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Transient Behavior of Supersonic Flow Through Inlets

H. S. Pordal,* P. K. Khosla,T and S. G. Rubini
University of Cincinnati, Cincinnati, Ohio 45221

A solution technique to compute inlet flow behavior is presented. The phenomena of inlet unstart and restart
are investigated using a flux-split procedure applied to the Euler and reduced Navier-Stokes (RNS) equations.
A time-consistent, direct sparse matrix solver in conjunction with a domain decomposition strategy is applied
to compute the transient flow behavior beth internal and external to the inlet. Time-varying shocks and time-
varying recirculation regions are efficiently analyzed. The code is quite general and is suitable for the computation
of flow for a wide variety of geometries and over a wide range of Mach and Reynolds numbers.

Nomenclature

a = speed of sound
A,AM,B,C,CM, = coefficient matrices
D,E,EM,EP
G = right-hand-side vector
g = jacobian of transformation
H = total enthalpy
L = characteristic length (throat height)
M = Mach number
P = pressure
Pr = Prandtl number
r = radial location
Rc = centerbody radius at throat
Rd = cowl radius at throat
Re = Reynolds number
t = time
uv = contravarient velocities
XY = Cartesian coordinates
y = ratio of specific heats
u = viscosity
p = density
T = nondimensionalized time (v = tL/U.)
6 = solution vector
é&m = transformed coordinates
Aé = grid spacing in ¢ direction
w = flux-splitting parameter
Subscripts
ij = indices in &,7 directions
© = freestream conditions
X = derivatives

I. Introduction

CCURATE estimates of the flight characteristics and

performance of aircraft propulsion systems require, in
part, a systematic and comprehensive evaluation of the flow
behavior in the engine diffuser inlet. At supersonic flight Mach
numbers, this involves careful analysis of the nature of the
shock interactions and of the location of the terminal shock
wave. For a given diffuser design, at specific flight conditions,
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the shock can move ahead of the cowling so that inlet unstart
occurs. This causes a sharp reduction in mass flow and pres-
sure recovery and an associated large increase in drag. The
shock can be swallowed by increasing the Mach number,
by increasing the throat area, or by decreasing the back pres-
sure; engine restart occurs and improved inlet performance
is recovered.

The transient unstart/restart of typical aircraft engine inlets
is investigated numerically, herein, with a flux-split procedure
that can be applied to either the Euler or reduced Navier-
Stokes (RNS) equations. The present authors have previously
investigated inviscid and viscous flow fields in engine inlets.
Unstart and restart were initiated by varying the back pressure
and by providing bleed on the surface. References 1-4 pro-
vide details of the numerical shock capturing and viscous flow
analysis and include a variety of results. In the present study
unstart and restart are investigated by varying the throat area.
Inviscid and viscous turbulent flow fields are efficiently com-
puted. A two-dimensional/axisymmetric flow solver for inlet
flowfield studies has been developed. The governing equa-
tions are written in general nonorthogonal curvilinear coor-
dinates and are discretized using a form of flux vector split-
ting.® This procedure was developed previously by Rubin and
Reddy® and Khosla and Lai.” The methodology remains un-
changed for viscous or inviscid, incompressible, subsonic,
transonic, or supersonic flows (see Refs. 8—11), and has been
extended for three-dimensional,'? as well as unsteady!~+1314
flow computations. Moreover, there is no requirement for
explicitly added artificial viscosity, so that numerical diffusion
is solely associated with the accuracy of the discretization.'

For unsteady flow analysis, in order to capture the transient
behavior efficiently, a more robust and time-consistent pro-
cedure has been developed. A direct sparse matrix solver!-*”
has been appropriately modified for a coupled system of equa-
tions and is applied herein. The choice of the direct solver is
dictated by considerations of stability, robustness, accuracy,
and time consistency. For steady computations, the solution
technique permits large time increments and has strong con-
vergence properties; whereas, for transient flows, time con-
sistency is maintained in an efficient manner. For strong in-
teraction flows, implicit, time-consistent procedures based on
approximate factorization, e.g., ADI, typically do not have
strong convergence properties and may require added tran-
sient or steady-state artificial viscosity.'® The sparse matrix
direct solver, considered herein, retains the simplicity and
robustness of the time-marching procedure, and, as in the
steady-state global relaxation formulation, explicitly added arti-
ficial viscosity is not required. Moreover, for time-dependent
computations, the time-step limitation for the direct solver is
much less severe than that for other time-marching proce-
dures. To enhance the efficiency of the procedure further, a
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domain decomposition strategy is employed. The direct solver
is applied in strong interaction regions and a multisweep or
global pressure relaxation procedure is applied in predomi-
nantly supersonic weak interaction regions.

Since the inlet flow at large Reynolds number is inherently
turbulent, an algebraic, two-layer eddy viscosity (Baldwin-
Lomax) model'*-?! is considered for turbulent flow closure.
Section II presents the governing equations. The boundary
conditions and discretization are described in Secs. III and
IV, respectively. Section V deals with the solution procedure;
the results are discussed in Sec. VL.

II. Governing Equations

The RNS equations are obtained from the full NS equations
by neglecting the viscous diffusion terms in an appropriate
streamwise direction, as well as all viscous diffusion terms in
the surface momentum and energy balances. The conserva-
tion form of the RNS equations are written in general non-
orthogonal curvilinear coordinates (£, 1), so that an arbitrary
grid generation technique can be applied.

Continuity equation:

(pgr), + (pgrU), + (pgrv), = 0 (12)

X momentum equation:

[pgr(UX; + VX)), + (pgrUX,), + (pgrUVX,),
(pgrUvX,), + (ogrVX,), + r(PY,);
r(PY,).,, — HurXJU(X X, — Y.Y,)
V(X, X, — Y.Y)]./gh, — {2wY2(UX.Y,
VX,T), + (VrY,X,
UrYeXe),/r/(3g)},(Re.) = 0 (1b)

+

|

+

+

_+.

Y momentum equation:

logr(VY, + UYYl, + (pgrUY,), + (pgrUVY,),
+ (pgrUVvyy), + (pgrV?Y,), — r(PX,),
+ r(PX,), — QurY JUYY, - X,X,)
+ WY, Y, — X.X)]./g}, — 2uX[3(UY,X,
+ VY, X,), - (VrX,Y, + UrX.Y,),/r
+ (UY X, + VX,Y,),1/(38)},/(Re.)
— {rYJU(Y,Y, - X.X,) + V(Y,Y,
- X, X)), /(&)}./(Re.) = 0 (1c)

Energy equation:

(ogrH), + (pgrHU), + (pgrHV),
= {r(y — DMZ/[1 + 0.5(y — DMZ]H(Pg).
—lurY(HY ), /gl, + [urX(HX,), /gl }/(Re.Pr)  (1d)
Equation of state:
P+ (y — DpVQ2y)
= (v = DIV((y = DM2)) + 0.5](oH/y) (Le)

Two-dimensional flow equations are recovered by setting r to
one in the above equations (la—1le). For viscous flow com-
putations, the X and ¥ momentum balance equations are
appropriately combined to obtain the momentum balance in
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Fig. 1b Axisymmetric inlet II.

the £ and 7 directions. Viscous terms are retained only in the
¢ momentum equation; all viscous terms in the 7 momentum
and energy equations are neglected.

In Egs. (1a-1e) all distances have been normalized with
respect to the inlet throat height (Figs. 1a and 1b); the ve-
locities, density, temperature, total enthalpy, and viscosity
are nondimensionalized with respect to the corresponding
freestream values. The pressure is nondimensionalized with
respect to twice the freestream dynamic pressure.

For the turbulent flow computations the Baldwin-Lomax
(B-L) model**? is applied herein. The required B-L. length
scales, associated with each wall layer, are independently de-
termined. This is accomplished by separate scans. The final
eddy viscosity is obtained with a composite of these two val-
ues. It is well known?! that the B-L turbulence model is not
completely adequate for highly curved geometries or large
regions of recirculation. However, for the present application,
other available closures do not appear to provide any defin-
itive advantage over algebraic mixing length models, and, in
addition, higher order closures incur increased computational
cost. While improved turbulence closure models are certainly
required in order to assess quantitative flow behavior more
accurately, based on the current computations and earlier
comparisons* with experiments, the B-I. model appears to
provide reasonable qualitative agreement with the expected
transient flow behavior for shock propogation and shock—
boundary-layer interaction. This is the primary goal of this
study. The present procedure can also be adapted for direct
numerical simulation for flows of this type, and this might aid
in the development of more accurate closure models. How-
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ever, this will require much finer grid resolution and should
be considered independently. This study represents a starting
point for inlet simulation. In this initial study the B-L model
provides useful qualitative assessment of the effects of inlet
transients and changes in boundary conditions.

III. Initial and Boundary Conditions

Uniform flow values are generally assumed as initial con-
ditions for the inviscid computations. For viscous flow com-
putations, the inviscid flow values are prescribed as the initial
values. Boundary conditions are such that, at the inflow U,
V, p, P, and H are all prescribed. At the outflow, for bound-
aries outside of the inlet and far from regions of reversed
flow, the negative eigenvalue fluxes are neglected. For inter-
nal flow boundaries, the back pressure is specified. This is
consistent with the operational or experimental conditions of
the inlet. Far from the surface of the cowling, uniform flow
conditions are imposed. At the surface, for inviscid flow cal-
culations, zero normal velocity or injection is specified. Since
grid speeds are not included in the governing equations, mov-
ing walls are treated in a quasisteady manner. For viscous
flow computations, additional no-slip and adiabatic wall tem-
perature conditions have been prescribed for most compu-
tations. However, cold wall temperature conditions have also
been considered in some calculations. Computations are per-
formed for Prandtl number of one. A wall pressure condition
is not required. The surface pressure is computed as part of
the solution. For external outer boundaries, the freestream
pressure is specified. More details on boundary condition ap-
plications to internal flows are available in Refs. 1-4 and 22.

IV. Discretization

The RNS equations are discretized based on a pressure flux-
split technique. The differencing has been described in pre-
vious Refs. 1-5 and is only briefly reviewed here. All con-
vective or £ derivatives are upwind or flux vector differenced.
The 7 derivatives in the continuity and » momentum equa-
tions are two-point central or trapezoidal differenced, whereas,
the 7 derivatives in the £ momentum and energy equations
are three-point central differenced. The three-point 7 differ-
encing in the £ momentum and energy equations works quite
well for normal shocks, but leads to oscillations ahead of
strong oblique shocks. These oscillations are eliminated with
two-point differencing, similar to that used for the continuity
and 7 momentum equations. For compression regions the &
momentum equation, written at an appropriate half-point, or
averaged over half-points as in the “box scheme,” is em-
ployed. For expansion regions the three-point central differ-
encing scheme is retained. The details of this analysis, which
depend strongly on matrix diagonal dominance considera-
tions, are given in Ref. 1.

The streamwise pressure gradient is flux-split.® This split-
ting is consistent with the flow physics and does not involve
any discontinuous switching across shocks or contact discon-
tinuities. The pressure gradient is given by P, = (w;_1/2) %
(P, — P_ /A + (1. — 0, 1p)(Piy — P)/AE. The parameter
w is computed as follows: For unsteady flows, where a dif-
ferential form of the energy equation is employed (see Ref.
5), the Cartesian form of wis w = M2 for M, < 1, and » =
1, for M, > 1. ;

For curvilinear coordinates, the eigenvalue analysis indi-
cates that the parameter o should be redefined as follows (for
details see Ref. 3): w = min{U? - g%/a*(Y2 + X2), 1}, where
Y,, X, and g are the metric quantities described previously
in Sec. 2.

The flux form of the streamwise pressure gradient term,
with o given at the half-point is second-order accurate.’ This
representation captures very sharp normal shocks, e.g., over
three grid points. It should be noted that the flux splitting is
employed only in the main flow or £ direction. In the normal
and/or secondary flow direction, as described previously, cen-

tral two- or three-point differencing is applied. This discre-
tization is capable of capturing very strong normal shocks;
however, a complete flux-split formulation in both coordinate
directions is required when considering very strong oblique
shock waves, e.g., hypersonic freestreams. It should be noted
that, although the convective streamwise derivatives are ap-
proximated using first-order differencing, the accuracy of the
overall scheme is somewhere between first- and second-order
for RNS solutions. This analysis has previously been discussed
in Refs. 6 and 9. In reversed flow regions, the streamwise
convection terms in the ¢ momentum and energy equation
are flux vector or upwind differenced and this requires that
the parametér w be set to zero (see Refs. 2-5, 13, 15). The
discretization is first-order implicit in time.

In subsonic attached flow regions, upstream influence is
transmitted through the negative eigenvalue flux or forward
differenced part of P,. At the leading edge, upstream influ-
ences originate from both the upper and lower surfaces of the
cowling. This is modeled with the averaged or “box” repre-
sentation of the £ momentum equation, written at two half-
points. The details of this are discussed in Ref. 3 and will be
elaborated on in a future paper.

V. Solution Procedure

The discretized equations are quasilinearized and written
in a nine-point star in delta form:

Ai,'5¢zj—1 + Bii8¢ij + Cij6¢ij+1 + Dij‘Sd’i—U
+ Efbd .y + AM O, 1 + CMy8¢; ;.
+ EMi/3¢i+1j—1 + Esz6¢i+lj+1 = Gij (2)

For supersonic regions, where there is no upstream influ-
ence, E;, EM; and EP; are zero, and the method reduces to
a standard initial value problem. This system can then be
easily solved using a marching technique such as line relax-
ation. For mildly subsonic flowfields, a global pressure relax-
ation procedure can be applied. For strong interaction flow-
fields, the convergence rate of such an iterative technique is
rather slow. For unsteady flows the time-step limitation is also
severe.!” Moreover, iterative schemes for strongly interacting
flows are susceptible to false transients. Most of the difficulties
encountered by iterative or approximation factorization tech-
niques can be overcome by the use of a direct solver. In the
present study the choice of direct solver is dictated by con-
siderations of matrix sparsity, stability, robustness, and time
consistency.

The Yale Sparse Matrix Package (YSMP), developed by
Eisenstadt et al.’” and modified for coupled systems and for
the boundary conditions detailed previously, is applied here.
This is an efficient solver as it stores only nonzero elements,
and reorders the matrix using a minimum degree algorithm
to minimize fill-in during the LU decomposition. However,
for fine meshes and large numbers of mesh points, the mem-
ory requirement for the direct solver can become significant.
Although memory associated with present-day computers has
constantly been increasing, access is limited. To overcome
this limitation, a domain decomposition strategy is employed.
The computational domain is appropriately split into sub-
domains with suitable overlap between adjacent regions. Since
we are dealing with flowfields that involve moving shocks,
the overlap has to be sufficiently broad to accommodate the
shock capturing. Since numerical shocks are spread over three
to four grid points, an overlap of five points is specified. For
further details see Ref. 2. If the entire flowfield is solved with
a direct solver, in conjunction with the domain decomposition
strategy, then the overall rate of convergence is marginally
affected. However, the efficiency of the procedure is en-
hanced by selecting a suitable solution technique for each
subdomain. The direct solver is applied in regions of strong
interaction, e.g., in the vicinity of the shock, while the re-



714 PORDAL, KHOSLA, AND RUBIN: SUPERSONIC FLOW THROUGH INLETS

mainder of the flowfield is evaluated with the more cost-
effective global pressure relaxation technique.

VI. Results

The present authors have previously investigated inviscid and
viscous laminar/turbulent flow for a simplified two-dimensional
inlet (flat-plate diffuser).!? Rather interesting flow physics
are highlighted even by this simple geometry. Unstart and
restart was investigated by varying the back pressure and also
by applying bleed on the surface. Shock—boundary-layer in-
teraction, time-varying shocks, and recirculation regions were
efficiently computed. The flow behavior outside and within
a more complex axisymmetric inlet with a centerbody was
also investigated. Once again, unstart and restart was initiated
by varying the back pressure. The results of this analysis are
discussed in Ref. 3.

In the present study inviscid and viscous investigations of
the transient flow for axisymmetric inlets with a centerbody
(Figs. 1a and 1b) are continued. However, unstart and restart
of the inlet are a result of varying the throat area. The grid
for this geometry is generated using algebraic interpolation;
a shearing transformation is applied. Supersonic flow for an
axisymmetric inlet with a centerbody, as shown in Fig. 1a, is
considered. Turbulent viscous flows for this geometry are in-
vestigated for a Reynolds number of 10%. Computations were
performed on grids of 89 x 115 (AX/L = 0.16, AY,./L =
4 x 10-%) and 115 x 150 (AX/L = 0.1, AY /L = 1 X
10~°) points. Figure 2 depicts the centerbody pressure vari-
ation and Fig. 3 depicts the centerbody skin friction variation
on the two grids. On the finer grid the shock structure (Fig.
2) is clearly resolved. Since three-point shocks are captured,
the shock on the fine grid is spread over a smaller distance
and is sharper. Although the overall solution accuracy is changed
only slightly from the other coarse-grid calculations not in-
cluded here, we can conclude that this finer grid provides a
solution that will only be minimally affected with further grid
refinement. For this thin turbulent boundary layer, the shock—
boundary-layer interaction is quite weak and, as a result, the
flow is attached everywhere. This differs considerably from
the earlier laminar flow calculations, where regions of recir-
culation are evident.

Unstart and restart of an axisymmetric inlet (Fig. 1b) are
investigated herein by varying the throat area. In this study,
to simplify the geometry, a cowling surface of zero thickness
is considered. Unstart and restart can be accomplished either
by moving the centerbody or by changing the throat area.
Since grid speeds are not included, it was more appropriate
and feasible to consider unstart/restart by changing the throat
radius. Once again, as a first step, the inviscid flow solution
is obtained. The flow within the inlet undergoes compression
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Fig. 2 Pressure variation.

through a system of oblique waves. The effect of progressively
decreasing the throat radius (area) is depicted in Fig. 4; as
the throat radius is reduced, the oblique shock waves become
stronger. This is evident by the surface pressure distribution
(Fig. 4). For an inlet operating at design conditions (restarted
inlet with no terminal shock), the exit pressure is determined
by the flight conditions and the area variation. The inviscid
solution for the nondimensional throat radius of 0.227 (Fig.
4) is taken as an initial guess, the exit conditions are held
fixed. The throat radius is then reduced by 7.4% (from 0.227
to 0.21) instantancously. Since for the new throat radius the
mass flow entering the inlet is now greater than the allowable,
the oblique shock system within the inlet coalesces to form a
normal shock wave. This occurs in a nondimensional time of
8. The normal shock wave lies ahead of the throat and as the
flow evolves in time, the shock increases in strength and moves
towards the cowling tip. The flow behind the normal shock
wave is subsonic; the flow reaccelerates to sonic velocity at
the throat. The captured mass flow is now greater than the
allowable value at the throat. As a result, the shock is expelled
out of the inlet. A bow shock forms and unstart of the inlet
occurs. The excess mass is spilled over the cowling. The time
history. leading to unstart is depicted in Figs. Sa—5c. The
surface pressure variation indicates that during the initial stages,
the shock strength rises rapidly. The pressure contours (Figs.
5b and 5c¢) depict the shock pattern that exists at various time
instants during unstart. At a nondimensional time of 32.2, the
shock lies at the tip of the cowling, and at a time of 34.44, it
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is expelled as a bow shock. This process occurs in a very short
time and has been efficiently captured herein.

Inlet restart was investigated by increasing the throat ra-
dius. The throat radius was increased to its original value
(radius/L = 0.227); restart was not observed. In fact the flow
remained in a steady state with a bow shock at a finite distance
from the cowling tip (Fig. 6). A further increase in throat
radius by 50% failed to restart the inlet. However, when the
throat was increased to twice its original radius (radius/L =
0.44), the inlet was restarted. Figures 7a and 7b depict the
time history of restart, up to and including the swallowed
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Fig. 6 Centerbody body pressure variation.
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shock state. The strength of the normal shock wave decreases
as it moves towards the throat. In the final state the normal
shock wave vanishes and the inlet returns to its original state
of a system of oblique shock waves. These solutions are initial
condition dependent. For a given throat radius, the inlet can
operate in the design condition with no mass spillage or in
the off-design unstart condition. From the above results we
infer that a slight reduction in the throat will unstart the inlet;
however, restart of the inlet requires considerably larger changes
in throat radius. This effect will require a further study.



716 PORDAL, KHOSLA, AND RUBIN: SUPERSONIC FLOW THROUGH INLETS

Time History Of Unstart
Mach# 2.5, Re# 200000

5 —_a _Time=4.0
—g— Tima=~20.0
—g— Time=27.2

Centerbady Pressure

P/PI

;:;LI.;.-I- PO TN ST SN SUUN WPRN N ST S W SN S S Y

“1.5 5.0 X/ -25 0.0 2.5

Fig. 8 Time history of unstart.

Pressure Contours
(Re# 200000, Unstart Time=20.0

IMach# 2.5, Grld:115x150

70 Scale Xivi1s2

o

6.0

sob
YiL
Cowling
40
2.0 -

2.0 -
Centarbody

00 I S SN |
-1.5 X/L -5.0 -2.5 0.0

Fig. 9a Pressure contours.

Velocity Vectors Unstart Time=28.8  Scale X/Y:1/2

Re# 200000, Mach# 2.5

Zi

\

Cowling

2.2cms = Un

SEERAANN T

Centerbody

OWWAWIIY

[P | [ S|

2.5 2.0 XL 1§ -1.0

Fig. 9b Velocity vectors.

Several viscous flow computations have also been consid-
ered. Turbulent flow with Re. = 2 X 10° for the geometry
of throat radius/L = 0.227 is computed. Although the inviscid
solutions indicate that the inlet is operating in the design case
with no spillage, the viscous computations indicate that inlet
unstart has occurred. This result indicates that boundary-layer

interaction plays a significant role in determining the inlet
flow behavior. Turbulent flow solutions depicting inlet unstart
are shown in Figs. 8 and 9. All computations have been per-
formed on the Cray Y-MP/8. For the above grid with three
subdomains, the memory required by the Y-MP/8 is a little
under 4 megawords. The time required per iteration is 48 s,
i.e., about 192 s per time step.

The geometry considered herein represents a typical inlet
configuration and is therefore a reasonable starting point for
the simulation of transient inlet behavior. Neither other com-
putational nor experimental results are available for compar-
ison purposes. However, qualitative agreement with flow vis-
ualization studies has been discussed in Ref. 2. Therefore,
the only assessment of accuracy is through grid refinement
studies. These have previously been discussed in Ref. 2 and
to some extent herein. The code has been previously vali-
dated for other geometries by comparison with other known
solutions.!

VII. Summary

An RNS flux-split procedure has been applied to investigate
unstart/restart of aircraft engine inlets. Axisymmetric inlets
with a centerbody were considered. A sparse matrix direct
solver combined with a domain decomposition strategy has
been used to compute the transient flow field efficiently.

Unstart and/or restart of the inlet were initiated by changing
the throat radius. A slight reduction in the throat radius can
unstart the inlet; however, restart of the inlet requires con-
siderably larger changes in the throat radius. Viscous flow
computations not only indicate that boundary-layer interac-
tion plays a significant role in determining the inlet flow be-
havior, but also depict the complex flow pattern that exists
during unstart. The applicability of the RNS flux-split pro-
cedure for unsteady flows involving moving shocks and time-
varying recirculation regions has been demonstrated.
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