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Response of a Two-Dimensional Cascade
to an Upstream Disturbance

Gerald C. Paynter¤
The Boeing Company, Seattle, Washington 98124-2207

Time-accurate Euler simulations of the ¯ ow through two-dimensional cascades were used to provide data on

the response of the ¯ ow entering a compressor to an upstream disturbance. These data were then used to evaluate
several compressor face boundary condition hypotheses intended for supersonic inlet stability simulations. An

accurate out¯ ow boundary condition for time-accurate Euler/Navier± Stokes simulations of inlet ¯ ows is needed to
determine the stability margin of an inlet that encounters an atmospheric disturbance. The boundary condition

must provide an approximation of the response from the compressor when a disturbance from upstream passes
through the inlet and into the compressor face. In the cascade analysis, the blade stagger angle, solidity, shape,

and loading; axial Mach number; and disturbance strength were each varied through a representative range. It
was found that the response of a cascade to an acoustic disturbance is almost nonre¯ ective for blade geometry

parameters characteristic of the compressor hub region and almost at a constant velocity condition for blade
geometry parameters characteristic of the blade tip region. A convective (temperature) disturbance was also

examined and was found to pass through a cascade without generating an upstream disturbance. Screen, constant
Mach number, and constant velocity out¯ ow boundary conditions were evaluated as possible compressor face

boundary conditions. It is concluded that the constant velocity boundary condition is preferable to either the
screen or the constant Mach number boundary conditions for inlet stability simulations.

Nomenclature
C = blade chord length
Maxial = axial Mach number before disturbance at in¯ ow
Pt = local total pressure
p = local static pressure
S = blade spacing
Tt = local total temperature
u = axial velocity
c = stagger angle, deg
r = solidity, C/ S

Introduction

S UPERSONIC aircraft encounter atmospheric disturbances
while in ¯ ight. If the propulsion system uses a mixed com-

pression inlet to decelerate and compress the captured air¯ ow for
the engine, these disturbances can cause the shock system to be
expelled from the inlet. This event is known as an inlet unstart. An
unstartresultsin a serious loss of propulsiveef® ciencyand can cause
an asymmetric loading of the wing that could require large control
surface forces to maintain aircraft control.

An atmospheric disturbance encounter is thought to result in (at
least)acousticandconvectivedisturbancesto the inlet ¯ ow. Acoustic
disturbances are pressure disturbances that propagate downstream
through the inlet at the local velocity plus the local speed of sound.
Convective disturbancesare temperature and density changes with-
out an associated pressure change or velocity changes without an
associated pressure change (a vorticity disturbance) that propagate
downstream through the inlet at the local stream velocity. Both
acoustic and convective disturbances eventually pass through the
inlet and interact with the compressor.

Mixed compression supersonic inlets are designed to avoid in-
let unstart (expulsion of the shock system) due to atmospheric and
enginegenerateddisturbances.The throatboundary-layerbleedsys-
tem, throat slots and ¯ ow bypass systems, the inlet control system,
the design value of the throat Mach number, and the position of the
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normal shock relative to the inlet throat are all used to achieve a suf-
® cient stability margin to prevent unstart. Inlet stability measures,
however, increase the inlet performance penalty, weight, complex-
ity, and cost.

Time-accurateEuler/ Navier±Stokes (ENS) simulationsof the in-
let ¯ ow subjected to disturbancesare now being used to support the
design of mixed compression inlets.1 , 2 One goal of this analysis
is to support the design of an inlet with a desired stability mar-
gin (unstart tolerance) while minimizing the performance penalty.
Time-accurate ENS simulations of inlet ¯ ows are used to explore
parametric variation of design parameters that affect inlet stability.
The accuracy and, therefore, the usefulness of the ENS simula-
tions depend on the accuracy of the boundary conditions used in
the simulation. At the compressor face, the ¯ ow is subsonic and is
about to enter the compressor.When acousticand convectivedistur-
bances interact with the ® rst stage of the compressor, re¯ ected and
transmitted disturbances result from this interaction. The re¯ ected
disturbance propagates back toward the inlet throat and can cause
the inlet to unstart. The transmitted disturbances travel downstream
through the blade passages, interactwith the next compressor stage,
and generate re¯ ected disturbances throughout the later stages of
the compressor.

The speed and memory available with current computers are in-
suf® cient to support the ENS simulation of the inlet/engine combi-
nation (at least in the context of a design study). Thus, the effect
of the engine on the inlet ¯ ow is simulated through the selection
of a boundary condition (the compressor face boundary condition)
for unsteady time-accurate inlet ¯ ow analyses to investigate inlet
stability issues. A number of compressor face boundary condition
hypotheses have been put forward by various investigators.3±7 Al-
though at least one physical experiment8 has been proposed for
evaluation of the various compressor face boundary condition hy-
potheses, this or a similar experiment has not been performed as
yet, and uncertainty exists about the accuracy of this boundary
condition.

In lieu of a physical experiment such as that proposed by Sajben
and Freund,8 a time-accurate numerical study was performed with
the NPARC9 computer code, to investigate the interactionof acous-
tic and convective(temperature)disturbanceswith an unstalledcas-
cade (a convective vorticity disturbance was not considered). The
purpose of this study was to provide data for evaluationof the vari-
ous compressor face boundary condition hypothesesover the range
of axial Mach number, blade solidity, stagger angle, etc., of interest
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at the compressor face and to use the data to evaluate several of the
various out¯ ow boundary condition hypotheses. Prior work on the
interactionbetween an upstreamdisturbanceand a cascade includes
actuator disk and potential ¯ ow analyses by Kaji and Okazaki10, 11

andan ENS simulationbyDorney.12 WhereasKaji andOkazakicon-
sidered a parametricvariationof the geometricand ¯ ow parameters,
the accuracy of their studies was unknown because of the assump-
tions used in their analyses. Dorney, on the other hand, considered
just a single blade geometry in an ENS simulation.

Overall Approach
The goal of the current study was to guide selection of an appro-

priate out¯ ow boundary condition for unsteady time-accurate ENS
simulationsof supersonicinlet ¯ ows where theeffect of an upstream
disturbance is considered.This goal was achieved in two phases. In
the ® rst phase, the ¯ ow throughthecompressorwas approximatedas
the ¯ ow thougha two-dimensionalcascade.In the frameof reference
of the moving blade, Euler simulations of axial acoustic and con-
vective (temperature) disturbances were completed to obtain data
on the response of the ¯ ow in the region upstream of the cascade to
the passage of the disturbance through the cascade. In the second
phase, screen,constantMach number, and constantvelocityout¯ ow
boundary condition hypotheses were evaluated through comparing
the results of Euler analyses in a stationary frame of reference for
a cylindrical duct subjected to acoustic and convective upstream
disturbances,with the results from the cascade analysis.

Phase I Cascade Analysis Approach
The interactionsof upstreamacousticandconvectivedisturbances

with a cascade were investigated by using unsteady and time-
accurate two-dimensional Euler simulations of the ¯ ow through a
cascade in the frame of reference of the moving blade. The radial
velocity and radial gradients in ¯ ow properties were assumed to
be negligible. With these assumptions, a stream surface through a
compressor stage is cylindrical. If a stream surface is assumed to be
unwrapped at a given radius, the result is a rectilinear cascade with
an in® nite number of blades.

In the ® rst stage of a typical axial compressor, the stagger angle
of the blade increases as a function of radius from about 20 deg at
the hub to about 70 deg at the blade tip. The solidity also varies as a
function of radius from about 3.0 at the hub to about 1.0 at the tip.
Near the blade tip, the blade is almost ¯ at (low camber) and has a
low maximum thickness-to-chordratio (at a given radius). Near the
hub, the blade is highly cambered.

For acoustic disturbances, stagger angle, solidity, axial Mach
number, blade loading, blade shape, and acoustic disturbance
strength were varied over the range of interest or to explore the ef-
fect of a variationof a particularvariableon the responseof the ¯ ow
upstream of the cascade to the passage of the disturbance through
the cascade. A sketch of the interaction of an acoustic disturbance
with a blade passage is shown in Fig. 1 just before a downstream
traveling acoustic wave interacts with the blade passage. Just after
the interaction between the disturbance and the blade passage, the
¯ ow is as sketched in Fig. 2. For convective disturbances, stagger
anglesof 20,45, and 70 deg were consideredfor a singledisturbance
strength at a solidity of 1.0 and an axial Mach number of 0.5 for an
unloaded blade.

Fig. 1 Flow schematic prior to the disturbance/blade passage interac-
tion: a disturbance approaches a blade pair from left.

Fig. 2 Flowschematic after the disturbance/blade passage interaction:
a re¯ ected disturbance travels upstream to left.

Fig. 3 Schematic of the cascade analysis with an acoustic disturbance.

After a steady-state ¯ ow had been achieved for a given cascade
geometry, blade loading, and axial Mach number, an acoustic or
convective disturbance was introduced at the in¯ ow computational
boundary as shown in Fig. 3 for an acoustic disturbance. In the
time-accurate Euler simulations, the component of velocity in the
direction of blade motion was assumed to be constant at the in¯ ow
boundary(equivalentto assuming the rotationalspeedof theblade is
constant).The out¯ ow boundarywas placed far enoughdownstream
that any disturbancefrom an interactionof the transmittedwave and
the out¯ ow boundary could not return and contaminate the solution
just ahead of the blade passage. This is, in effect, an assumption
that re¯ ections from subsequent compressor or stator stages do not
in¯ uence the ¯ ow ahead of the ® rst compressor stage in the time
scale of interest.

The assumptions implicit in the cascadeanalysis are summarized
as follows. A time-accurate two-dimensional Euler analysis in the
frame of reference of the cascade was used to predict how the ¯ ow
just upstream of the cascade would change when a step disturbance
was introducedat the in¯ ow boundary in a plane parallel to the face
of the cascade and allowed to propagate through the cascade. The
¯ ow through the cascadewas assumed to be attached (unstalled)be-
fore and through the interactionwith the disturbance.The tangential
component of velocity at the in¯ ow boundary was assumed to be
constant(equivalentto an assumption that the rotationalspeedof the
compressoris constant).For a ¯ at bladeof zero thickness,the effects
of solidity, stagger angle, loading, axial Mach number, and distur-
bance strength were investigated parametrically (one circular arc
blade geometry was also considered). The transmitted disturbance
through the blade passage was assumed to have no in¯ uence on the
¯ ow ahead of the ® rst cascade through propagation of re¯ ections
from the transmitted wave back through the blade passage. Acous-
tic and convective disturbances were considered. For the acoustic
disturbance, changes in ¯ ow properties across the step disturbance
were computed assuming that the change across the step is isen-
tropic. The convective disturbance was assumed to be a change in
static temperature without a change in static pressure. A convective
vorticity disturbance was not considered.
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Code Description
Two-dimensionaltime-accurate¯ ow simulationswere performed

with the NPARC9 ENS code, version 2.2 and the beta release of
version3.0. NPARC solves the Euler or Navier±Stokes equations in
conservation law form on a multiblock body ® tted grid system. An
ideal gas, a Newtonian ¯ uid, and the Fourier heat conduction law
are assumed. The ¯ ow can be assumed to be laminar, turbulent, or
inviscid; for a turbulent ¯ ow, a variety of turbulencemodels can be
selected. A wide variety of boundary conditions are available and
can be speci® ed on any grid surface without restriction. A number
of algorithms are available, and the user can select the one most
appropriate for a particular application.

Flow simulations were performed in two steps. In the ® rst step,
a converged steady-state ¯ ow solution was achieved. In the sec-
ond step, an acoustic or convective perturbation of known strength
was introduced at the upstream boundary and allowed to propagate
downstream and re¯ ect from the cascade blade geometry.

The steady-state simulation to initialize the ¯ ow® eld was done
with the approximate factorization algorithm (ISOLVE = 1) using
local time stepping (IVARDT = 2) with DTCAP = 1.0. Default
values were used for the arti® cial dissipation coef® cients: DIS2

= 0.25 and DIS4 = 0.64. Typically, about 2000 time steps were
required to reduce the L2 norm of the residual to about (10) ¡ 7.

For the time-accurate calculations,a ® ve step Jameson algorithm
second-order accurate in time was selected (ISOLVE = 5). The
time step throughout the grid block was set to a constant equal
to the Courant±Friedrichs±Lewy (CFL) limit speci® ed by DTCAP
(IVARDT = 4 and DTCAP = 0.25) at the location of maximum
change in the ¯ ow variables. This option is recommended in the
user manual as providing the most rapid time-accurate simulation
when tracking the physical time is not required. An evaluation of
NPARC for time-accurate normal shock propagation simulations
was reported by Paynter and Mayer.13

Grid and Geometry Description

The blade passage for the cascade parametric study was assumed
to be 10 in. in length, and the computational domain extended 48
in. upstream and downstream of the blade passage in a single block
grid, as shown in Fig. 4 (a stack of three grid blocks is shown). For
most of the parametric study, the blades were assumed to be ¯ at
surfaces of zero thickness. A circular arc blade of zero thickness
was also considered.

Fig. 4 Typical grid and pressure contour plot after re¯ ection of an acoustic disturbance from the cascade.

Computational grids were generated using the GRIDGEN2D14

grid generation program. For both the cascade and screen studies,
a uniform (unstretched) grid spacing was used in each coordinate
direction. A grid re® nement study was completed to ensure that the
computed results for the strength of the re¯ ected disturbance were
independentof the grid density.Grids of 31 £ 10, 64 £ 10, 64 £ 20,
64 £ 15, and 130 £ 30 were explored for use. A 64 £ 20 grid was
selected for use for most of the cascade simulations.

Boundary Conditions and Initial Conditions
A desired steady-state initial ¯ ow condition was established for

each¯ ow andgeometryconsideredin thecascadestudy.The approx-
imate factorizationalgorithm was used to establish the steady-state
¯ ow, as described in the Code Description section.

A freestream boundary condition (type 7) was used at the in-
¯ ow plane, periodic boundary conditions (type 75) were used on
the upper and lower surfaces of the computationaldomain ahead of
and downstream of the blade passage, and a constant static pressure
boundary condition (type 0) was used at the out¯ ow boundary.Slip
wall boundary conditions (type 50) were used on the walls of the
blade passage. The out¯ ow boundary was placed far enough down-
stream that the transmitted disturbance could not re¯ ect from the
out¯ ow boundary and return to contaminate the solution in the re-
gion ahead of the blade passage where the strength of the re¯ ected
disturbance was determined.

The NPARC beta test release of version 3 recently became avail-
able. The type 75 periodic boundary condition in version 2.2 was
replaced with a type 78 boundary condition in version 3.0. This
boundary condition eliminates the need for a grid overlap on the
periodic boundary and uses linear interpolation to determine prop-
erty values on the boundary.Results for the strength of the re¯ ected
disturbance using this boundary condition were almost identical to
those obtained with the type 75 boundary condition with NPARC
version 2.2.

Disturbance Properties

Disturbances were always assumed to be a step change in ¯ ow
conditions at the in¯ ow boundary. The change in ¯ ow properties
needed to introduce either an acoustic or a convective disturbance
of desired strength was computed using a method described by
Shapiro.15 The acoustic disturbance was a step change in the prop-
erties across the disturbance computed assuming the changes in
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properties across the disturbance were isentropic. The convective
disturbance was a change in temperature without changes in pres-
sure and velocity. In the text and ® gures that follow, changes to
pressure or velocity for either the incident or the re¯ ected distur-
bances are always normalized by the ambient pressure or velocity
that existed before the incident disturbance.

Phase I Cascade Analysis Results
Acoustic Disturbances

A parametric numerical study was conducted to determine the
strength of the re¯ ected disturbance in the region upstream of the
blade from the computed results as a functionof blade solidity,stag-
ger angle, axial Mach number, blade loading, camber, and acoustic
disturbancestrength. A contour plot of the predicted static pressure
distribution through the computational domain after a d p/ p = 0.1
static pressuredisturbancehas propagated through the region ahead
of the blade passage, re¯ ected and then propagated almost back to
the in¯ ow boundary, is shown in Fig. 4 for a staggerangle of 45 deg,
a solidity of 1.0, and an axial Mach number of 0.5 for an unloaded
blade (¯ ow aligned with the blade passage). The ¯ ow pattern for a
stack of threegrid blocks is shown.Pressure and axial velocity color
contour plots such as this were interrogated using a postprocessing
code, GRIDVIEW, to determineproperties behind the re¯ ected dis-
turbancein the region between the disturbanceand the cascadelead-
ing edge. The ¯ ow properties in this region typically varied slightly,
and this variation is reported in the discussion that follows.

The cascade parametric analysis results are plotted in Figs. 5±9.
The variation in ¯ ow properties observed in the region upstream
of the cascade and downstream of the disturbance at a given stag-
ger angle is reported using symbols. Lines are linearly interpolated
between stagger angles for a constant Mach number or solidity to
show trends in the data.

The effect of stagger angle on the strength of the re¯ ected dis-
turbance for an unloaded blade (the ¯ ow is aligned with the blade
passageprior to the disturbance)for a blade solidity of 1.0 and axial

Fig. 5 Effect of Maxial on the re¯ ected pressure; NPARC2D Euler sim-
ulation results solidity = 1.0.

Fig. 6 Effect of Maxial on the re¯ ected velocity; NPARC2D Euler sim-
ulation results solidity = 1.0.

Fig. 7 NPARC2D Euler simulation results, effect of solidity.

Fig. 8 NPARC2D Euler simulation results, effect of blade loading.

Fig. 9 NPARC2D Euler simulation results, effect of disturbance
strength.

Mach numbers of 0.3 and 0.5 is shown for pressure and velocity
in Figs. 5 and 6 ( d p/ p = 0.01). Whereas axial Mach number has
some effect, stagger angle was found to have the greatest effect
on the re¯ ected disturbance strength. At a high stagger angle, the
disturbance strength is consistent with that for a re¯ ection of the
disturbance from a solid wall moving with the stream velocity in
the downstream direction. At low stagger angle, the re¯ ected dis-
turbance is weak and consistentwith nonre¯ ective interaction with
the blade passage.

The effect of solidity on the re¯ ected disturbance strength is il-
lustrated for pressure in Fig. 7 for an unloaded compressor blade
passage ( d p/ p = 0.01). In an actual compressor stage, the solid-
ity would vary between 1 and 3. There was almost no variation in
the strength of the re¯ ected disturbance for solidities above 1. The
strength of the velocity disturbance is not shown since it was found
that the analysis of Shapiro15 could be used to relate the strengths
of the velocity and pressure disturbances.

The effect of blade loadingon the strength of the re¯ ected distur-
banceis illustratedin Fig. 8 forpressurefor an axialMach numberof
0.5 and a 2-deg initial angle of attack on the blades ( d p/ p = 0.01).
Blade loading was found to have only a weak in¯ uence on the
strength of the re¯ ected disturbance.

To explore the effect of camber, a circular arc blade shape was
considered with a radius of curvature 1.3 times the chord length.
For an axial Mach number of 0.5, a solidity of 1.0, d p/ p = 0.1,
45-deg leading-edgeangle, 0-deg trailing-edge angle, and with the
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undisturbed ¯ ow aligned with the blade leading edge, the re¯ ected
pressure disturbance was about that found with a ¯ at blade shape
with a stagger angle of 20 deg and with the ¯ ow aligned with the
blade passage.

The effects of the initial disturbance strength were examined by
increasing the disturbance strength by a factor of 10 ( d p/ p = 0.1)
for an axialMach numberof 0.5, a solidityof 1.0, and staggerangles
of 20, 45, and 70 deg. The results for the strength of the re¯ ected
pressuredisturbancenormalized by the strengthof the initial distur-
bance are shown in Fig. 9. The normalized change in pressure was
found to be independent of disturbance strength and to vary almost
linearly with stagger angle between 20 and 70 deg. The strength
of the re¯ ected disturbance is a linear function of the strength of
the incident disturbance for the range of disturbances considered.
The change in velocity is not shown because pressure and velocity
changes can be related through the analysis of Shapiro,15 as noted
earlier.

Convective Disturbances
Convective disturbances were also examined for blade passages

with stagger angles of 20, 45, and 70 deg, an axial Mach number of
0.5, and a solidity of 1.0 (unloaded blade). The convective distur-
bance was an increase in the local static temperature at the in¯ ow
plane of 2.9% (the same increase in static temperature as would be
caused by an acoustic disturbance with a d p/ p = 0.1 increase in
static pressure). As expected, the convective disturbancecaused no
re¯ ected wave as it passed through the blade passage at the three
stagger angles examined.

Discussion
The assumption in the current study that the wave transmitted

through the blade passage does not interact with subsequent com-
pressorand/or stator stagesand cause a delayedresponseof the inlet
¯ ow at the compressor face was also examined for several cascade
geometriesat an axialMach number of 0.5. An acousticdisturbance
was introduced at the out¯ ow boundary of the cascade analysis do-
main and allowed to propagateupstream and re¯ ect from the down-
stream face of the cascade. For both d p/ p = 0.01 and 0.1 pressure
disturbances, there was no wave transmitted from downstream of
the cascade through the blade passage to the inlet ¯ ow in the time
it took the disturbancere¯ ected from the downstream blade surface
to propagate back to the out¯ ow boundary.This effect was also ob-
served in an ENS simulationof the ¯ ow through a blade passageby
Dorney.12 Dorney attributed this phenomenonto acousticblockage,
inhibition of the upstream propagation of acoustic disturbances in
a transonic ¯ ow. For an axial Mach number and a blade geometry
that would result in a transonic ¯ ow in the blade passage, this ef-
fect could isolate the inlet from disturbancespropagating upstream
through the blade passagesof the ® rst stage. Because understanding
acousticblockagewas not the objectiveof the currentwork, the cur-
rent resultson this are interestingbut incomplete.Acousticblockage
and the in¯ uence of the blade geometry and ¯ ow properties on it
should be investigated further in a systematic study.

Phase II Boundary Condition Evaluation Approach
Once the data from the cascade analysis study were available,

they were used to evaluate several of the proposed compressor face
boundary condition hypotheses. NPARC was again used to gener-
ate data for boundary condition evaluation by considering the ¯ ow
through a cylindrical duct (now in a stationary frame of reference).
Using an Euler analysis,a steady uniformaxial ¯ ow was established
in thecylindricalductat a desiredaxialMach number.The boundary
condition to be evaluated as a possible compressor face boundary
condition was then imposed at the out¯ ow boundary, and either a
convective or an acoustic disturbance of known strength was intro-
duced at the in¯ ow boundary. In a time-accurate, unsteady Euler
simulationof the duct ¯ ow, suf® cient time steps were taken to allow
the disturbanceto propagateacross the domain, through the out¯ ow
boundary, and generate a re¯ ected disturbance that propagated far
enoughupstream that the strength and properties of this wave could
be determined. These simulation results for the properties between
the out¯ ow boundary and the re¯ ected wave were then compared

with the results from the cascade analysis. Conclusions could then
be made about the ability of a given boundarycondition to simulate
the effect of the compressor on the inlet ¯ ow.

The NPARC screen, constant Mach number, and constant veloc-
ity boundary conditions were considered as possible compressor
face boundary conditions. Screens have been used at the inlet out-
¯ ow boundary in steady-state subsonic inlet experiments16 to sim-
ulate the effect of the compressor on the inlet ¯ ow. Constant Mach
number4 and constant velocity3 out¯ ow boundary conditions have
alsobeenproposedas compressorfaceboundaryconditionhypothe-
ses. These were examined by comparing results from time-accurate
ENS simulations of a cylindrical duct at an initial axial Mach num-
ber of 0.5 subjected to acoustic and convective disturbances with
results from the cascade parametric study.

Code Description
Two-dimensionaltime-accurate¯ ow simulationswere performed

with the NPARC9 ENS code, version 2.2 and the beta release of
version3.0, as described in the Phase I Cascade Analysis Approach.

Flow simulations were performed in two steps. In the ® rst step,
a converged steady-state ¯ ow solution was achieved. In the second
step, an acoustic or convective perturbation of known strength was
introducedat the upstreamboundaryand allowed to propagatedown
a cylindrical duct and interact with the out¯ ow boundary.

The steady-state simulation to initialize the ¯ ow® eld was done
with the approximate factorization algorithm (ISOLVE = 1) using
local time stepping (IVARDT = 2) with DTCAP = 1.0. Default
values were used for the arti® cial dissipationcoef® cients.Typically,
about 2000 time steps were required to reduce the L2 norm of the
residual to about (10) ¡ 7 .

For the time-accurate calculations,a ® ve step Jameson algorithm
second-orderaccurate in time was selected(ISOLVE = 5). The time
step throughoutthe grid block was set to a constant equal to the CFL
limit speci® ed by DTCAP (IVARDT = 4 and DTCAP = 0.25) at
the location of maximum change in the ¯ ow variables.

Grid and Geometry Description
The cylindrical duct for the boundary condition evaluation had a

radius of 19 in. and a length of 94 in. A 95 £ 20 grid was used for
the boundary condition evaluation studies (not shown).

Boundary Conditions and Initial Conditions
For the cylindrical duct used for the boundary condition evalua-

tion studies, the total pressure and temperatureat the in¯ ow bound-
ary were speci® ed (type0), the upperwall was takenas a slip surface
(type 50), and the lower wall was assumed to be an axis of symmetry
(type 51).

For the screen boundarycondition,the screen was placed at about
halfof theaxial lengthof thecylindricalcomputationaldomainusing
the NPARC screen boundary condition option, type 58. The static
pressure was speci® ed at the out¯ ow boundary (type 0), and this
pressurewas iterateduntil the desired Mach number in the duct was
achieved (or the screen choked).

For the constant Mach number and constant velocity out¯ ow
boundary conditions, the total pressure and temperature at the in-
¯ ow boundary were speci® ed (type 0), the upper wall was taken as
a slip surface (type 50), and the lower wall was assumed to be an
axis of symmetry (type 51). The out¯ ow boundary was assumed to
be either a constant Mach number or constant velocity boundary
condition (both type 97).

Disturbance Properties

Disturbances were always assumed to be a step change in ¯ ow
conditions at the in¯ ow boundary and were computed using a
method described by Shapiro.15

Phase II Boundary Condition Evaluation Results
NPARC screen (type 58), constant Mach number (type 97), and

constant velocity (type 97) out¯ ow boundary conditionswere eval-
uated for possible use as the compressor face boundary condition
for inlet unsteady ¯ ow simulations. A cylindrical ¯ ow domain was
established with a uniform axial ¯ ow at a desired Mach number.
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The boundary condition to be evaluated was imposed at the out-
¯ ow boundaryof this domain, and either a convective(temperature)
or acoustic disturbanceof known strength was introducedat the in-
¯ ow boundary.The disturbancewas allowed to propagateacross the
domain, through the out¯ ow boundary,and generate a re¯ ected dis-
turbance that propagated far enough upstream that the strength and
properties of this wave could be determined. The cylindrical duct
simulation results for the properties between the out¯ ow boundary
and the re¯ ected wave were then compared with the results from
the cascade analysis.

Screen Boundary Condition
The NPARC screen boundary condition was found to be inade-

quate for representing the wave re¯ ection response to an acoustic
disturbance for the midspan to tip region of a compressor blade
because a strong response characteristic of the blade geometry in
the midspan to tip region of a compressor requires a low screen
porosity.The screen out¯ ow boundarychokes at a ¯ ow rate through
the boundary that is a function of the porosity. It was impossible to
match the strengthof the re¯ ecteddisturbance(as obtained from the
cascadeanalysisdescribed)and get desiredaxial Mach numbers (on
the order of 0.5) for higher stagger angles with the NPARC screen
boundary condition. The strength of the wave re¯ ection as a func-
tion of screen porosity at an axial Mach number of 0.3 is shown in
Fig. 10. It appears that a screen could be used to representa cascade
with a low stagger angle. This suggests that an actuator disk model,
which is similar to a screen model but with an increase rather than
a decrease in total pressure across the disk surface, may be useful
as a way to represent the compressor out¯ ow boundary condition.

Constant Mach Number Boundary Condition
For the NPARC constant Mach number out¯ ow boundary condi-

tion, theacousticdisturbancetest casehadan initialaxialMachnum-
berof 0.5anda d p/ p = 0.1 static pressuredisturbance.The NPARC
constant Mach number boundary condition held the Mach number
at the out¯ ow plane to within 0.005% of the value speci® ed once
the disturbance front had propagated away from the out¯ ow plane
a few grid points. The predicted change in pressure downstream of
the wave re¯ ection from theboundarynormalizedby initial pressure
disturbancewas equal to 1.88. A comparison of the cascade results
with the NPARC constantMach number boundaryconditionresults
for the strength of the re¯ ected pressure disturbance (as shown in
Fig. 11) suggests a constant Mach number out¯ ow boundary con-
dition would represent the interaction of an acoustic wave with a
cascade at a stagger angle of about 60 deg.

For the convective disturbance test case, the initial axial Mach
number was again 0.5. The freestream static temperature was in-
creased by an amount equal to that which would occur with a
d p/ p = 0.1 static pressure disturbance, about 3%. The cascade
analysis results indicated that a convective disturbance should pass
through the out¯ ow boundary without generating an acoustic dis-
turbance that is propagated upstream. The NPARC constant Mach
number boundary condition did, however, generate a 1% decrease
in static pressure disturbance that propagated upstream from the
boundary as a result of the convective disturbance passing out
through the boundary.

Fig. 10 Results from the NPARC screen boundary condition.

Fig. 11 Comparison of cascade analysis results and NPARC constant
Mach number and constant velocity boundary condition results for an
acoustic disturbance.

Thus, althoughtheNPARC constantMachnumberboundarycon-
dition is de® nitelywithin the correct range for acousticdisturbances
fromcomparisonwith the cascadeanalysisresults, its use results in a
pressure disturbance at the boundary inconsistent with the cascade
results when a convective disturbance passes through the bound-
ary.

Constant Velocity Boundary Condition

For the NPARC constant velocity out¯ ow boundary condition,
the test cases for evaluating the interaction of acoustic and convec-
tive disturbances were the same as for the constant Mach number
boundary condition already discussed. For a d p/ p = 0.1 static
pressureacousticdisturbance,the NPARC constantvelocitybound-
ary conditionheld the velocity to within 0.05% of the desired value.
The predictedchange in pressuredownstreamof the wave re¯ ection
from the boundary normalized by initial pressure disturbance was
equal to 2.086.A comparisonof the cascaderesultswith theNPARC
constant velocity boundary condition results for the strength of the
re¯ ected pressure disturbance(as shown in Fig. 11) suggests a con-
stant velocity out¯ ow boundary condition would represent the in-
teraction of an acoustic wave with a cascade at a stagger angle of
about 70 deg.

For the convective disturbance test case, the cascade analysis re-
sults indicatedthat a convectivedisturbanceshouldpass through the
out¯ ow boundary without generating an acoustic disturbance that
is propagated upstream. The NPARC constant velocity boundary
condition did not generate an acoustic disturbance that propagated
upstreamfrom the boundaryas a result of the convectivedisturbance
passing out through the boundary.

The NPARC constant velocity boundary condition is de® nitely
within the correct range in the strength of the re¯ ected disturbance
for acoustic disturbances in comparison with the cascade analy-
sis results. No pressure disturbance is generated at the boundary
when a convective disturbance passes through the boundary,which
is consistent with the cascade results. For this reason, the NPARC
constant velocity boundary condition should be more accurate than
the NPARC constantMach numberboundaryconditionfor inlet sta-
bility simulations where both convective and acoustic disturbances
are present.

Conclusions
Time-accurateEuler simulationswith theNPARC codewereused

to provide data on the interaction of acoustic and convective (tem-
perature)disturbanceswith a compressorcascade. It was found that
the strength of the re¯ ected wave from an acoustic disturbance is a
strong functionof axial Mach number and stagger angle and a weak
function of blade loading, camber, and solidity for solidities of one
and above. The strength of the wave re¯ ection varies from almost
nonre¯ ective for a stagger angle consistentwith the hub (20 deg) to
almost constantvelocityfor a staggerangle consistentwith the blade
tip (70 deg). Convective disturbances were found to pass through
the out¯ ow boundary without generating an upstream disturbance
from the boundary.
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The screen boundary conditionoption within NPARC was found
to be inadequate for representing the response of the ¯ ow upstream
of a cascade to an acoustic disturbance because a strong response
consistent with a high stagger angle requires a low screen porosity.
The NPARC screen model chokes for duct ¯ ow rates of interest
when the porosity is low, however, so that it is impossible to specify
the low porosity needed to represent higher stagger angles and get
axial Mach numbers of interest.

The NPARC constant Mach number out¯ ow boundary condition
was found to be approximatelycorrect in the strengthof the pressure
disturbance from the boundary that results from an acoustic distur-
bance passing through the out¯ ow boundary. A convective (tem-
perature) disturbance passing through the out¯ ow boundary with
this boundary condition, however, generated a pressure disturbance
from the boundary inconsistentwith the cascade results. This could
be misleading in the use of unsteady ENS analysis to evaluate inlet
stability margin.

The NPARC constant velocity out¯ ow boundary condition was
also found to be approximatelycorrect in the strengthof the pressure
disturbance from the boundary that results from an acoustic distur-
bance passing out through the boundary. A convective (tempera-
ture) disturbance passing through the out¯ ow boundary with this
boundary condition did not generate a pressure disturbance from
the boundary. For inlet stability simulations, the NPARC constant
velocity out¯ ow boundary condition should be selected in prefer-
ence to the constant Mach number boundary or screen boundary
conditions.

The cascade analysis showed that the compressor stage or fan
stage response to an upstream disturbance is a function of the lo-
cal blade properties (solidity and stagger angle) and the axial Mach
number. Of the simple compressor face boundary conditions evalu-
ated, the constant velocity boundary condition is preferred. A com-
pressor face boundary condition in which the response to a distur-
bance is a function of the local blade properties and upstream ¯ ow
has yet to be developed but is needed to improve the accuracy of
supersonic inlet unstart simulations.
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