoverlappinghexahedrain gen-
eral curvilinear coordinates, and the spatial discretization is per-
formed by a cell-centered formulation. To account for the directed
propagationof information in the inviscid part of the equations, the
advection upstream splitting method (AUSM) flux vector splitting
is applied for the approximation of the convective flux functions.!”
Higher-order accuracy for the upwind discretization and consis-
tency with the central differences used for the diffusive terms is
achieved by the monotonic upstream scheme for conservation laws
extrapolation, and the total variation diminishing property of the
scheme is ensured by either a modified van Albada'® or a van Leer'?
limiter function. Time integration is performed by an explicit five-
stage Runge—Kutta time-steppingscheme. To enhanceconvergence,
amultigridmethod, implicitresidual smoothing,and local time step-
ping are applied.

Turbulence Model

Because of the high Reynolds number of approximately
5 x 107/m achieved in the hypersonic test bed, turbulent flow is
assumed for the numerical simulations. A small freestream turbu-
lenceintensity Tu., of 0.5% is specified because the simulationof the
transition processis not yet implemented in the code. All flow com-
putations are performed with a compressible low Reynolds number
k- model® with some extensions for modeling high-speed wall
bounded flows and separation regions.!” The spatial discretization
is performed using an AUSM upwind scheme for the convective
and central discretization for the diffusive terms. The low Reynolds

Table 2 Test conditions for supersonic inlet

Mo, Rey o [1/m]

2.41 5.07 x 107 540 305
3.0 4.87 % 107 620 290

P10, kPa Ti0.K

cowl surface

.04
z [‘,),3 0.08

Fig. 6 Numerical representation of one-half of the three-dimensional
test model with swept side walls.

number damping terms as well as the high grid aspect ratios near
the wall make the system of turbulence model equations stiff. To
increase the numerical stability of turbulent flow simulations, the
time integration of the turbulence equations is decoupled from the
mean flow equations, and the turbulence equations are solved using
a diagonal dominant alternating direction implicit scheme !

Boundary Conditions

The supersonicinflow is defined by specifyingthe flow conditions
at the inlet of the test section given in Table 2. The turbulent val-
ues are determined by the specified freestream turbulenceintensity:
koo =1.5(Tusttoo)? and wee = koo /(0.001 - p). In case of predomi-
nant supersonic outflow, the variables are completely extrapolated
from the interior onto the boundary. Otherwise, the influence of the
throttle is simulated with a prescribed backpressureratio, pyack / Po,
at the outflow boundary, and the remaining variables are extrapo-
lated. At solid walls, the no-slip condition is enforced by setting
the velocity components to zero. Additionally, the turbulentkinetic
energy and the normal pressure gradientare set to zero. The specific
dissipation rate is set proportional to the wall shear stress and the
surface roughness?? Because the total temperature of the flow is in
the range of ambient temperature and because of the long measuring
times of 30 min or more, the surface temperature of the test model is
assumed to approach the adiabatic wall temperature. The adiabatic
energy boundary condition is directly applied by zeroing the con-
tributions of the wall faces to the dissipative fluxes. Reconstruction
at boundary nodes is accomplished employing ghost cells, which
allow for a similar treatment of all physical cells and minimize the
computational effort for the boundary conditions. At the symme-
try plane of the half-configuration, the conservation variables are
mirrored onto the ghost cells to ensure symmetry.

Computations

The design of the experiment assumed a predominantly two-
dimensional flow behavior where measurements were only taken in
the center plane. To assess the possible influence of the swept side
walls on the flow in the center plane, a three-dimensionalnumerical
simulation of one-half of the inlet model (Fig. 6) was performed.
Comparison of the wall pressure distributions for the unthrottled
casein Fig. 7 yieldsthe flow in the symmetry plane to be almostiden-
tical to corresponding two-dimensional simulations. This analysis
assured that the entrance condition into the isolator symmetry plane
are not influenced by three-dimensionaleffects. To save on compu-
tational time, the three-dimensionalcomputation was not continued
for the pressurized flow conditions, neglecting the possible effect
of separation on the isolator side walls on the developing shock
train in the center plane. Instead, a two-dimensional analysis of the
flowfield was initiated. The applied two-dimensional representation
of the inlet model with mathematically sharp leading edges for the
ramp and the engine cowl is shown in Fig. 8.
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Fig. 7 Computed wall pressure distribution along the compression
ramp surface and in the symmetry plane.
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Fig. 8 Computationaldomain and grid detail for supersonic inlet.

The computations are performed on a SunFire shared memory
processors (SMP)-cluster using up to 26 processors as well as on a
NEC SX-5 cluster. The parallelizationis jointly based on FLOWer’s
block-based message passing interface formulation® as well as on
Sun’s shared-memory autoparallelization. A Courant-Friedrichs—
Lewy number of 4 is realized, and the CPU time required for a
turbulent flow simulation is approximately 8 h.

Numerical Accuracy

A complete validation of the FLOWer code has been performed
before its release,'*1>2* and continued validation is achieved by
the analysesdocumentedin subsequentpublications.!+16:17:22.25 The
accuracy of the current investigation is evaluated by comparison
with the experimental results. In addition, for the flow region from
the inflow up to the expansion fan in Fig. 1, the oblique shock and
expansion theory verifies the computed flow conditions (Fig. 7).

To ensure convergence of the numerical solution, the density
residual and the turbulence residual (L2-norm) are monitored in
Fig. 9. The solution can be considered as converged after approx-
imately 15000 iterations for the two-level grid. At that stage, the
density residual reaches its minimum value after falling for over
four orders of magnitude. The turbulence residual behavior is less
monotonic, but it drops five orders of magnitude. An additional
convergence criterion enforced in the current analysis requires the
difference between computed inflow and outflow mass flux to drop
below 1%.

Grid Analysis
The performance of a grid sensitivity analysis confirmed that the
grid resolution used in this study is sufficient to capture the phys-
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Fig. 9 Residual for supersonic inlet computation.
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Fig. 10 Surface pressure distribution for refined grids.

ically relevant features. In Fig. 10, the static pressure distribution
along the cowl and the ramp surfaces are shown for three differ-
ent grid-refinement levels: coarse (497 x 65), medium (993 x 129),
and fine (1985 x 257). Out of this analysis, the medium grid was
selected, and all results shown are computed applying this resolu-
tion with a minimum spacings of 1 um in x and y directions. To
ensure the accuracy of the turbulent flow solution, a value of y*
below 1 is realized for the main portion of the wall flow region with
a maximum of y* =2 near the cowl deflection shock.

Results

The detailed results of the supersonic inlet are first presented
for one geometry to outline the characteristics of unthrottled and
of pressurized flow. In this context, the problem of modeling the
transitional behavior of the boundary layer is discussed. Then the
findings for the variation of isolator length and the obtained aero-
dynamic parameters of the inlet configurations are presented.

Supersonic Inlet Flow

The flowfield of the unthrottled supersonic inlet at M., =2.41
and for an isolator length of / =79.3 mm is presented in Fig. 11.
The flow expands around the edge of the compressionramp corner,
seen as dark colored region in the schlieren picture. Slightly down-
stream, the impingementof the lip shock on the ramp inducesa small
separation of the boundary layer. The corresponding separationand
reattachmentshock are visible as two lines divided by another dark-
colored expansion. A further primary shock, which is induced by
the cowl deflection angle, crosses the separation and reattachment
shocks, is reflected at the ramp, and impinges at almost the same
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Fig. 12 Mach contours (computed) and surface pressure distribution
without throttling; M., =2.41 and / =79.3 mm.

locationasthereattachmentshock on the cowl surface.Downstream,
the repeatedly reflected shocks visibly weaken. Comparison of the
schlieren picture with the likewise presented Mach number contours
of the computation reveals an overall good agreement. The shock
wave pattern, the separation, and the approximate boundary-layer
thickness of the schlieren picture are also present in the simula-
tion. The surface pressure distributions, shown in Fig. 12, allow
for a more quantitative comparison between numerical and experi-
mental results. Here, a discrepancy in the ramp pressure distribution
can be seen in the expansionregion with subsequentseparation. The
computed separationappears smaller than experimentallyobserved,
and thus, the separation shock is weaker and impinges downstream
of the measured location on the cowl surface. The reason for the
discrepancy is probably a deficiency of the turbulence model to pre-
dict transitional behavior in the flow. Because of the expansion, the
boundary layer is laminarized, as will be discussed in more detail in
the following section, and the turbulence model is not able to pre-
dict the changing state of the boundary layer correctly. Otherwise,
the computed pressure distributions for the compression ramp, as
well as the cowl surface, compare favorably with the experimen-
tally obtained pressure measurements. The discrepancy between
measurements and simulation in the diffuser section is due to the
grid resolution in this section, which is reduced for the benefit of
a better resolution in the inlet and isolator. Overall, the agreement
between simulation and experimentis favorable.

Transitional Behavior

During the inlet experiments for the second Mach number,
M, =3.0, a severe separation of the ramp boundary layer appeared
that covered about one-third of the isolator height (Fig. 13). For an
inlet, a separation of this size is not tolerable due to the flow block-
age and the resulting unsteadinessof the flow. Therefore, a wire was
mounted on the ramp to increase the turbulence level of the bound-
ary layer and to make it more resistantto adverse pressure gradients.
This technique proved successful as is shown in Fig. 14. However,

Fig. 13 Large separation occurring after boundary layer is laminar-
ized due to strong expansion.

0.05 0.1 0.15
shocks produced by wire

Fig. 14 Size of separation is greatly reduced by insertion of a turbu-
lence producing wire in the flow.

turbulence producing wire

N

R
23

N

FIE

0 001 002 003 004 005 006
x [m]

Fig. 15 Flowfield and grid detail in the vicinity of the mounted wire.

a numerical simulation was initiated to better understand the rea-
sons and to visualize the flow pattern not visually accessiblein the
experiments. Therefore, the disturbance introduced by the wire was
simulated with great care. Figure 15 shows the grid, as well as the
flowfield in the vicinity of the wire. Prandtl-Meyer expansiontheory
yields that the expansion of the M, = 3.0 flow is 1.3 times stronger
than the respective expansion at M, =2.41. The subsequent com-
putations of the inlet flow with and without the wire showed that
the expansion is indeed strong enough to change the state of the
boundary-layerflow. Even though, the turbulence model is not able
to predicttransition, the turbulence intensity reduced enough during
the expansion that a separation of comparable size was determined
for the wireless case (Fig. 13). In Fig. 14, the flow pattern obtained
for the simulation including the wire is shown, yielding two addi-
tional induced shock waves (also see Fig. 15). Downstream of the
wire, the boundary-layerthicknessis visibly increased, and the vor-
ticity level is raised whereby the separation is greatly reduced. In
Fig. 14, the concurrence of the shock wave locations between the
schlieren picture and Mach number contours is very satisfactory.
The computations fully explain the altered schlieren wave pattern
between the two experimental setups.

Pressurized Isolator Flow

In hypersonic engines, a precombustion shock system devel-
ops inside the isolator because of the subsequent high-pressure
combustion zone. To produce a similar shock wave pattern in the
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Fig. 16 Comparison of a schlieren picture with A = 70% and cor-
responding Mach number contour lines with a specified backpressure
ratio of 7.
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0.1 Computation
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— 0.06 o 015 x[m] 0.2

Fig. 17 Mach contours (computed) and surface pressure distribution
for A =70% and py,e/po = 7.

single-engine-compament testing, throttlingis applied to the flow. In
the computations, the effect of the operating engine is simulated by
aspecified backpressureratio. Because there exists no mathematical
dependence between the throttling degree A and the backpressure
ratio, the achieved pressure buildup in the isolator is compared to
obtain a correlation. Figure 16 shows the flow pattern for an op-
erating point of A =70% and the corresponding simulation with
Prack/ Po = 7. The flow remains supersonic until it reaches the diffu-
sor section. Consequently,the complex shock wave/expansionwave
interaction patternin the isolatorremains the same as described ear-
lier. Inside the diffusor, an incipient shock train is detectable. The
high backpressure leads to the separation of the upper and lower
boundary layer and generates a shock wave pattern of two crossing
oblique shock waves. Because of the constriction of the main flow,
especiallyon the ramp side, the flow acceleratesagain and enters the
subsonic regime with a normal shock. Afterward, the flow remains
subsonicand slowly becomes more homogeneous.The separationof
the boundary layer is also visible in the schlieren picture; however,
the shock structure can only be anticipated and has to be deduced
from the simulation. In Fig. 17, the pressure buildup proceeds con-
tinuously due to the rapidly growing boundary layers. Some small
wiggles can be seen in the computed cowl surface pressure dis-
tribution, indicating the alternately decelerating and accelerating
flow. As the degree of throttling is increased, the onset of pressure
buildup moves upstream into the isolator. Figure 18 shows ramp
surface pressure distributions for different throttling degrees and
corresponding backpressureratios. At A =73% (Poack / Po = 8.25),
the complete isolator contributes to the pressure buildup, and the
maximum pressure ratio p;/p, attainable for this configuration is
achieved. After only a slight shift of the operating point (A =74%
and Pyack/Po =8.5), the complete ramp boundary layer separates
up to the expansion region. A further increase of the throttling
degree causes a severe flow blockage and leads to a strong de-
crease in captured mass flow. At this condition, the inletis no longer
started.

A’ pback/po
0.5 74%, 8.5
a Experiment 73%, 8.25
PP [ Computation
0.4F
70%, 7.0
| boundary layer
completely separated
0.3F ;
i 64%, 5.5
0.2F
u rary 3
EEIEE
01 F
0%, -
0 1 I T R [ |
0 0.05 0.1 015 [m] 0.2

Fig. 18 Surface pressure distribution for different throttling degrees
A and backpressure ratios.

0.1 06 11 16 21 27

Fig. 19 Computed normal shock train in the isolator; M, = 2.41 and
Pback/PO =8.25.

The flowfield of a fully developednormal shock trainis presented
inFig. 19. Because of thenonhomogenousflow entering the isolator,
the actual shock train starts at an approximate axial position of
x =0.11 m. Upstream of this position, the corresponding pressure
distributionin Fig. 18 reveals a compression/kexpansion interaction
pattern typical for reflected oblique shock waves but no continuous
pressure buildup inherent in a shock train. At x =0.11 m, an initial
normal shock immediately following two crossing oblique shock
waves and marking the onset of the shock train can be seen in
Fig. 19. The primary shock is followed by two secondary normal
shock waves in the main flow, which is increasingly constricted by
the growing boundary layers. The pressure distribution in Fig. 18
shows that the majority of the pressure increase is achieved with
the initial normal shock. The far weaker secondary shocks cause the
pressure to rise only gradually.

Isolator Length Variation

The results presented in the preceding section illustrate that the
compressionachievableby the isolatoris limited by its length. How-
ever, the rapidly growing boundary layers induce viscouslosses that
may erase the benefit of an additional length increase, and the theo-
retical goal of a normal shock compressionratio cannot be attained.
During the experimental testing, eight isolator geometries of differ-
entlength were analyzed, and four of the geometries are also studied
numerically.

Figure 20 shows the ability of the different isolator configura-
tions to protect the inlet against the pressure disturbances of the
succeeding components. In the experimentally determined diagram
(Fig. 20a), the maximum allowable throttling degree,'* for which a
complete separationof the ramp boundarylayeris avoided (Fig. 18),
is plotted against the isolator length. It can be seen that up to a cer-
tain amount an increase of the isolator length leads to a decrease
of the pressure sensitivity of the inlet. However, a further extension
of the duct seems to have no additional impact. The computations
yield a continuous growth of the sustainable backpressure with iso-
lator length, starting from a pressure ratio of py,./po = 6.9 for the
shortestduct (/ =29 mm) to py,/ po = 8.5 for the longest analyzed
isolator (/ =99 mm).
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Table 3 Total pressure ratios
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Fig. 20 Sustainable pressure ratios for different isolator lengths.
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Fig. 21 Empirical correlation for isolatorlength?6 and computed max-
imum compression ratios.

The maximum compression ratios obtained in the simulations
are shown in Fig. 21. The well-known correlation by Waltrup and
Billig?® has been manipulated to yield the pressureratio of a rectan-
gularareaisolator5?’ This correlationrelates the attainable pressure
ratio p;/p, to the basic physical parameters such as the geometry
(I and h), the Mach and Reynolds number at the isolator entrance,
and the momentum boundary-layerthickness 6, where 6 is an esti-
mate for the additional area reduction caused by the inlet boundary
layer. The maximum compression ratio is obtained when the com-

[, mm P2/ Pro P13/ P2 e

29.3 0.917 0.867 0.795
59.3 0.917 0.712 0.653
79.3 0.917 0.692 0.635
99.3 0.917 0.690 0.632

Table4 Performance parameters

l, mm MFR M3 Nc NKE

29.3 0.905 1.52 0.477 0.942
59.3 0.904 0.90 0.849 0.889
79.3 0.905 0.73 0.855 0.881
99.3 0.906 0.61 0.862 0.879

plete isolator contributes to the pressure buildup. The agreement
between the computed values and the pressure ratios predicted by
the correlation is encouraging. Also note that the three longest se-
lected geometries fall in a preferable design range. As indicated by
the slope of the correlationcurve, the pressuregain for aslightlength
increase in a short isolator is much larger than for a longer isola-
tor. Therefore, the accompanying weight increase and the viscous
losses may remedy the additional pressure gain for extremely long
isolators, and the geometries are often designed to achieve 80% or
even only 50% of the normal shock compression >’

The total pressure ratios and the adiabatic efficiency parameters
of the inlet obtained from the numerical simulation are specified in
Tables 3 and 4, respectively. In correspondenceto the experiments,
the different geometries are denoted by the length of the constant
areaduct/. However, a positionx =(0.0681 m was chosen as isolator
entrance (station 2), which is downstream of the reattachmentof the
ramp boundary layer, reducingthe actualisolatorlengthused for the
parameter calculation. The values are obtained by either integration
(mass flow) or averaging, for example, pressure, the distribution
of the respective variable at the indicated stations. The total pres-
sure recovery of the inlet section is not influenced by the isolator
variation, and a value of 91.7% is obtained. The overall pressure
recovery coefficient ¢ of the shortest geometry (/ =29 mm) is ex-
tremely high with 0.795 because there is almost no isolator section.
For the remaining configurations, 7. decreases from 0.653 to 0.623
with increasing length as the strength of the shocks present in the
isolator shock train increases.

Because the MFR is determined by the inlet alone and is not
a function of the isolator length, the slight variations in Table 4
are caused by the numerics. Because of the displacement effect
of the boundary layers, the computed values lie slightly below the
theoretical value of MFR = 0.931. Also specified are the averaged
Mach numbers at the isolator exit, which are needed to calculate
the compression efficiency. For the first configuration, an adiabatic
compressionefficiency n¢ of less than 50% is achieved, whereas the
adiabatic kinetic energy efficiency shows a high value of 94.2%. As
shown in Fig. 21, there is almost no compression achieved within
the shortest isolator; therefore, the flow is only slightly decelerated
in the isolator section, keeping the kinetic energy at a high level
and limiting the compression efficiency. This configuration is only
a valid option if almost no internal compression is needed. The
remaining configurations obtain a compression efficiency of about
85-86% and a kinetic energy efficiency of 88-89%, depending on
their length. This confirms the interpretationof Fig. 21 that all three
geometries might be a favorable choice for an isolator, depending
on the requirements of the propulsion system.

Conclusions

The investigation of the present isolator configurations is moti-
vated by the need for design methods of hypersonic inlets. On the
one hand, experimental investigations of hypersonic flows are lim-
ited by the conditions attainable by the applied test bed and not
all phenomenaof high-speedflows can be modeled simultaneously.
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On the other hand, computational tools have to be thoroughly vali-
dated using experimental data. Therefore, the current joint research
project, containing numerical as well as experimental analysis, was
initiated.

The main focus of the study is the variation of the isolator ge-
ometry and its influence on the overall inlet compression efficiency.
For the investigation, eight isolator geometries of different lengths
have been tested experimentally, and four of the geometries have
been analyzed numerically to determine further performance pa-
rameters. The performance analysis yields that the first geometry,
with an extremely short isolator section, is an unfavorable choice
because there is almost no pressure gain achieved in the isolator. An
adiabatic compression efficiency of about 85-86% and an adiabatic
kinetic energy efficiency of 88-89% was achieved for the remain-
ing inlet/isolator configurations. The obtained static pressure ratios
are in excellent agreement with the empirical predictions. Further-
more, the investigations show that the sustainable backpressure is
strongly influenced by the isolator length. Namely, increasing the
isolatorlengthreduces the pressure sensitivity of the inlet. However,
the experimental tests showed that above a certain isolator length
no further increase of the sustainable backpressure was possible.

A joint experimental and computational study is carried out, and
the two techniques complement each other favorably. The avail-
able measurement data ensure the accuracy of the computed results
and the information contained in the computational fluid dynam-
ics (CFD) analysis supports the interpretation of the test data by
completing the flowfield in areas that are not accessible to mea-
surements. Modeling the transitional behavior of the inlet boundary
layer, which alternatelyis subject to adverse and favorable pressure
gradients, is still a deficiency of the numerical simulation. In this
respect, the applied turbulence model, already specifically tuned to
high-speed wall-bounded inlet flows, needs further improvement.
The good agreement between experiment and CFD validate the ap-
plied computational tool for two-dimensional simulations of hyper-
sonic inlet flows.
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