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Numerical Simulation of High-Speed Civil Transport Inlet
Operability with Angle of Attack
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A high-speed civil transport inlet at Mach 2 and angle of attack is simulated by using a three-dimensional
Navier–Stokes solver with the Baldwin–Lomax algebraic turbulence model. An extrapolation uniform mass bleed
boundary condition for the slot bleed is successfully employed. At zero angle of attack and critical operation, the
computational pressure distribution agrees well with the experiment. The location and intensity of the terminal
shock and the total pressure recovery are accurately computed. The predicted steady-state distortion deviates
from the experiment. The computed maximum angle of attack that the inlet can sustain before unstart is in good
agreement with the experiment. Mesh re� nement results are presented.

Nomenclature
H = total radial distance between the wall

of centerbody and cowl
h = radial distance from centerbody wall
M1 = freestream Mach number
Pt1 = freestream total pressure
Rc = radius at cowl leading edge
Tt1 = freestream total temperature
® = angle of attack
1r = grid point interval in radial direction
1rC

1 = .1r1u¿ /=º
1x = grid point interval in axial direction
± = boundary-layer thickness on centerbody

I. Introduction

T HE critical technologiesrequired to develop a high-speedcivil
transport (HSCT) are being investigated in the United States

and Europe. A high-performanceHSCT propulsion system and air-
frame are vital for competition in the global HSCT market.1;2 The
supersonic � ight regime of the HSCT results in issues that are not
present for its subsonic counterpart.As an important component of
the HSCT propulsion system, the HSCT inlet needs to work with
high ef� ciency and a wide stability margin.

Inletunstartat thecruiseconditionis an extremelyimportantissue
in thedesignof anHSCT inlet.For � ight speedsoverMach 2, mixed-
compressioninletsoffer thecapabilityto operateef� cientlywith low
drag over theentire� ight range.For high cruiseef� ciency,the mixed
compression inlet is designed to operate with a terminal shock just
downstream of the throat to maintain high total pressure recovery
with maximum mass � ow. For such a � ow condition, the inlet is
said to remain started. However, the terminal shock location is very
sensitive to disturbancesand can be pushed out of the inlet, causing
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the inlet to unstart. An inlet unstart would result in transient forces
on the aircraft, which would affect passenger comfort and safety
and which may also cause engine surge. The range of operating
conditions, e.g., Mach number, angle of attack, etc., wherein the
inlet remains started, is known as the operability of the inlet.

Disturbancesthat may cause inlet unstart could originate through
either a variationof upstream � ight conditionsor a correctedweight
� ow required by the compressor. To increase the inlet control oper-
ability,boundary-layerbleedis usuallyemployedin the regionof the
throat to resist the disturbance.The design of boundary-layerbleed,
such as the bleed locationand bleed mass � ow rate, is crucial to pro-
vide an HSCT inlet with high ef� ciency, broad stabilitymargin, and
low drag. To design high-performanceboundary-layerbleed, wind-
tunnel tests are necessary. However, with more and more powerful
computers, to reduce the design cycle and costs, computational� uid
dynamics (CFD) is now usually used to guide the design before the
� nal test.

Nevertheless, using CFD to accurately simulate the HSCT inlet
� ow with boundary-layerbleed is very challenging.For the NASA
variable diameter centerbody (VDC) inlet, which is studied in this
paper, Saunders and Keith3 did the � rst CFD simulation with zero
angle of attack by using an axisymmetric Navier–Stokes solver.
They used two different types of bleed boundary conditions. One
was to specify the tangentialand normal velocity pro� les across the
bleed slot region,4 and the other was to use constant pressure across
the bleed region and adjust the bleed mass � ow rate to the required
one incorporatedin the PARC code.5 Saunders and Keith3 indicated
signi� cant dif� culties in computing the critical � ow. They obtained
the critical � ow with either the back pressure at the inlet out� ow
boundaryreducedby about 18% from the experimentalvalue or the
cowl translated by 3%. The computational dif� culties were mainly
attributed to the bleed boundary conditionsused. Slater et al.6 used
boundaryconditionssimilar to the constantpressure boundary con-
dition of the PARC code and computed the same inlet at zero angle
of attack. The shock location was signi� cantly displaced from the
experimental position when the experimental back pressure of the
critical � ow was imposed.

For the operabilityof high-speed,mixed-compressioninlets, var-
ious numerical studies have been carried out focusing on different
subjects. Mayer and Paynter7 ;8 used an Euler solver and simu-
lated the inlet operability due to the variation of freestream vari-
ables such as temperature, velocity, and pressure. Slater et al.6 and
Slater9 simulated the unstart/restart due to the freestream distur-
bance with moving geometry. Neaves and McRae10 used the dy-
namic solution-adaptivegrid algorithmof Benson and McRae11 and
simulated the two- and three-dimensional inlet unstart due to the
freestreamand compressor face perturbations.Goble et al.12 used a
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three-dimensionalEuler code to simulate the unsteady � ow of the
F-22 inlet with the hammer shock from the engine face. Miller and
Smith13 conducteda Navier–Stokes simulation of two-dimensional
high-speedinlet unstart due to the back pressuredisturbance.These
studies made contributions from different aspects to investigate the
high-speed inlet operability with boundary-layer bleed. However,
most of the results did not have experimentswith which to be com-
pared and are not quantitative.Some comparisonswith experiments
were given in Ref. 6, but the shock locationand pro� le largely devi-
ated fromtheexperimentat criticaloperationunder theexperimental
back pressure. Their results were, thus, still at the qualitative level.
These studies were all at zero angle of attack. Hence, for some of
the cases, the computation bene� ted from the axisymmetry of the
� ow� eld to save CPU time.

For the numerical studies on high-speed inlet operability at angle
of attack with boundary-layer bleed, no work has been reported.
Vadyak et al.14 made the � rst computation of the � ow� eld of a
mixed-compression inlet with angle of attack using the method of
characteristics with shock � tting. Because of the limitations of the
method of characteristics, they did not take into account the wall
boundarylayerandboundary-layerbleed.Thus, they14 werenot able
to predict the angleof attack that would induce inlet unstart.Howlett
and Hunter15 computed a three-dimensional external compression
inlet at angle of attack. The unstart was not a problem in their work,
and there was no boundary-layerbleed in that inlet.

The purpose of the present work is to use CFD to predict the
maximum angle of attack that the NASA VDC inlet can sustain
before it unstarts.This work is the � rst computationaleffort to study
the unstart of a mixed-compressioninlet with boundary-layerbleed
at angle of attack. Accurate simulation of HSCT inlet operability
due to angle of attack is very important to achievea design of HSCT
inlet with high ef� ciency and wide stability margin.16

II. Inlet
The inlet studied is the NASA VDC inlet designed and tested at

NASA Lewis ResearchCenter in 1975,as shown in Fig. 1 (Refs. 17–

19). It is a bicone,mixed-compressioninlet with designcruiseMach
number 2.5. A two-cone spike was used to provide the maximum
external compression compatible with high total pressure recovery
and relatively low cowl drag. To vary the contraction ratio for a
� ight inlet, the angle of the second cone could vary, and at its lowest
position it would blend into the � rst-cone contours so as to provide
a single-conecenterbody.This structure provides 45% of the super-
sonic area internal contraction for a design Mach number of 2.5.
The inlet was designedsuch that the cowl– lip oblique shock and the

Fig. 1 NASA VDC inlet cross section (from Ref. 17).

isentropic compression from the cowl were nearly focused on the
inlet’s centerbody. A centerbody bleed slot was provided over this
compressionregionforboundary-layercontroljust aheadof the inlet
throat. The inlet was tested at Mach numbers of 2.5 and 2. At Mach
2.5 at the critical operation, the maximum total pressure recovery
with only 0.02 centerbodybleed mass � ow ratio and no cowl bleed
was 0.906. The bleed mass � ow ratio is the ratio of bleed mass � ow
rate to the captured mass � ow rate of the inlet. At Mach 2, the inlet
total pressure recoverywas 0.938 with only 0.013 centerbodybleed
mass � ow ratio at critical operation. For both Mach numbers and
geometries, the experiment provided data for the maximum angles
of attack before inlet unstart is induced. In this study, we examine
the Mach 2 case, which had a sealed downstreambypass door (and,
hence, no bleed in the subsonic diffuser) so that the computation
could be more easily implemented. For the Mach 2 geometry, the
initial cone angle was 12.5 deg, and the second cone angle was
14.5 deg.

III. Procedures Determining the Angle of Attack
In the experiment, the procedure used to obtain the maximum

angleof attack at critical inlet operation, from Ref. 17, is as follows:

(1) The inlet was set at the critical operating point for 0 deg
angle of attack, and (2) the model angle of attack was in-
creased until an unstart occurred. The inlet was restarted,
and data were then recorded for an angle slightly less than
the unstart angle of attack.

During the process varying angle of attack, the inlet mass � ow plug
had constant area, and the corrected mass � ow rate was unchanged.

In our computation, we use the following procedure, which is
similar to the experimental procedure. 1) At 0-deg angle of attack,
a bisection method20 is used to search the inlet exit back pressure,
which positions the terminal shock at the same location as it was at
the experimentalcritical operation.The computationalcriticaloper-
ation is, therefore,set up. 2) The back pressureis then held constant,
and the angle of attack is gradually increased. A bisection method
is also used to search the intervaluncertaintyof the maximum angle
of attack that keeps the inlet started.

The described computational procedure to search the maximum
angle of attack is considered to be consistentwith the experimental
procedure.The reasons are the following.1) The inlet geometryand
freestreamparametersused are the same as those in the experiment,
which gives the same Reynolds number and Mach number. 2) In
the computation, the corrected mass � ow rate is virtually constant.
The ratio of the computed corrected mass � ow rates at zero angle
of attack and at the maximum angle of attack is 0.999.
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IV. Numerical Procedures
A. Flow Solver and Mesh

To simulate the HSCT inlet operability, accurate prediction of
the following physical phenomena is critical: 1) wall boundary-
layerdevelopment,2)boundary-layerbleed,3) shockquality (shock
intensity and propagation speed), and 4) shock wave/turbulent
boundary-layer interaction. To meet these physical needs, the fol-
lowing numerical procedure and boundary conditions were used.

The three-dimensional,steady-statesolutionof the inlet � ow� eld
was obtained using the GASP code,21 which solves the Reynolds-
averaged three-dimensional compressible time-dependent Navier–
Stokes equations. When the inlet remains started, the � ow� eld is
consideredstable. Because the purposeof this paper is to predict the
maximum angle of attack that keeps the inlet started, we, therefore,
employed the techniquesfor achievinga steady-statesolution in the
GASP code.

The Baldwin–Lomax algebraic turbulence model was used to
simulate the effects of turbulence. According to the experiment,
there was no separationas long as the inlet remained started.There-
fore, we expect that the Baldwin–Lomax turbulencemodel will per-
formwell to predict themaximumangleof attackbefore inletunstart
is induced.Mizukami and Saunders22 compared the performanceof
the turbulencemodels of Baldwin–Lomax, Baldwin–Barth, and the
k–² model. They observed that the inlet � ows predicted were fairly
insensitive to the different turbulence models used. Once the ter-
minal shock wave moves out of the bleed region, it will continue
to move upstream, causing separation on the shoulder of the in-
let, and eventually bring the inlet to unstart. In this case, although
the Baldwin–Lomax model may not predict the details of the � ow
separation accurately, it has little in� uence on the objective of this
paper, which is to predict the maximum angle of attack that keeps
the inlet started. The Baldwin–Lomax algebraic turbulence model
also gives us an importantadvantagethat this model is CPU time ef-
� cient due to its simplicity, with no additional differential equation
to be solved. This advantage is signi� cant because the computation
in this work is CPU time intensive.

The Van Leer scheme was used to evaluate the inviscid � ux. The
Roe scheme was tested � rst, was able to compute only the axisym-
metric � ow, and failed in three-dimensional� ow due to an anoma-
lous solution.23 The Van Leer scheme was satisfactory for all � ows.
The other importantmerit of theVanLeer schemewas that theallow-
able Courant–Friedrichs–Lewy number was 18, which was about
� ve times higher than that of the Roe scheme. This was important
because multiple-�ow� eld simulations were required at different
angles of attack and back pressures. The third-order MUCSL-type
differencingwith min–mod limiter was used to evaluate the inviscid
interface � ux. Second-order central differencing is used to evaluate
the viscous terms. The overall accuracy order of the converged so-
lution is, therefore, second order. The time integration method was
the hybrid approximatefactorization(AF)/relaxation,which solved
the implicit operator by using an AF in the spanwise plane and
relaxation sweeping in the streamwise direction. One streamwise
sweep per time step and no inner iterations were used. The initial
� ow� eld was generatedassuming uniform freestream� ow with the
mesh sequencing technique.

Figure 2 is the three-dimensionalmesh used for the NASA VDC
inlet17 with 201 points in the streamwise direction, 31 points in
the circumferential direction, and 81 points in the radial direction.
The narrow band before the inlet throat with the dense mesh in the
streamwise direction is the boundary-layer bleed region. Tables 1
and 2 show the � ow conditions and mesh conditions, respectively.

The axisymmetric baseline case has the same mesh size as that in
a planeof the baselinethree-dimensionalmesh, as shown in Table 2.
One of the purposes of the axisymmetric computation is to verify if
the circumferentialmesh size is suf� cient for the three-dimensional
computation. Because the computational cells are represented by
straight line segments, the mesh point distribution in the circumfer-
ential direction must be suf� cient to provide the correct captured
mass � ow rate. The operabilityof HSCT inlet is mass � ow rate sen-
sitive. The error of the circumferential area representation should
be suf� ciently small so that it has no signi� cant in� uence on the
inlet operability. Figure 3 indicates that the circumferential mesh

Table 1 Flow conditions

Parameter Value

M1 2.0
Pt1 7:67 £ 104 Pa
Tt1 390 K
Reynolds number 6:54 £ 106/m
Bleed mass/captured mass 1.3%

Table 2 Grid parameters

Three Baseline Re� ned
Parameters dimensional axisymmetric axisymmetric

Grid points, streamwise 201 201 401
Grid points, radial 81 81 161
Grid points, circumferential 31 2 2
1x=±throat 0.3 0.3 0.15
1rC

1 max; centerbody 2.3 2.3 0.98
1rC

1 av; centerbody 1.3 1.3 0.6
1rC

1 max; cowl 1.9 1.9 0.8
1r1 av; cowl 1.1 1.1 0.5
Grid points within both BL throat 33 33 65
Grid cells across bleed region 12 12 24

Fig. 2 Mesh of the mixed compression inlet: top, streamwise plane,
and bottom, spanwise plane at the inlet exit.

Fig. 3 Pressure distributions along the centerbody of the inlet for
M = 2:0 at ® = 0 deg.

point is adequate because the pressure distributions predicted by
the axisymmetric and three-dimensionalmesh are almost identical.

Using the bisection root search iteration to � nd the proper back
pressure corresponding to the critical operation is quite CPU inten-
sive. The axisymmetric computation is much more ef� cient than
the three-dimensionalcomputation. Therefore, the second function
of the axisymmetric computation is to help the three-dimensional
computation search the back pressure corresponding to the critical
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operation.The turnaroundCPU time of the three-dimensionalcom-
putation for one backpressure search varies from about2 to 20 days
on a single SGI Power Onyx R10000 processor corresponding to
different back pressure values. We bene� ted from multiple (three)
processors by submitting multiple jobs in parallel.

The bisection method was also used to search the unstart angle
of attack. The turnaround CPU time for one search varies from 3 to
20 days on a SGI Power Onyx R10000 processor corresponding to
different angles of attack.

B. Boundary Conditions
The upstream boundary conditions used � xed variables equal to

those of freestream. The no-slip conditions were used for the solid
wall. First-order extrapolationwas used for the outer boundary up-
stream of the cowl leading edge. This boundary condition worked
well to avoid the wave re� ection, therefore omitting the computa-
tion of the outer zone of the inlet to save CPU time. At the subsonic
out� ow, the back pressure was held as constant on the whole inlet
exit plane. All other variableswere � rst-order extrapolatedfrom the
inner domain. These boundary conditions yield constant corrected
mass � ow rate during the process of varying the angle of attack,
which is consistent with the experiment. However, the back pres-
sure is a variable during the root search process using the bisection
method to build up the critical operation. The back pressure was
held constant within each iteration. Therefore, it is an accuracy as-
sessment criterion to compare if the back pressure searched agrees
well with the experiment.

The bleed boundary condition was � rst-order extrapolatedfor all
of the variables except for the velocity component normal to the
bleed region, which was determined based on a uniform bleed mass
� ow rate assumption. Assuming the local control volume i has the
surface area ai within the bleed region, if the total bleed area is A
and total bleed mass � ow rate is mbl, then the velocity component
Vni that is normal to the bleed region is determined by

½i Vn i ai D .ai=A/mbl .1/

Thus,

Vn i D mbl=A½i .2/

The velocity component normal to the bleed region, therefore,
is not uniform and varies with the density, which varies with the
shock location and intensity. The total bleed mass � ow rate was
� xed in the computation. In the experiment, the total bleed mass
� ow rate with varying angle of attack was fairly constant due to the
� xed bleed area and choked bleed strut valve. This bleed boundary
condition may be extended to a variable bleed rate if the bleed
� ow coef� cient can be accurately measured in an experiment. The
tangential velocity component, as well as all other variables, were
� rst-order extrapolated from the inner domain.

The physical arguments of this bleed boundary condition are as
follows. 1) It gives the required bleed mass � ow rate. 2) It simulates
the � ow going into a bleed slot with a large tangentialvelocitydue to
the � ow expansion into the bleed slot. 3) It allows both the normal
and tangential velocity pro� les to vary with the shock location,
structure, and intensity, which offers a certain � exibility for the
shock wave to adjust itself within the bleed region. This boundary
condition is a reasonableapproximationto the slot bleed used in the
experiment. Our numerical tests showed that this bleed boundary
condition was robust and gave accurate shock location, structure,
and intensity for the inlets simulated.

The current bleed boundary condition is similar to the boundary
condition type 5 suggested by Chyu et al.24 The difference is that
we do not use the momentum equation to solve the pressure. We
found that the momentum equation was not easily simpli� ed and
introduced numerical instability. In addition, we impose the � rst-
order derivative of the tangential velocity to be zero, instead of the
second-orderderivative to be zero as in Ref. 24. The present bleed
boundary condition was incorporated into the GASP code by the
authors.

V. Mesh Re� nement Computation
Mesh re� nement is needed to assess the accuracyand uncertainty

of the computation. As already mentioned, the three-dimensional
computation is very expensive. The complete three-dimensional
mesh re� nement test is too CPU intensive to proceed, particularly
due to the root search for the back pressure and the angle of attack.
Therefore, we have to select a representative case to carry out the
mesh re� nement study.

Aswe mentionedearlier,we veri� ed thatthecircumferentialmesh
size is suf� cient by comparing the results with the axisymmetric
case, as shown in Fig. 3. We believe that the same conclusion ap-
plies, even at angle of attack, because the angle of attack under
investigation is not large, and hence, the � ow variable gradient in
the circumferentialdirection is far less than those in the streamwise
and radial directions.

The case chosen for the mesh re� nement study was the axisym-
metric case with zero angle of attack.The mesh is re� ned in both the
axial and radialdirections.The re� ned mesh enhancesthe resolution
of the wall boundary layer, oblique and normal shock wave system,
and thus the shock wave/turbulent boundary-layer interaction. All
of these physicalphenomenaare crucial in determining the inlet op-
erability, i.e., start or unstart. If the result of the axisymmetric case
with zero angleof attack is convergedbasedon the mesh re� nement,
we are con� dent that the three-dimensional results of the baseline
case will also be essentiallygrid independentin the inlet operability
study.

Table 2 shows the grid resolution of the re� ned mesh with the
size of 401 £ 161 in the streamwise and radial directions, respec-
tively. Figure 3 shows the pressure distribution (normalized by the
freestream total pressure) computed using the baseline and re� ned
meshes for the axisymmetric case with zero angle of attack. The
abscissa is X=Rc , where Rc is the inlet cowl radius. The results are
nearly identical. Figure 3 also indicates that the shock location and
intensity predicted by the re� ned mesh is the same as that of the
baseline case. The back pressure searched for the axisymmetric re-
� ned mesh to keep the inlet started at the critical operation is 0.17%
lower than thatof the axisymmetricbaselinecase.The backpressure
difference of the three-dimensional and the re� ned axisymmetric
computation is 0.4%. The mass-averaged total pressure recovery is
predicted to be 0.945 for the axisymmetric re� ned mesh. The base-
line axisymmetric case predicted the mass-averaged total pressure
recovery to be 0.950, and the baseline three-dimensional case was
predicted to be 0.939. The total pressure recovery of the re� ned
mesh is in the middle of the results of the baseline axisymmetric
and three-dimensionalcase,and thedifferenceis within0.7%.These
results indicate that the mesh size of the baseline case is suf� cient
to resolve the boundary layer and shock waves.

VI. Results and Discussion
A. Zero Angle of Attack

The zero-angle-of-attack� ow is used to initialize the � ow com-
putation at angle of attack. Detailed experimental results are also
available to assess the accuracy of the computation.

Figure 3 shows the pressure distributions compared with the
experiment17 at zero angle of attack (® D 0:0 deg) and critical op-
eration. The experimental bleed mass rate of 1.3% is used. The
back pressures searched from the axisymmetric and the three-
dimensional cases deviate from the experiment by 2.5% and 1.8%,
respectively, which is comparable to the experimental uncertainty.
The shock location and intensity match the experiment very well.
However, there is a pressureoscillationbefore the normal shock that
is likely to be introduced numerically due to the shock interaction
with the bleed boundary condition. It is obviously not due to the
mesh resolution because both the baseline and re� ned mesh have
the oscillation with about the same amplitude, as shown in Fig. 3.
It is not clear if the oscillation could be attributed to the turbulence
model used without some special tests. Nonetheless, this oscillation
is acceptable and is a minor side effect compared with the overall
good agreementof the shock locationand shock intensity.The com-
puted pressure also agrees very well with the experiment upstream
and downstream of the shock.

There is a region downstream of x=Rc D 4:2 in the subsonic dif-
fuser where the computation and experiment deviate. The reason is
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Fig. 4 Pressure distributions along the centerbody of the inlet for
M = 2:5 at ® = 0 deg.

Fig. 5 Mach contours in the re-
gion of the throat at critical oper-
ation for M = 2:0 at ® = 0 deg.

that the computation did not consider the four hollow centerbody
support struts that were installed from about x=Rc D 4:1 to 5.6. This
makes the area of the subsonic diffuser expand, then shrink, then
expand, instead of monotonically increasing. Such area variation
of the subsonic diffuser generated the pressure valley in the ex-
periment. With no struts in the computation, the � ow continuously
decelerates to the inlet exit with no pressure drop. The experiment
reported no � ow separation,nor did our computation. Nonetheless,
Fig. 3 indicates that the struts have little effect on the terminal shock
position, which is important in this study.

To further verify the accuracy of the CFD code, in particular the
boundary-layer bleed model, we computed the axisymmetric case
at the inlet design point Mach 2.5, where the second cone angle
(18 deg) is 3.5 deg higher than the Mach 2.0 case. Figure 4 displays
the computationaland experimentalpressuredistributionsalong the
centerbodyusing the same mesh size as the baselinecase.The shock
locationand intensitywere again accuratelypredicted.The pressure
distributions agreed very well in the subsonic diffuser without the
deviation, as shown in the Mach 2.0 case, because the struts have
less blockage area ratio in the Mach 2.5 case than in the Mach 2.0
case. The area of subsonic diffuser increased monotonically in the
Mach 2.5 case. Also, neither the experiment nor the computation
had separation in the � ow� eld for the Mach 2.5 case. The accurate
prediction of the shock location, structure, and intensity supports
the bleed boundary condition model used.

Figure 5 presents the Mach number contours of the three-
dimensional computation at zero angle of attack in the region of
the throat and shows the shock wave structure. An oblique shock
generated by the cowl leading edge impinges upstream of the cen-
terbody bleed. The normal terminal shock is located in the middle
of the bleed region.

Figure 6 is the zoom of the bleed region with the Mach num-
ber contours and velocity vector � eld. The Mach number contours
clearlyshow that theboundary-layerthicknessupstreamof the bleed
region is increased due to the cowl shock wave impingement, and
the slot bleed removes the boundary layer as desired. The velocity
going into the bleed slot is large due to the expansion into the bleed
slot and is abruptly reducedby the curved foot of the terminal shock
wave standing in the bleed region. Downstream of the bleed region,
the velocity pro� le quickly recovers to a normal shape with a thin
boundary layer. This bleed � ow� eld structure has some similarity
to what was observed by Shih et al.,25 where the detailed � ow� eld
in the bleed hole and plenum was simulated.

Figure 7 presents the total pressure pro� les at the inlet throat
(X=Rc D 2:757), throat exit (X=Rc D 3:212), and inlet exit (X=Rc D
5:607). The total pressurepro� les re� ect the boundary-layershapes

Fig. 6 Mach contours and velocity vector � eld in the bleed region for
M = 2:0 at ® = 0 deg.

at those locations. At the inlet throat, which is immediately down-
stream of the inlet bleed region (the bleed region ends at X=Rc D
2:722), the boundary-layer pro� le computed on the centerbody
agrees fairly well with the experiment (Fig. 7a). This shows, again,
that the bleed boundary condition treatment is acceptable. At the
throat exit (Fig. 7b), the boundary layer is thicker than at the throat.
The computation, again, is in quite good agreement with the exper-
iment. At the inlet exit (Fig. 7c), the computational total pressure
pro� le does not match aswell as at the throat exit. The reasonfor this
outcome may be the following: 1) In the computation, there were
no vortex generators as were used in the experiment to reduce the
distortion by inhibiting � ow separation; the vortex generators may
affect the downstream total pressure pro� les. 2) The computation
did not simulate the struts, which may also have some in� uence on
the total pressure distribution at the inlet exit. It is not known how
much effect the turbulence model has in this case.

At Mach 2 and zero angle of attack, the computed mass-averaged
total pressure recovery is 0.939 and the area-averagedtotal pressure
recovery is 0.930.The experimentalarea-averagedtotal pressure re-
covery is 0.938.The computationdeviatesfrom the experimentonly
by 0.8% and is very accurate. This means that even though the total
pressure pro� le is not precisely predicted at the inlet exit, the to-
tal pressure recovery as an averaged parameter, which is controlled
by the energy conservation, can still be predicted accurately. How-
ever, thepredictedsteady-statedistortion,accordingto thede� nition
d D .Pt max ¡ Pt min/=Ptav, is 0.167 and is signi� cantly higher than
the experimentalvalue of 0.114. But the Pt max and Pt min were deter-
mined from the mesh points that were much more � nely distributed
than the experimental measurement probes on that cross section.
To compare the accuracy of the computed distortion, we have to
determine Pt max and Pt min from the same locations as those of the
measurement probes. The computed distortion then becomes 0.128
and is still higher but is much closer to the experimental value of
0.114.

B. Prediction of Unstart Angle of Attack
After obtaining the � ow at critical operation and zero angle of

attack, computationsof the � ow� eld with different angles of attack
were performed with the same back pressure as that employed at
zero angleof attack.In the experiment,the maximum angleof attack
at which the inlet remained started at Mach 2 is 1.3 deg. In our
computation, the inlet unstartedat the angle of attack of 1.6 deg and
remainedstartedat the angleof attackof 1.2 deg. Therefore,we take
the angle of attack of 1:4 § 0:2 deg as the maximum angle of attack
at which the inlet can sustain at the critical operation without inlet
unstart. The uncertainty of §0:2 deg falls within the experimental
measurement uncertainty. The closer the angle of attack is to the
maximum angle of attack for the inlet to remain started, the slower
the terminal shock moves; therefore, more CPU time is required
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a) Throat X/Rc = 2:757 b) Throat exit X/Rc = 3:212 c) Inlet exit X/Rc = 5:607

Fig. 7 Total pressure pro� les at zero angle of attack and at different axial locations: ——, computation, and , experiment.

Fig. 8 Mach numbercontoursatdifferent angleof attack showing inlet
started at ® = 0 and 1.2 deg and unstarted at ® = 1:6 deg.

to verify if the inlet will remain started or will eventually become
unstarted.The CPU time increasesdramaticallywith decreasingthe
uncertainty interval for the angle of attack.

Figure 8 shows the Mach number contours on the leeward and
windward planes at different angles of attack. It is seen that the
oblique shocks on the windward and leeward sides become asym-
metric about the axis at angle of attack. The inlet remains started at
angle of attack of 1.2 deg and becomes unstarted at angle of attack
of 1.6 deg. Both solutions were converged.Figure 8 also shows that
a large separation was induced by the bow shock in the forward
portion of the inlet.

When the angle of attack varies from zero to 1.2 deg, Fig. 8
shows that the inlet exit Mach number remains about the same. Be-
cause the freestream thermal parameters, such as total temperature
and total pressure, are the same during variation of angle of attack,
the total temperatures computed at the inlet exit are virtually con-
stant. The computed actual � ow rate and total pressure at the inlet
exit vary slightly at angle of attack compared with at zero angle of
attack when the inlet remains started. But the corrected mass � ow
rates computed, which are determined by the actual � ow rate, total
temperature, and total pressure, remain constant during the process
of varying angle of attack until the inlet unstarts.

The mechanism causing the inlet unstart due to angle of attack is
analyzed in Ref. 26 using a time-accurate computation. It is brie� y
summarized as follows. When an angle of attack is imposed, the
� ow on the leeward side near the cowl leading edge has a stronger
compression than that at zero angle of attack. The strong compres-

sion reduces the � ow Mach number upstream of the terminal shock
and, therefore, allows the shock move upstream � rst on the leeward
side. When the terminal shock on the leeward side crosses the bleed
region,it continuesto travelupstream,and� owseparationis induced
on the shoulderof the inlet centerbodyby the shock/boundary-layer
interaction.The separation � rst occurs on the leeward side and then
rapidlyspreadsto the whole inlet, resultingin theentire inletunstart.

VII. Conclusions
A numerical simulation of NASA VDC HSCT inlet operability

at angle of attack is successfully conducted.The extrapolationuni-
form mass bleed boundary condition suggested in this paper for the
slot bleed is proven to be quite robust and accurate. The Baldwin–

Lomax algebraicturbulencemodel performsfavorablyfor the three-
dimensional � ow computation of the inlet. At zero angle of attack
and Mach 2.0, critical operation � ow is obtained with a back pres-
sure that agrees with the experiment within 2.5%. The pressure
distributionof the critical � ow agrees very well with the experiment
except for a portion of the subsonic diffuser where the inlet cen-
terbody support struts were not simulated in the computation. The
computed Mach 2.5 case with zero angle of attack was also in good
agreement with the experiment. For both of the cases at zero angle
of attack, the terminal shock location, intensity, and total pressure
recovery all match closely with the experiment. For the Mach 2.0
case, the steady-statedistortionon the compressor face is predicted
higher than the experiment.The computedmaximumangleof attack
at which the inlet remains started is 1:4 § 0:2 deg, which is in close
agreement with the experimentalvalue of 1.3 deg. The mesh re� ne-
ment computation con� rms that the solution is converged,based on
the test for the axisymmetric � ow with zero angle of attack.
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