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Prediction of Supersonic Inlet Unstart Caused
by Freestream Disturbances

David W. Mayer* and Gerald C. Paynter’
Boeing Commercial Airplane Group, Seattle, Washington 98124

The objective of this article is to report progress toward the development of an Euler analysis procedure for
predicting the unstart tolerance of supersonic inlets. As an aid to understanding boundary condition issues, a
one-dimensional, linear-analysis procedure was developed and used to analyze inlet unstart behavior. Using these
results as a guide, an Euler analysis procedure was extended through the addition of a new bleed boundary
condition, a new compressor face boundary condition, and an engine demand model for the simulation of unsteady
inlet flows caused by freestream flow disturbances. Five unstart conditions were identified with the Euler analysis
of the axisymmetric inlet for both 20- and 90-deg throat bleed configurations. Results show that both increases
and decreases in temperature or velocity will unstart the inlet, whereas only pressure decreases will unstart the
inlet. It was also found that 90-deg throat bleed improves the unstart tolerance relative to 20-deg throat bleed for
freestream pressure decreases, temperature increases, and changes in velocity.

Nomenclature
A = cross-sectional area
a = speed of sound
Cp = bleed hole discharge coefficient
E = stagnation energy per unit volume
! =1+ [(y — H/2IM?
G, =[y+D/2M;
J = Jacobian of the coordinate transformation
K, =RyM/(y + DI = [(y = D/(r + D]
K7 = empirical temperature coefficient
M = Mach number
i = mass flow rate
yip = pominal inlet capture flow rate
P = pressure
0 = vector of dependent variables
r = radius
T = temperature
t = time
u = x component of velocity vector
Vo = freestream velocity
v = y component of velocity vector
X,y = Cartesian coordinates
y = ratio of specific heats
o) = density
Subscripts
bleed = at the bleed system
CF = at the compressor face
c = corrected value
lip = at the inlet lip
nom = nominal condition at the compressor face
r = reference quantity
spill = inlet spillage value
T = stagnation value
throat = flow property in the inlet throat

1 = immediately upstream of the normal shock
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iR = nominal shock location
2 = downstream of the normal shock
o0 = freestream quantity

Superscripts

’

after disturbance
dimensional quantity

*

0

Introduction

UPERSONIC aircraft encounter a variety of freestream dis-
turbances while in flight. These disturbances in pressure, tem-
perature, and velocity are continuous, random processes that can
be described by power spectral density functions with root-mean-
squared amplitudes that vary with geographic location and time of
year.! One source of these disturbances is atmospheric turbulence.
When an aircraft encounters atmospheric turbulence, it responds
with transient fluctuation in pitch, yaw, and roll angles. These tran-
sients, together with the fluctuations in the freestream temperature
and pressure, result in disturbances to the stagnation pressure, stag-
nation temperature, Mach number, and angularity of the inlet flow.
If the propulsion system uses a mixed compression inlet to de-
celerate and compress the capture flow for the engine, these dis-
turbances can cause expulsion of the normal shock from the inlet,
also known as inlet unstart. An unstart results in a loss of propulsive
efficiency and can cause an asymmetric pressurization of the wing
that would require large control surface forces to maintain aircraft
control.

The unstart tolerance of an inlet is defined as the magnitude of
the disturbance that can be tolerated by the inlet without an unstart
(without use of the inlet control system). Design features of the inlet
such as the Mach number distribution through the inlet, the throat
Mach number, the normal shock Mach number (i.e., the Mach num-
ber immediately upstream of the normal shock), and the design of
the bleed system in the vicinity of the throat affect the unstart toler-
ance. The tolerance can be increased by increasing the rate of throat
bleed (bleed between the throat and the normal shock), increasing
the throat Mach number, increasing the shock Mach number, and
using bleed holes at high angle to the surface. An increase in the
tolerance usnally reduces the inlet total pressure recovery, increases
the total pressure distortion, and increases the bleed drag.

Sanders® reported the results of an experimental study of a tur-
bojet engine with a mixed compression inlet operating at Mach
2.5 subjected to both internal and external transient airflow distur-
bances. He notes that the inlet designer seeks a suitable compromise
between the conflicting requirements of high inlet performance and
high unstart tolerance.
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In recent years research has been conducted to examine the be-
havior of supersonic inlets when subjected to unsteady transients.*
Boundary conditions for unsteady Euler and Navier—Stokes (ENS)
analyses of inlet flows with either internal or external airflow dis-
turbances are under development.*67-> The purpose of this article
is to report progress toward the development of one-dimensional
and ENS analyses to investigate the effects of freestream pressure,
temperature, and velocity disturbances on the flow through a mixed
compression inlet and inlet unstart. The analysis was used to inves-
tigate how inlet design features affect the unstart tolerance of an
axisymmetric mixed compression inlet at a freestream Mach num-
ber of 2.35. The salient features of the analysis and the results of
the inlet investigation for pressure, temperature, and velocity dis-
turbances are reported in the article.

Approach

The boundary condition problem for ENS simulation of unsteady
inlet flows can be divided into two parts. The first part is numer-
ical: how should boundary conditions be imposed on the solution
of the finite difference equations to achieve given levels of tempo-
ral and spatial accuracy? The second part is the physical modeling
represented by the boundary coudition: what physical model im-
plemented through a boundary condition adequately represents the
flow? For unsteady inlet simulations, the physical modeling prob-
lem has proven more difficult than the numerical problem. Early
attempts'® to analyze the dynamics of supersonic inlets neglected
the role of boundary-layer bleed in stabilizing the normal shock and
modeled the inlet outflow as a convergent-divergent nozzle with a
fixed throat area.

Accurate modeling of the bleed and engine face outflow bound-
aries is key to achieving a successful simulation of an inlet flow
subject to either internal or external flow disturbances. Bleed and
engine face boundary conditions were developed and reported in
Refs. 6 and 7. A quasisteady, one-dimensional analysis of the inlet,
similar to that reported by Barry,? was used to guide the boundary
condition development and to provide insight into how engine face
disturbances and bleed affect the motion of the normal shock. An
equation reported in Ref. 6 illustrates this insight:

d"hccr + d_Pﬂ + d’.’hbleed ('il.bleed) -0 (1

Mecp Pr, Muleed \ MCF
Equation (1) shows that if the engine corrected mass flow decreases
due to a disturbance at the compressor face, this decrease must be
offset by an increase in total pressure downstream of the shock (i.e.,
forward shock transtation) and/or an increase in bleed mass flow. If
the disturbance is large enough, Bq: (1) cannot be satisfied with the
shock downstream of the inlet throat, and an unstart occurs.

With a freestream disturbance, the unstart problem is more com-
plicated since two unstart mechanisms exist. With a freestream tem-
perature increase or velocity decrease, the Mach number through
the supersonic diffuser portion of the inlet is decreased. With the
first unstart mechanism, the disturbance decreases the Mach num-
ber ahead of the inlet throat to a value less than 1, the inlet throat
will no longer pass the capture flow, and the shock is expelled. With
the second unstart mechanism, the Mach number in the throat de-
creases but remains above 1. The disturbance, however, changes the
total pressure and temperature at the compressor face, the engine
demand changes, and the normal shock moves forward to seek a new
match point between the inlet supply flow and the engine demand
flow. The forward shock translation increases the rate of throat bleed
and increases the total pressure downstream of the normal shock. If
the normal shock Mach number becomes less than the throat Mach
number, an unstart will occur.

The approach used to investigate the effects of freestream dis-
turbances on the inlet flow is similar to that taken for the en-
gine face disturbance reported in Ref. 7. First, a quasisteady, one-
dimensional analysis was developed to provide insight into the ef-
fects of a freestream disturbance on the inlet flow. From the one-
dimensional analysis, a model was developed for the response of the

engine to changes in total pressure and total temperature. Using the
bleed boundary condition and an extension to the compressor face

Table 1 Bleed system description

Hole angle
Area, relative to Row or slot
Bleed region Ableed/ Alip surface, deg Rows location, x/ri;p
Cowl 1 0.00473 20 2 3.1950-3.2349
Cowl 2 0.00462 20 2 3.3951-3.4367
Cowl 3 0.00449 20 2 3.5951-3.6349
Cowl 'slot 0.0030 —_— —_— 3.7900-3.8300
Cowl 4 0.00760 20 4 3.8816-3.9425
Centerbody 1 0.0070 20 4 3.4167-3.4775
Centerbody 2 0.0055 20 4 3.6190-3.6670
Centerbody 3 0.0070 20 4 3.8175-3.8775

boundary condition reported in Ref. 7, freestream perturbations of
pressure, temperature, or velocity were imposed and flow solutions
were obtained using an Euler simulation of an axisymmetric mixed
compression inlet at a freestream Mach number of 2.35. These cal-
culations were run in a time-accurate mode, and the results illustrate
the unsteady inlet analysis and the prediction of inlet unstart. The
one-dimensional analysis was used as a guide to selecting perturba-
tion magnitudes and as an aid to interpreting the Euler results.

Supersonic Inlet Configuration

A mixed compression translating centerbody inlet (shown in
Fig. 1) was used to investigate inlet sensitivity to freestream dis-
turbances. A detailed description of the design is in Ref. 11. The
configuration length (measured from the centerbody tip to the com-
pressor face) was 6.3 cowl-lip radii and the centerbody half-angle
was 10.3 deg. The flow conditions are for a freestream Mach number
of 2.35 at an altitude of 60,000 ft.

The bleed system is described in Table 1. A bleed region consisted
of two to four rows of staggered holes with a hole diameter approx-
imately equal to the local boundary-layer displacement thickness
just upstream of the bleed band. The holes were spaced between
2.0 and 2.2 hole diameters in a circumferential direction and were
angled into the inlet flow.

For the ENS analyses the bleed plenum pressures were set to
the freestream static pressure to ensure that all of the bleed regions
were choked. The bleed plenum pressure was assumed to be constant
for this study so that the flow through a bleed region downstream
of the inlet throat remained choked as the normal shock moved
forward over the bleed region. The cowl slot was simulated by a
porous wall section using discharge coefficient data for 20-deg bleed
holes.

One-Dimensional Flow Analysis

The analysis is similar to that reported in Ref. 1. The flow through
the inlet is assumed to be steady at both the initial and final flight con-
ditions (the final flight condition is after the instantaneous change
in pressure, temperature, or velocity). A change in the freestream
causes a change in the Mach number distribution through the throat
region and changes the engine flow rate (engine demand). The
change in engine demand results in an adjustment in the position of
the normal shock until the flow supplied by the inlet is equal to the
engine demand.

The analysis requires two steps:

1) The changes in the throat Mach number and the normal shock
Mach number (i.e., the Mach number immediately upstream of the
normal shock location) are computed as functions of the freestream
pressure, temperature, and velocity disturbance magnitudes.

2) The changes in normal shock Mach number, engine airflow,
and engine face total pressure are computed as functions of the
freestream disturbances, freestream conditions, bleed characteris-
tics, throat conditions, shock conditions, and engine face conditions
for a given inlet geometry.

Differential expressions for the change in total pressure across
the shock, the change in inlet flow at the compressor face as a func-
tion of the shock position, and the linearized change in engine de-
mand form a linear system and can be solved for the change in
Mach number at the shock, the change in engine face total pres-
sure, and the change in airflow to the engine. An unstart will occur



268 MAYER AND PAYNTER: SUPERSONIC INLET UNSTART

Cowl lip

Control volume (1)

Bleed regions

Bleed slot

Fig. 1

if the throat Mach number (with the disturbance) is below 1 or if
the shock Mach number is less than the throat Mach number. The
details of the analysis for the changes in throat and shock Mach
number and the linear analysis procedure are summarized in the
next section.

Computing Changes in the Throat and Nominal Shock Mach Number
For control volume (1) shown in Fig. 1, a steady-state continuity
expression can be written:

Myp = Mgpill + Mpleed + Mihroat

Note that r71);, is the flow rate into the capture stream tube. Differen-
tiating this expression, assuming that the total pressure in the throat
is proportional to the total pressure in the freestream, and assum-
ing that the change in bleed ahead of the throat is negligible with a
change in freestream properties, results in

thhmm _ f (1 - Mgo) dMoo _ dmspi]l (f
Mlhrout e f oc Moo mlip throst

- 3()’ - I)Mliroa!) (2)
where
dM»  dV ldTOO
My Ve 2Tw

Since the Mach number in the throat and in the freestream are as-
sumed to be known, the increase in freestream static pressure, tem-
perature, and velocity are given, and the spillage flow is known
(or can be computed) as a function of the change in freestream
properties, Eq. (2) can be used to compute the change in throat
Mach number that would result from the change in freestream
properties.

The spillage flow for an axisymmetric mixed compression inlet
is estimated assuming that the conical oblique shock generated by
the inlet centerbody is on the lip at the nominal operating condition
(zero spillage on-design). If the freestream disturbance increases
the freestream Mach number, the spillage is zero because the con-
ical oblique shock from the centerbody will impinge on the cowl
inside the lip and all of the flow in the capture stream tube will
pass through the inlet. If the freestream disturbance decreases the
freestream Mach number, the conical shock from the centerbody
moves forward of the lip and some of the flow from the capture
stream tube is deflected outside the lip, and the spillage is greater
than zero. The spillage for a decrease in freestream Mach number

Compressor face

Axisymmetric mixed compression inlet. Upper half shows Mach contours, lower half shows computational grid.
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Fig. 2 Estimated spillage due to an increase in freestream static tem-
perature. Axisymmetric inlet with cone half-angle = 10.3 deg, cruise
Mach number = 2.35,

is estimated by assuming that the streamline between the conical
oblique shock from the centerbody and the lip is a straight line. Ref-
erence 12 is used to approximate the streamline slope just down-
stream of the oblique shock. The estimated spillage for the inlet
example as a function of d7/ T, (a temperature disturbance) is
given in Fig. 2.

An expression similar to Eq. (2) is used to compute the change
in Mach number at the nominal normal shock location (used in
computing the change in Mach number at the shock as the shock
location changes to match the change in engine demand).

Shock Loss Function
The expression for the total pressure ratio across a normal
shock is

Py, /Py = (G, /)Y /K)OD

Differentiating this equation leads to the following equation if the
total pressure immediately upstream of the shock is assumed to be
proportional to the freestream total pressure, and the total pressure
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at the compressor face is assumed to be proportional to the total
pressure downstream of the shock:

dPTc,_yM12 _1, o+
PTCF fi y - DGy
B 4 My _ dP y M2, dM., 3
=Dy +DK | Mi ~ Py  2fn My

Inlet Flow Function
For control volume (2) shown in Fig. 1, the steady-state continuity
equation is

mcr = mlip — Mgpiil — Mbleed

Differentiating this equation results in a differential expression for
the change in inlet flow rate at the compressor face:

drhCF CDz -1 M1 mbleed‘hma[ dMl
mlip CDl AM;R l’i’l]ip M]

_ d’klip _ drhspill CDa -1 dMiR mhleed,hma( (4)
mlip "hlip CDl AMiR mlip
where
AM{R - Mt/hroat M;R
and

dMip = My — M,

Engine Demand Function

The engine demand function is a differential expression for the
change in engine mass flow as a function of the changes in total pres-
sure and temperature at the compressor face. Three engine demand
functions have been developed at the Boeing Company, denoted as
functions 1, 2, and 3 and by Barry.? Implicit in these functions is a
model for the response of the engine over the time interval of an un-
start (approximately 50 ms) induced by a flow disturbance. Engine
demand functions 1, 2, and 3 are thought to represent the current
understanding of the engine response and are considered here.

Function 1 was developed from the assumption that the rotational
speed of the engine remains constant through a disturbance because
of rotational inertia. This assumption is supported by the Sanders®
experiment. If the rotational speed is constant, then the volumetric
flow rate through the engine is approximately constant. The differ-
ential expression for the engine demand is

d’i’l(;p l’}"lcp dPTCF

Miip myp Prop
e Mee =2)[ e LS 50
mlip zfoo Too

Engine demand function 2 was developed from an engine simula-
tion. The differential expression for the engine demand is

diilc,c _ 0 933m(;1- dPTCF
mlip myip PTcF
reE i , dVy  dTy,
=—-18—F— - DM — + —— 5b
I l:( ) Vo + ™ (5b)

Engine demand function 3 was developed from a linearization of
a compressor map (the following equation is an approximation of
function 3 valid at 100% design speed):

dmcp I’I"lcp dPTCF

l’i’llip Ih]ip PTCF
I’i’lc[:/l’hlip 2 dVoo dToo
=" - M2 4= 5¢c
Joo [( ) V Two )

Solving for My, rizcr, and P,
The inlet flow function, shock loss function, and engine demand
function are differential expressions that can be solved for the change

in normal shock Mach number, the change in engine face stagnation
pressure, and the change in airflow to the engine. That is, Eqs. (3-
S) form a linear system of equations that can be solved for the
unknowns,

driicr dPr., dMm,

>

mcr Pr.,’ M,
N
Rewriting Egs. (3—5) in matrix notation,
dPr., dM,

F
ap — +ap ap3—— =>b
11 g 12 Pros 13 M, 1
dricp dPr., dM,
az —; +a +ay——=0>b
21 ip 22 P, 23 M, 2
dmcr dPr.,. dM,
as;— +a +ay;3——=b
31 m“p 32 PTCF 33 Ml 3

Using Cramer’s rule to solve for the unknowns,

dmcr _ anbs + ansbiazy — biapaxn

e (©)
Miip |A|
dPTCF - a23b1 + al3b3 — byaz (7)
Pr.; |A]
Ay _ by +anb, b ©
M, |A]
where
|Al = a3 + apzas;
ay=ap=ay3 =0
ap =ay =az =1
a; = _ny i (V + 1) 4
fi (y -G (¥ - Dy + DK,
axy = CD2 — .ﬂ_ mblee‘ilhmat
: CDl AM{R mlip
with
mcr
az = ———
mhp

for engine demand functions 1 and 3, and

az, = —0. 933’%5
lip

for engine demand function 2. The terms for the right-hand side are
as follows:

dPoo M2 dM
b[ = -
foo
dr,  dmgin (CDZ ) dM |, Mibieed o
bh=——7—+ 1)
Miip Myip Cp, AM,

with
e (Mép —2 dV,, dT
py = ther (Mer =2) ){ ML SR 4 O
mlip 2f°o V Too
for engine demand function 1,
mcr /Mip , AV dT
by =—-18—— - DM,
? foo [( WMoy T,
for engine demand function 2, and
by = _mcpf/mup [( — e e

for engine demand function 3.

dVoo T
Vo | T



270 MAYER AND PAYNTER: SUPERSONIC INLET UNSTART

One-Dimensional Results

The one-dimensional analysis procedure for freestream distur-
bances was applied to the axisymmetric mixed compression inlet,
Fig. 1, at a nominal freestream Mach number of 2.35. A total inlet
bleed rate of 4% and a throat bleed rate equal to 2% of the inlet cap-
ture flow were assumed with the throat bleed uniformly distributed
between the throat and the normal shock. A throat Mach number
of 1.25, a shock Mach number of 1.3 and a compressor face Mach
number of 0.42 were also assumed. Only a single throat bleed con-
figuration was considered in the present work. For a throat bleed
configuration with 90-deg bleed holes, the throat bleed was assumed
to be choked, with the ratio of the discharge coefficient downstream
of the normal shock to that upstream of the shock equal to 2.0.

Freestream Static Pressure Perturbation

A 10% increase and a 10% decrease in static pressure were €x-
amined for all three engine demand functions. Within the range of
static pressure variation investigated, no inlet unstart was predicted.

Freestream Static Temperature Perturbation

For a freestream change in static temperature, predicted throat
and shock Mach number results are plotted as a function of the nor-
malized temperature change in Fig. 3. A 4.5% temperature increase
was predicted to cause an inlet unstart with engine demand functions
1 and 3, and a 3% increase was predicted to cause an unstart with
engine demand function 2. A 12% decrease in freestream static tem-

1.8
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b Onetart because
nstar .
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Fig. 3 Predicted change in freestream temperature for inlet unstart.
Cruise Mach number = 2.35, cone half-angle = 10.3 deg.
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Fig.4 Predicted change in freestream velocity for inlet unstart. Cruise
Mach number = 2.35, cone half-angle = 10.3 deg.

perature was predicted to cause an unstart with all three engine de-
mand functions. For both an increase and a decrease in temperature,
an unstart occurs because the Mach number at the shock required
to satisfy the engine demand is less than the throat Mach number.

Freestream Velocity Perturbation

Predicted throat and shock Mach number results are plotted as
a function of the normalized velocity change in Fig. 4. Note that
unstart with a 5% velocity decrease occurs because the throat Mach
number falls below 1. A 4% increase in freestream velocity with
engine demand function 2 and a 6% increase in freestream velocity
with engine demand functions 1 and 3 were predicted to cause an
unstart because the throat Mach number was less than the shock
Mach number.

ENS Flow Solver

The inlet flowfield calculations were performed with the PARC
computer code distributed by the U.S. Air Force."” Detailed de-
scriptions of the code are provided in Ref. 13, and only a brief
summary of the significant features of the code are presented here.
The PARC code is a general purpose flow analysis program based
on the ARC code developed at NASA Ames. The code shares many
of the features of the original ARC code and has been extensively
enhanced for internal flows and for use in an applications-oriented
environment.

The basis of the algorithm are the Reynolds-averaged Navier—
Stokes equations for a Newtonian fluid that obeys the Fourier heat
conduction law. These equations form a system of partial differential
equations (i.e., continuity, momentum, and energy equations). The
equations are cast in nondimensional conservation law form and
then transformed into a general curvilinear coordinate system. The
resulting vector of dependent variables is represented by

where the nondimensional variables are defined by

e=0"/e;
u=ufa’
v=v"/a;

E=E"[(0a?)

and the nondimensional distances, pressures, and temperatures are
defined by

x=x"/x}
P =P [(oia?) = P*/(y P)

T =TT’

Central differences are used to cast the resulting system of equa-
tions into finite difference form. The equations are solved using the
approximate factorization scheme developed by Beam and Warm-
ing, including the diagonalized implicit matrices developed by Pul-
liam. An alternate flow solver based on the multistage Runge-Kutta
method is provided for accurate calculations of time-dependent
flows. Implicit residual smoothing may be used to increase the time
step size at the expense of reduced temporal accuracy.

Using PARC, complex geometries can be analyzed with relative
ease due to the multiblock grid capability and the ability to easily
specify boundary conditions on the interior as well as the boundaries
of the grid blocks. Inviscid, laminar, and turbulent flows can be
simulated for two-dimensional, axisymmetric, or three-dimensional
geometries.
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Freestream Disturbance Relationships

To facilitate the setting of PARC boundary condition values, re-
lationships between the Mach number, stagnation flow conditions,
and the change in static flow conditions have been derived. The next
three subsections summarize the derivation of these relationships.

Freestream Mach Number

An expression that relates the freestream Mach number following
a disturbance to the nominal freestream Mach number before the
disturbance can be derived from the definition of the Mach number

dM dv 1dT
M~V 2T
Equation (9) is used to define the freestream Mach number following

a disturbance as a function of the change in freestream temperature
and velocity

©)

M AY, 1 AT,
o % % (10
M, Voo 2 To

Freestream Stagnation Temperature

Similarly, an expression that relates the freestream stagnation
temperature following a disturbance to the nominal freestream stag-
nation temperature before the disturbance can be derived from the
relationship between the stagnation and static temperature. From

it can be shown that

a7y (v — HMdM dr
T 1+ [y — 1)/2IM? T an

Substituting Eq. (9) and collecting terms yields
dTr (y —DHM*  dV 1 dT

Tr  1+ly—-D/2IM* V {14y — )/2IM?) T
(12)

Equation (12) is used to define the freestream stagnation temperature
following a disturbance as a function of the change in freestream
temperature and velocity

Ty, (y — M%) AVy

Tr, 140y —1/2IM2 Ve

n 1 AT,
{141y —D/21MZ} T

+1 13)

Freestream Stagnation Pressure

Similarly, an expression that relates the freestream stagnation
pressure following a disturbance to the nominal freestream stagna-
tion pressure before the disturbance can be derived from the rela-
tionship between the stagnation and static pressure. From

Y

PT }/—1 27:—1
Lo+ M
P <+ 2

it can be shown that

dPr yMdM dp
TR T VERETY Ty (14)
Pr 14y —1/21M P

Substituting Eq. (9) and collecting terms yields
dP; y M? (dV 1dT> dp

Pr 1+[(y - H/2IM?

v 27 )T as

P

Equation (15) is used to define the freestream stagnation pressure
following a disturbance as a function of the change in freestream
pressure, temperature, and velocity

P} M AV 1AT.Y. AP
o= = T —> 2 )+ =241 (16)
Pr, 1+[y—-D/2IML\ Vo 2 T» Py

Bleed Boundary Condition

The bleed regions were modeled using the bleed boundary condi-
tion developed in Ref. 7. This boundary condition treats each bleed
region like a porous wall extending from the front edge of the bleed
band to the aft edge. The flow velocity normal to the wall is computed
based on the local flow properties, the total bleed hole area, and a dis-
charge coefficient function. The boundary condition is applicable to
both steady-state and time-accurate calculations, as well as for invis-
cid and viscous calculations (i.e., Euler and Navier-Stokes). Since
the discharge coefficient of the bleed holes changes, depending on
whether the local flow is supersonic or subsonic (i.e., upstream or
downstream of the throat normal shock), the bleed boundary condi-
tion affects the normal shock motion and the predicted inlet stability.

There is some uncertainty in using this boundary condition for
flows with fast transients since the discharge coefficient data are
based on empirical data for steady flow. However, the bleed bound-
ary condition is more applicable than the more typical fixed mass-
flux bleed boundary condition.

Compressor Face Boundary Condition

Typically, either constant mass flow or constant static pressure
are imposed as boundary conditions for subsonic outflow from a
fluid dynamic analysis. Based on an engine simulation, it has been
shown that at the compressor face, constant volumetric flow is a
good approximate description of the effect of the engine on the inlet
flow during a short duration disturbance.® Constant volumetric flow
is also qualitatively consistent with results from the Sanders? exper-
iment. These results suggest that it is inappropriate to use constant
mass flow or constant static pressure as boundary conditions at the
compressor face. Therefore, the compressor face boundary condi-
tion developed in Ref. 7 was extended to impose constant volumetric
flow at the compressor face boundary.

Starting with Eq. (5a), rewriting in terms of the compressor face
stagnation temperature using Eq. (12), and assuming that Ty, =
Tr,, (before a disturbance) yields

dlhcp _ M(ZJF _1 dTTCF n dPTCF
ﬂlCF 2

TTCF P Tcr

Rewriting in terms of the corrected flow rate and defining Ky =
(M2, — 1)/2] yields

dfhcc.r =Kr dTTCF

Mecrp TTCF
Note that the corrected flow rate is not affected by changes in the
stagnation pressure. This equation is then rewritten to yield the cor-

rected flow rate at the compressor face due to a change in the stag-
nation temperature

r

AcrPr,

Meepr/ T,

M, -
; n(;m F+D/2—D) (Kr TC’T Tﬂom+l>
[+ —1/21M2,) -

where 77, and Py, are reference conditions (typically sea-level static
conditions).

There is some uncertainty involved in using this boundary condi-
tion for flows with fast transients since the engine demand function
is based on a linearized one-dimensional analysis for steady flow
immediately before and after the transient. The boundary condi-
tion is qualitatively consistent with the available experimental data,
however, and should be more appropriate than constant pressure or
constant mass flow at the compressor face.

Euler Analysis Results
The effect of instantaneous freestream disturbances has been
demonstrated for the axisymmetric mixed compression inlet shown
in Fig. 1. The inlet lines were lofted using the CATIA' computer-
aided design system to define boundaries for the computational fluid
dynamics (CFD) grid. The computational grid was generated using
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the GRIDGEN2D' grid generation program. The axisymmetric cal-
culation was performed using three grid blocks with a total of 5975
grid points. A mesh sensitivity study was not performed; however,
based on experience with the code, the grid used for the demonstra-
tion calculations is thought to be adequate to define the correct shock
jump condition. Grid density does influence the solution accuracy
and must be considered when performing design analyses.

Euler calculations were used instead of Navier—Stokes calcula-
tions since fewer grid points are necessary and larger time steps are
allowed, resulting in less computer time and smaller memory re-
quirements. Euler calculations should provide useful initial design
information because the presence of the boundary layer is thought
to have only a second-order effect on inlet unstart, provided separa-

]
apP., EZ?’W 20° bleed holes

90° bleed holes
HED R E D BE

1l

T T T T T T

-30 ~-20 -10 0 10 20 30
Percent Change Before Inlet Unstart

Fig. 5 Instantaneous freestream disturbances that will not cause the
inlet to unstart. Cruise conditions: M, = 2.35 at 60,000 ft. Note: a limit
does not exist for positive pressure disturbances.

tion does not exist. The Euler results must be tested against Navier—
Stokes and experimental results to determine the validity of using
Euler analyses to investigate the effects of freestream disturbances.

Two throat bleed configurations were devised to study the effect
of instantaneous freestream disturbances. For the first configuration
the bleed hole angle for all bleed bands (including the cowl slot)
was assumed to be 20 deg (refer to Table 1). For the second configu-
ration the bleed hole angle for all bleed bands was assumed to be 20
deg except for the cowl slot, cowl 4, and centerbody 3, which were
assumed to have 90-deg bleed hole angles. For the second config-
uration the hole areas for the cowl slot, cowl 4, and centerbody 3
were adjusted so that the bleed rate through these regions matched
the values obtained with 20-deg bleed hole angles when the shock
was aft of all bleed bands.

Both configurations were run initially for a nominal freestream
Mach number of 2.35 at an altitude of 60,000 ft, which cor-
responds to the following temperature and pressure conditions:
Py = 1.04861 Ibf/in.?, P, = 14.1787 Ibf/in.?, Too = 390°R, and
Tr,, = 820.755°R.

The compressor face Mach number was fixed at 0.4175, and the
calculation was run until a steady-state solution was achieved with
the throat normal shock just downstream of the throat bleed re-
gions. This steady-state result was used as an initial condition for
the freestream disturbance calculations. Mach number contours for
this steady-state result are shown in Fig. 1.

Next the compressor face function was used with the nominal
Mach number and stagnation temperature from the initial condi-
tion calculation (i.e., Mpom = 0.4175 and Ty, = 820.755°R).
An instantaneous change in the freestream pressure, temperature,
or velocity was imposed, and the calculation was run in a time-
accurate mode until either the normal shock stabilized in the throat
or the inlet unstarted. Using this procedure, the freestream pressure,
temperature, or velocity disturbances that would cause the inlet to
unstart were found (to the nearest 0.5%). The results from these
analyses are summarized in Fig. S.

Pressure, temperature, and velocity disturbances in the atmo-
sphere are related, as noted in the Introduction. Treating distur-

_ .~~~ Nominal Cruise Condition

« Too = 390° R

w0

«_i1=10.000 seconds

Compressor Face

--¢
. NO unstart at A7, = 11.7° R

e ¢ = 0.040 seconds

0.0 0.5

Fig. 6 Freestream temperature disturbance with 20-deg throat bleed.
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Fig.7 Throat region Mach profiles along inlet centerline and inlet walls.

bances in these quantities as independent is useful for illustrating
the analysis procedure and providing insight but may not be phys-
ically meaningful. For example, when an independent change in
static pressure is specified at the inflow boundary of the Euler cal-
culation, a change in the freestream velocity (and Mach number) is
induced due to the coupling between velocity and pressure that is
inherent in the Euler equations.

Changes in freestream temperature are probably the most likely
cause of an inlet unstart. Examination of Fig. 5 indicates that an
increase in freestream temperature is more likely to cause an inlet
unstart than a decrease in freestream temperature. For this reason
only the results for instantaneous freestream temperature increases
are discussed in detail in the following two subsections. The resuits
due to changes in freestream pressure and velocity are similar.

Freestream Temperature Disturbance with 20-deg Throat Bleed

These calculations were run with a fixed time step size of
5.54 - 1073 s and a maximum Courant number of approximately 5.
For this case the inlet remained started for freestream temperature
increases of up to 11.7°R (i.e., AT/ To, = 3%). For temperature
increases of 12.7°R or greater the inlet unstarted as shown in Fig. 6.

The Mach number profiles along the inlet centerline and along
both walls are shown in Fig. 7 for ATy, = 11.7°R. The calcula-
tion required 730 time steps to translate the shock forward to the
new steady-state condition. The elapsed time for this transient was
4.04-107%s.

The residual smoothing option was used to allow calculation at a
Courant number of 5. Earlier comparisons with calculations using a

smaller Courant number of 0.5 and without residual smoothing did
not reveal discernible differences in the steady-state results.” With
a Courant number of 0.5 the elapsed time for the shock transient
was reduced by about 20%, however. Since large Courant numbers
result in significantly reduced run times and reduced computer costs,
a Courant number of 5 was used for all of the calculations reported
in this article. The results are not time accurate due to the size of
the Courant number.

Freestream Temperature Disturbance with 90-deg Throat Bleed

For this case the bleed system was nearly the same as for case 1
except that the cowl slot, cowl 4, and centerbody 3 were modeled
using 90-deg bleed holes. The flowfield for this configuration was
computed to illustrate the effect of the bleed configuration on the
inlet tolerance to freestream temperature disturbances. To keep the
same initial bleed rate as for case 1, the bleed hole areas for the cowl
slot, cowl 4, and centerbody 3 were increased. This increase in bleed
hole area was necessary to account for the decrease in the discharge
coefficient. The initial condition was the same as for case 1.

The calculation was run with the same time step size and Courant
number as case 1. For this case the inlet remained started for
freestream temperature increases of up to 18.2°R (i.e., AT/ T =
4.7%). For temperature increases of 19.2°R or greater, the inlet un-
started as shown in Fig. 8.

The Mach number profiles along the inlet centerline and along
both walls are shown in Fig. 7 for AT, = 18.2°R. The calcula-
tion required 550 time steps to translate the shock forward to the
new steady-state condition. The elapsed time for this transient was
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Fig. 8 Freestream temperature disturbance with 90-deg throat bleed.

3.05 - 1072 s (as noted earlier the calculation was run in a time-
accurate mode, but the results are not time-accurate due to the size
of the maximum Courant number).

Note that a much larger freestream disturbance is tolerated by the
inlet with 90-deg throat bleed holes before the inlet unstarts. This
indicates that using 90-deg bleed holes leads to an extra margin of
stability for the inlet.

Comparison of One-Dimensional and Euler Results

Although qualitative comparisons between the one-dimensional
linear analysis and Euler results are possible, direct quantitative
comparisons are difficult because different assumptions are made in
each analysis.

1) The Euler simulations neglect the boundary-layer blockage
(but do include a bleed model that accounts for the change in dis-
charge coefficient as the normal shock moves forward over a bleed
band and gives the correct bleed mass flow at a given inlet station).
This implies that the PARC predictions of Mach number in the throat
and just upstream of the normal shock are slightly too high. Because
the throat and shock Mach numbers are specified as input to the one-
dimensional analysis, the blockage effect can be accounted for in
the simulation.

2) The bleed zones are treated differently in the one-dimensional
and the Euler analyses. In the one-dimensional analysis the bleed
zone is assumed uniform through the throat region. The Euler anal-
ysis includes discrete bleed bands.

3) The flow in the throat is not one dimensional, and it’s diffi-
cult to determine exactly where the throat is in a PARC simula-
tion (or in a real inlet for that matter). This isn’t a problem with
PARC, but it is a problem with the one-dimensional analysis. A
one-dimensional Mach number could be computed using PARC
output data for the mass flow, area, average stagnation pressure, and
the average stagnation temperature at an inlet cross section, but it’s
probably more trouble than it’s worth.

4) It is difficult to determine the exact cause of an unstart from
the PARC results. An unstart because the Mach number falls below

1 in the throat looks almost exactly like an unstart because the
shock Mach number falls below the throat Mach number. The one-
dimensional analysis has proven useful in interpreting the PARC
results.

5) The one-dimensional analysis allows pressure, velocity, and
temperature disturbances to be treated in isolation even though real
disturbances will occur simultaneously. Specifying just a freestream
pressure perturbation at the inflow boundary with PARC results in
an induced velocity change. This velocity change results from the
coupling between pressure and velocity in the Euler equations.

Conclusions and Recommendations

A linear-analysis procedure was developed from one-dimensional
flow theory to predict the changes in throat Mach number and the
normal shock Mach number caused by step changes in freestream
static pressure, static temperature, and velocity. The analysis can be
used to predict the inlet unstart that will occur if the shock Mach
number falls below the throat Mach number or if the throat Mach
number falls below 1. For a representative axisymmetric inlet, the
analysis was used to predict the magnitude of the freestream static
pressure, static temperature, and velocity perturbations required to
induce an unstart. Unstart was not predicted with either a 10% in-
crease or decrease in freestream static pressure. Unstart was pre-
dicted with both a temperature increase and decrease because the
predicted normal shock Mach number was below the throat Mach
number. Unstart was predicted with a velocity decrease because
the throat Mach number fell below 1, and with a velocity increase
because the predicted normal shock Mach number was below the
throat Mach number.

An Euler analysis procedure has been developed through the ad-
dition of a new bleed boundary condition, a new compressor face
boundary condition, and an engine demand model for the simula-
tion of unsteady inlet flows caused by freestream flow disturbances.
These procedures are an extension of the analysis for the unsteady
flow resulting from a disturbance at the compressor face. The anal-
ysis is useful for the prediction of the unstart tolerance of an inlet
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flow resulting from a disturbance at the compressor face. The anal-
ysis is useful for the prediction of the unstart tolerance of an inlet
and the influence of inlet design and flow features on the unstart
tolerance.

For each throat bleed configuration five unstart conditions were
identified (as shown in Fig. 5). Both increases and decreases in tem-
perature or velocity will unstart the inlet, whereas only pressure
decreases will unstart the inlet (a freestream pressure disturbance
induced a freestream velocity disturbance). It was also found that
90-deg throat bleed improves the unstart tolerance to velocity dis-
turbances relative to 20-deg throat bleed. The 90-deg throat bleed
did not improve the unstart tolerance to decreases in freestream
temperature but did improve the unstart tolerance to freestream
pressure decreases, temperature increases, and changes in
velocity.

The freestream disturbances due to pressure increases, tempera-
ture decreases and velocity increases caused the throat normal shock
to translate well into the subsonic diffuser portion of the inlet. Since
this translation causes the normal shock strength to increase, the
normal-shock/boundary-layer interaction can cause the boundary
layer to separate when the shock is strong enough. Since Euler cal-
culations do not include viscous effects, the potential for boundary
layer separation and inlet unstart due to the separation were not
investigated.

In actual practice the inlet will not experience instantaneous
freestream disturbances, but it will experience more gradual changes
in pressure, temperature, and velocity with time. The results pre-
sented, therefore, are qualitative illustrations of the tolerance of the
inlet to freestream disturbances. For more gradual disturbances the
inlet control system can increase the stability margin if it reacts
quickly enough.

Future work should focus on the following tasks:

1) Extend the freestream boundary condition to represent temper-
ature, pressure, and velocity gradients with time (the current PARC
boundary condition only allows instantaneous changes to be repre-
sented).

2) Validate the solution accuracy.

3) Simulate the inlet flow with a maximum Courant number be-
low 1 to examine the temporal response of the normal shock to
freestream and engine disturbances.

4) Extend the bleed boundary condition to account for the tem-
poral response of the bleed plenum pressure to changing bleed flow
rates.

S) Validate the use of Euler calculations for unsteady inlet
analyses.

6) Run viscous calculations to include throat blockage effects
(which affect the throat Mach number distribution, normal shock
strength, and normal shock translation), to improve the accuracy of
bleed flow rate calculations, and to investigate inlet unstart caused
by boundary-layer separation.

7) Define the relationship between freestream pressure, temper-
ature, and velocity disturbances based on an atmospheric model
similar to the atmospheric disturbance environment definition pro-
vided in Ref. 1.

8) The linear analysis results suggest that the engine demand func-
tion has a strong effect on the magnitude of the disturbance predicted
to cause an unstart. To date, Euler simulations have been completed
with only the constant volumetric engine demand function (function
1). Engine demand functions 2 and 3 should be evaluated with PARC
to see if trends similar to those obtained with the linear analysis are
predicted.
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