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ABSTRACT

A one~-dimensional mathematical dynariic simulation model for predicting the
transient behavior of air induction systems for advanced tactical aircraft operating in
the supe csonic portion of the flight spectrum is discussed. As a part of the simula-
tion model, control system logic is included to provide control system design criteria
necessary to maintain air induction system response to selected input disturbances
within prescribed limits. The model is applicable to both external and mixed com-
pression inlets operating at supersonic conditions. The '"lumped parameter" conccpt
is used in simulating the dynamic response of the subsonic duct downstream of the
terminal shock, with the duct divided into three lumps. CDC 6600 digital computer
programs have been generated for each of three sub-models (i.e., Standard, Buzz,
and Hammershock models). Numerous sample simulation runs are presented and
discussed in detail. Limited comparisons of simulation resuits to available test daia

show good agreement.
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Effective flow area upstream of NS for subcritical mode (X < Xc)
or duct area upstream of NS for critical/supercritical mode ;
(X = X ) during Buzz (Model 2), (in%)

Separated boundary layer thickness during Buzz (Model 2),
. 2

(in%)

Throat area blockage during Buzz (Model 2), (in2)

Speed of sound, (fps)

Coefficients used in lumped volume temperature and pressure
rate equations (see Appendix I for definition)

Constant pressure spec’” - heat, (1% g;{)

Total energy of fluid, (ft. lb)

Internal energy per unit mass, (j-tl—tl;b)
W\/TT
Flow function,
APT

Gravitational acceleration, ( 32.2 ——ﬂ'-z—)
sec

Control signal gain
Altitude, (ft)

Enthalpy, (.%_)lﬂ)

Perpendicular distance between cowl and final inlet ramp, (in)

Dynamic impedance constnts used in the W8
calculation (see Appendix II)
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Air Mass, (lb)
Engine fan speed, (% rpm)
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Temperature, (°R)
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Flow term associated with the motion of norma! shock in the

tflow field. Negative when X is positive and vice versa.
Normal shock location, (in); Distance from inlet !ecading edge (in)

Normal shock velocity, positive for downstream NS travel,

negative for upstream NS travel

Coefficient used in lumped voiume temperature and pressure

rate equations (see Appendix I for definition)
angle of attack

2D inlet first ramp angle. Fixed at 10°

2D inlet second ramp angle

angle of sideslip

TT2/518. 69
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Ratio of specific heats. Assumed equal to 1.4

Density, (lbs/ ft3)
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Total bleed

Ramp bleed

Bypass properties

Maximum inlet capture properties

Engine corrected properties

Cowl station

Effective conditions at the throat during Buzz (Model 2)
Forward flow properties

Initial conditions

Flow properties behind the first inlet oblique shock
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SECTION 1

INTRODU CTION

The basic requirement for any air induction system is to provide the engine with
air =t high pressure recovery and low pressure distortion at all flight conditions. The
increased mission requirements for future highly maneuverable advanced supersonic
tactical aircraft have made the task of designing air induction systems for these air~
craft extremely complex. In addition to the steady state requirements for high effi-
ciency at subsonic and supersonic cruise Mach numbers, the air induction systems for
these aircraft must be designed to provide stable operation of the propulsion system
during transient conditions resulting from rapid changes in engine thrust, flight alti-
tude, and aircraft attitude during transonic and supersonic maneuvering. Thus, pre-
diction of the transient response of air induction systems to externally or internally
generated disturbances whose combined rates and amplitudes lead to non-equilibrium
flow phenomena is highly desirable during preliminary design in order to provide

early assessment of potential problems affecting propulsion system stability.

Reported herein is a one~dimensional mathematical dynamic simulation model
for predicting the transient behavior of air induction systems for advanced tactical
aircraft operating in the supersonic portion of the flight spectrum. As a part of the
simulation model, control system logic is included to provide control system design
criteria necessary to maintain air induction system response to selected input dis-
turbances within prescribed limits. The model is applicable to both external and
mixed compression inlets operating at supersonic conditions. The "lumped parame-
ter' concept is used in simulating the dynamic response of the subsonic duct down-
stream of the terminal shock, with the duct divided into three lumps. The total
dynamic simulation model consists of three sub-models designated as follows:

Model 1 - Standard Model
Model 2 - Buzz Model

Model 3 — Hammershock Model




——

The decks for these models were initially developed on Northrop's IBM 360 computer
using IBM ''Continuous Systems Modeling Program' (CSMP) language and hz;vé subge~
quently been converted to a similar language from CDC called "Contiruous Systems
Simulation Language (CSSL J)'" for use on the Air Force CDC 6600 system. A user's
manual is available (Reference 1) for the CDC 6600 (CSSl. 3) version of the dynamic
simulation program. It describes the decks in detail and discusses the procedure for

operating them.

The results presented herein begin with a brief review of input transients likely
to be encountered by advanced tactical aircraft. Following this is a detailed descrip~
tion of the theoretical approach used in developing the simulation models, with sep-
arate derivations of key equations given in the appendices. Next, numerous sample
simulation runs are presented and discussed in detail. Finally, hammershock simu-
lation results are compared with available test data.




SECTION 11

AIR INDUCTION SYSTEM TRANSIENTS

Transient disturbances contributing to propulsion system instability have been
well documented by various sources (e.g., iteferences 2 and 3). These disturbances

may be generally categorized as follows:

1. External Disturbances — Transient disturbances originating external to the
propulsion system such as wind gusts, clear air turbulence, passing air~
craft wakes, aircraft maneuvering, hot gas ingestion due to inissile and gun

firing, etc.

2. Internal Disturbances — Transient disturbances that originate within the
propulsion system such as sudden changes in engine airflow demand caused
by throttie burst or chop, afterburner light-off or hlowout, engine stall,

etc.

The range in rates and amplitudes of input disturbances likely to be encountered
by advanced tactical aircraft is wide. Of interest with respect to air induction
dynamic simulation are those transients whose combined rates and amplitudes are
sufficiently high to cause significant deviation in the instantaneous thermodynamic
properties within the air induction system from the quasi-steady state properties
associated with slower transients. For example, a typical engine throttle burst
occurring over a period of a few ceconds, while seemingly being a "transient" situa-
tion, is in fact essentially a quasi-steady state process with respect to the response
of the air induction system. That is, at each instant in time during such a transient,
the airflow within the induction system is in equilibrium with respect to the instantane-

ous engine demand.

On the other hand, more rapid input disturbances (some examples of which are
shown in Figure 1) can cause significant deviations in the thermodynamic properties
within the air induction system from steady state conditions. The magnitude of devi-
ation from steady state is also a function of the length/volume characteristics of the

air induction system. For these cases, non-equilibrium effects occur due to the

’
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inertial and capacitance characteristics of air within the induction system. The result
is an instantaneous imbalance of airflows and pressures within the duct over the dura-
tion of the input disturbance. This can lead to propulsion system instability due to
exposure of the engine compressor face to rapid rates of pressure rise and decay
and/or adverse instantaneous pressure distortion and turbulence patterns. It can also
lead to excessive pressure levels within the duct (e.g., rapid cut-off of engine airflow
can result in instantaneous duct pressure levels in excess of freestream stagnation

pressure).

(1]
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SECTION Ii1

SIMULATION MODELS —~ THEORETICAL APPROACH

Dynamic mathematical models are currently available which simulate air induc-
tion system response to given input transients using various calculation approaches in
modeling the portion of the subsonic duct downstream of the normal shock (NS).
Reference 4 uses a Helmholtz resonator spring-mass concept when calculating condi-
tions within the subsonic duct. Reference § uses the artificial viscosity technique in
calculating ihe effect of large amplitude transients (i.e., compressor surge). Wasser-
hauer and Willoh (Reference 6) use a linearized small perturbation method to predict
inlet response, while Marvin (Reference 2) uses the 'lumped parameter' concept in
simulating air induction system response to various typical transients.

After a thorough technical review of the various available models and an assess-
ment of their suitability for achieving the objectives of Contract F33615-69-C~1699,
"Supersonic Inlet Investigation, ' the 'lumped parameter' concept developed in Refer-
ence 2 was selected, based on the merits of its thermodynamic formulation, and also
because the range of models developed and the types of air induction systems simu-
lated were the mwost suitable for achieving the contract objectives. This concept
(which is explained in detail in this section) divides the subsonic duct into a number of
lumped volumes. Models that treat the whole subsonic duct as a single lumped volume
may be sufficiently accurate for fairly short air induction systems (podded or wing
mounted turbofan installations), but their accuracy deteriorates for inlets which are
long with respect to their equivalent flow diameters (fuselage integrated air induction
sysiems typical of advanced tactical aircraft). For relatively long air induction sys-
tems, it becomes necegsary to divide the subsonic duct into more than one lumped
volume. Although simulation accuracy increases with increasing number of volume
lumps used, practical considerations (computer storage and run time) limit the num-
ber to three or four, All the models reported herein divide the subsonic duct volume
into three initially equal volumes.




This section outlines the theory and equations for three models, all based on the
"lumped parameter’ concept for the subsonic duct downstream of the NS. Each model
treats both mixed and external compression air induction systems at supersonic
speeds. The three models are:

Model 1 — Three Lump Standard Model
Model 2 —~ Three Lump Buzz Model

Model 3 — Three Lump Hammershock Model

The 2D mixed compression (2DM) air induction system is used to illustrate
Model 1, while the 2D external compression (2DE) air induction system is used to
illustrate Models 2 and 3. Since only one air induction system is used to illustrate
each model in detail, any key differences in the basic model after it has been adapted
to the other air induction system are also described. Each theoretical niodel is
divided into three segments — Input Data, Initial Conditions, and Dynamic Calculations.
The Input Data segment supplies the others with all the information regarding inlet
steady state operating conditions, inlet geometry and the engine inputs to the air
induction system. The Initial Conditions segment calculates the steady state air induc-
tion system performance in order to supply the Dynamic segment with initial values of
key simulation parameters which are required before the dynamic calculations can be
initiated. The complete dynamic problem, including the response of the relevant con-
trol parametexrs to any input transient, is solved in the Dynamic segment. Block
diagrams containing the structural statements required for each model are included.

A detailed discussion of the lumped parameter concept and the theoretical approach
used in formulating each model follows.

'LUMPED PARAMETER!' CONCEPT

The application of this concept to the thermodynamic system can be explained
with the help of an analogous electrical network with lumped parameters, The ther-
modynamic system and the corresponding electrical analogy are shown in Figure 2.
Inertia (dynamic) and friction (steady state) forces, which are analogous to inductance
and resistance in the electrical system, are 'lumped' and inserted between 'lumped
volumes' with stored mass and energy, the latter being analogous to capacitance in
the electrical circuit.




Thermodynamic System

Inertia (dynamic) and friction
(steady state) forces 'lumped'
between energy/mass storage
elements.

i

®, T, W)Input (P, T, w)Output

=TT

i

Electrical Analogy

;. Inductance (dynamic) and
resistance (steady state)
between energy storage
elements.

Input —tee —tn s Output
VOltage ——— n—— —— VOItage

Energy Storage

Figure 2, Electrical Analogy for 'Lumped Parameter'
Thermodynamic System




The thermodynamic lumped parameter concept, as applied to supersonic air
induction systems, is shown in Figure 3, using the 2DM inlet. The subsonic duct is
first divided i;lto three initially equal volumes, V016, Vollz, and Vollg. The total
pressures and iemperatures within each of these volumes, during the simulation, are
calculated using the equation of state in conjunction with the unsteady continuity and
energy equations. Detailed derivation of the total pressure and temperature rate
equations is presented in Appendix I. The volume of the first lump (Volﬁ) changes
with the movement of its upstream boundary (represented by the NS) under the influ-
ence of a transient. Boundaries of the remaining two volumes (Vol12 and V0118) are
fixed. The model is limited to cases where the NS does not cross the fixed bound-
aries, since this situation could only arise when the bypass control malfunctions
during an extremely severe transient, a rather unlikely occurrence for the cases of

interest.

To calculate rate of change of flow rate (V'V8 and V'V1 4) at each of the two fixed
boundaries, the subsonic duct is divided into two halves, each half containing a fixed
boundary (Stations 8 and 14). The rate of change of flow rates at these boundaries are
then determined by calculating the rate of change of momentum of each volume half
due to the instantaneous net imbalanced force acting on it during the simulation. For
this calculation both the volumes are frozen at their NS-at-throat value during the
transient, The single fixed boundary for this calculation is located at the volumetric
center of V°112' This derivition is presented in Appendix II,

MODEL 1 — THREE LUMP STANDARD MODEL

This model, as applied to the 2DM air induction system (Figure 3), is limited to
simulating its response in the started mode. Bypass and throat area controls are
provided to maintain the inlet in the started mode and, therefore, for transients
severe enough to cause an unscart [excluding buzz (simulated by Model 2) and engine
stall (simulated by Model 3)], the control system response may have to be modificd
to avoid the unstart,

This model, when adapted to the 2DE air induction system, includes an upstream
supersonic model for simulating NS external movement on the ramp upstream of the
cowl. A description of this upstream supersonic model for the 2DE inlet follows the

10
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detailed discussion of the theoretical approach in formulating the 2DM air induction
system. Model 1 is capable of calculating system dynamic response to both external
and internal transieats. However, in discussing the theoretical approach, an internal
transient (rapid changes in engine flow demand) has been used as an example.

Dynamic Calculations

a

The block diagram for the dynamic calculations is presented on Sheets 1 to 4,
Figure 4. In the program, the NS motion ()'{) during a transient (external or internal),
with respect to the duct, is calculated using the equation

X = Cp (Mg -#M,) 1)
where
Cy = J g R Tsx
MX = the Mach number of the flow, with resvect to the duct, upstream of the
NS
and MX = the Mach number of the flow, with respect to the NS, upstream of the NS
. [ ¥ Pey\, ¥l 2
\/ ¥ I’sx) oy @

X may be positive or negative, depending on whether the NS is travelling in the down-
stream or upstream direc:ion, respectively. The NS is assumed to be without inertia
SX and PSY across the NS [Equa~

tion (2)1 are calculated independently from the upstream and downstream flow proper-
ties as follows:

or thickness. Instantaneous static pressures P

Properties Upstream of the NS. The instantaneous value of PSX is obtained by
first calculating the flow function FX upstream of the NS.

FX = ("_’_f JTT! 3)
Ax Pry

12

R



p JO [ }99YS :UOKIIS opureuiq

- wrexSeiq Woo[d [PPOIW Paepuels dwnT 9214y, WAZ - T PPOW ¥ oansig
i : _ _ =
X
ez < o [X91pm (w3} /_ ,—
g\uﬁz u JT 3 Ax.-wxv\cb . Axpﬂtﬂvk.
ki T ) ! ] K Ko
> u u _o\s [Av1y Cw =) . u X o wez5u0D
e 1 3 s
o§\‘u”$ (R¥»‘x)4 q 1 M&QQ\QQ (» sé,
( ]
A o%& 0,0 0D ) p] lc ——] peasud
€ o~ h\ WdY B H_ 1— »
loa% /_ " - - » Y w pu S . = ¥+
} ¥4’ aOS&* sl AOSb* b
) A PYITTY) il 2dp
. L & 2 NS
# \ T 5
1 1 ! ﬁ
%$; 52 Xty x2,\ 04 oW )Y p 4 (H)#
Tl - | @ m.mm.» “ ﬁmm.w\ i) mamrve e (w5 +) ) S/
= ] Q ()4
i u /— w5+)L | ¢ o ()4 H
X4g 08 Xty o 0L
c—1 o6
3 o E} oy B
‘mtt x 2 39yS

13




b Jo 2 399Ys ‘panupuo) ¥ dan3rg
WSQ
1
—-— 2 I et (K —Ypy —4 8 %2°7_7%d - —J u
-—] S b, l— %A O 0Ly —(HSXar + ALY —Xn ) x2, T A°Z 2D _ P&mn L PP3US
| %y \ J,Q ) b X ay *[TML (*s%m + A8Ly Xy .mN yat J WM M ETTTTS
L
mxf&ﬂ ‘ A 33— b ’ b u 4— y o>" ! nuv:m_
2 Y - 4 : (005 51
. t J\II/T ) u ohkur ,
fm\ WY /A\Illi, : o £ 193¢
f L) 2 B i
5 (5)s |~ % ..‘ k\zn_ ™ ] Adiy » |
ay,
S 2mess | 1 1 — % e
dip m m < ~¢Lm\ Pays s1yL
- S -Xp) - 22 [<%d blm\/ - ﬁ“&v@ A1) 4l % | M o | | [ 9%
7 Ew-"w) w& 7 RIS e =77 T om [ e Mooy s
[ 4 m .
1 133%S
g\ Opa/*94m
- € 139348
xSy
Yo - ] X2
CTYY Wz +i % \y ¥ ~d t~
g g Je? 2/ I~ A s w 7 o mae B
- 1 AH 129%yS
‘.F H g NLK-
- : P 1 IS
Y :




—

¥ Jo £ J904s ‘penupuo) ¥ aandig

- Lyiy = O 1 3%ys
£ o Pl | 11%0us
‘ ] x4
Wl 7 IS
d(214,) Ty h J334g
i 28 77}
m 244 Yy Oap . M N } Q
2ay) T ~ 2 \yn a+('m="m) Ly QNPN ey —
s ) M Q By 24y T4
| 1T 1 ey [P 22y — om ﬁ.L P52 ] 23V
[ ] | N .
r(2y) ) m) 2uez80)) w
g 1 's iy —
] 1]

i

] 2vezeve)
= L Il e

Ty 2L,
binga®m)s° & 20%y¢
o 270 pallZ B D (e 20) "
- < 2um3sUO
v T 2
y.
< i, 29%4S Sru
22%%§
$ p
dn v < Z %S
uiim i, 1 23%§
X8, L 3%%S

e,




11:11.‘11;33

¥ JO ¥ 199yS :pepn[oucd ¥ oan81d
]
H(Mm)
P £ 20345
—— s/mim v -\?tqm.|u..(|u..¢v — u 2y )
hm M i | o £ Jooug ;
: . )
1 1 ot ! 2007800)
T ¢ ™ I-%sw«t 265"+ M Tim 2 [/ 3%m s 55t &N+ v I KT
)
iz 8y iy —6—]
- w S € P Nlo..{ + (m-%m) -t...NtNMN!t. 3 Mgy Pous s
e i ] e |
= X 205 Sru
A(pisy >1(#1kg) L u w %
1 334§ o
_.I.MloSIMI.ulu S p . N.l-\s ) — hiy u:ﬁN A -W&.u 7L £ 139§ -
2y VR EY] REZ e 2
)\*I \a [ sueysuop
O-Qﬂ‘ll_
. (014)+ /*\ u M Tows Sl
DR hn ? Iy
oy 1 0 sytty | —feuseru
Fay,) )4 Mp)s" z
- ] 8:4 7] 814 | BLLNEM+PiMm) S M
Ly N ww 2y uudns 9 4 . e
ﬂ Dh&
Y » $400°-= 11 \
%y $L00°= 1 clns ?Qltou 4 & ™ — aut.&w 4 {°w)+
| Tuany) o1y (sz0-11)frey | Y
AI _ 5 JXI&:* _
x
. e =it - 2 . Juessu0)
h\?q‘#o&o.@ o Lﬁmﬂh rlu H zo\J
i?!“w X % 20 ¢ NX ) ow)4 1 39%S
@20 +~v\ v ) 4 t‘ Ty (ow) oW
s . Z S
Sy (x9 xv9+ (A y}+ TNX) - (1wx-nx) 52 | Rmz&m&zvznu*?kucéun&mx . (sro+0)[x [
¥Ry NX NX 3 e Juarsuo)d




where A‘( is the local duct area upstream of the NS.

M,{ is then obtained using this value of flow function and the input curve,

M, = § (Fx) 4)

Tow = Tr fC0+ 120 00) @
A
Ts 31
Psx = Pry (i:.}) ©
Trx

Properties Downstream of the NS. The response of the subsonic duct volume
(and hence, the instantaneous value of PSY) to rapid changes in flow (Wz) at the com~
pressor face is calculated by first computing the rate of change of total pressure and
temperature within each of the three volume lumps, Vol1 8 Vollz, and Vols, starting
from the compressor face. Thus, within V°118' the total pressure and temperature
rate equations (see Appendix I for derivation) can be written as

- - L ‘ .
P = Prie = R (Tnz. Wie = Trz W) (M
('08 ece vt&
: * 2R Trg - 5 ]
T, = Tre = Tre [‘-————-—-—' L (Wo - Wiy ) « g (8)
T2 , i LVeze ( ) Tie |

Inflow at each of the two fixed boundaries is computed by integrating the rate of
change of flow (W8 and Wl o)+ Thus, at the fixed boundary station 14, the inflow W, ,
into Vol1 8 changes at the rate

17




W = f“ (Pry - Prp -©50F) ®)
2

where 12 is the dynamic impedance constant (derived in Appendix 1I)
and Av = Ky (Prx - Pﬁ%)

(10)
= 0.026 (Prx — Psx)

KM is an empirical subsonic diffuser pressure loss factor which is a function of MX
The value of .026 selected for this factor by Reference 2 in their simulation models is

also used here.

Similarly, within Vol 12° PT12 and Tle are obtained from equations

riz = ..:i_R___ ( ve Ye - Tr Wiu ) (11)
cil.zll V‘Z.
. - ‘ .
Tre = Trn [u—R T (W - We) -+ By J (12)
o LVaezae C ) =

where, at the fixed boundary station 8, the inflow W8 into Vol12 changes at the rate

Wy = .I_'... (Pre - B2 - o 58P) (13)
|

The total pressure and temperature rate equations for Vol6 include the effect of

the moving upstreaim boundary, represented by the NS, so that

bro = 1z & [TTX(“X - Wigy + “xs&)‘Tra, we] + P_Z____._@ Ay X (14)
C'ete\/c, v‘o
- . - > A i
Tre = 1€ [‘.’-‘U’w Wa + W - Wy - W Bre - 76 Px ] (15)
Pre | Ve 2¢ (Fe =y X KSK)*- “ Ve

Inflow into V016, where the upstream boundary r:-~resented by the NS is moving, can
be visualized to consist of two parts:

(a) Inflow WX with respect to the duct

(b) Inflow swept by the upstream boundary area AX’ moving at velocity X rela-
tive to the duct, through air at density Pex? which is equal to Pox AX X.

18
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Thus, inflow with respect to the normal shock
- Nx — fbﬂ AX .S
= Wx + Wxsk

where, by definition,

- : Pox Ax X
Wi = —(SAAXX = "—Tz's—:r"-;f— (16)

and is negative for positive X (downstream NS movement) and vice~versa,

The total-to-static pressure and temperature ratio terms C' and Z (defined in
Appendix I) are obtained by entering the input data tables C® 6 and Zs, repeatedly with
the following flow functions based on the instantaneous mean flow rates within each
volume lump.

y:(; - 0.5 (Wx =~ Hray + “8)\“_1’0 an
Ae Pte
F(Z - c.s (Wz “+ w\‘f) J LESTN (18)
An_ P‘fl?—
- ; W T-
Fig - O.s ( Wiy + ) JTris (19)

Ae Prie

Using PT 6 (obtained by integrating Equation 14), PSY is next calculated as follows.

The flow function F_, may be written as

Y

Fy = WalTrx (20)
Y Ax iET(u

PSY/ PTY is next obtained using this value of flow function and the input curve

Psy . f(Fy) (21)

‘)T v
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From this ratio, PSY is given by

P
Psy = (.;1 )Prc 22)

TY

The instantaneous values of P_,, and pSY (obtained from Equations 6 and 22, respec-

SX

tively) are then used in Equation (2) to obtain M, for calculating the normal shock (NS)

X
velocity X [Equation (1)].

Air Induction System Controls: Control logic is provided in this model to pre-

vent two types of unstarts associated with mixed compression inlets: Choked throat
unstart and the unstart caused by disgorgement of the NS resulting from reduction in
engine demand., Choked throat unstart occurs when the throat cannot pass the flow
being supplied by the inlet, resulting in an unstable normal shock appearing just
upstream of the throat (in addition to the NS located downstream) which is immediately
disgorged to allow subsonic spillage of the excess air. Choked throat unstart can be
caused by (a) increase in the throat flow function towards the choked value due to
reduction in MO’ (b) reduction in throat area, and (c) increase in the flow being sup-
plied to the inlet due to increase in angle of attack. Thus, during this type of an
unstart, two normal shocks can instantaneously exist in the induction system, although
the choked throat unstart will probably also cause the supercritical NS (i.e., the ter-
minal shock) to move rapidly upstream, overtake, and ultimately coalesce with the
unstable normal shock origuuiting at the throat before the latter reaches the cowl lip.
In the program, a variable area bypass is used to control the terminal shock motion
and the inlet throat area is programmed to open if the throat tends to choke. The con-
trol logic flow is presented in Figure 4, Sheet 4.

Bypass Area Control: The basic bypass area control error function con-

sists cf the following four error signals:

where, C ax A% is the proportional signal on shock position deviation
AX = (XREF - X)
GDX X is the derivative signal on shock position deviation, AX

20
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and GDN ANF is the derivative signal on engine fan speed deviation
ANF = (NFREF - NF)' Since the engine fan speed
directly effects the engine flow demand,this is essentially
an engine flow (WZE) derivative signal.
GAB ABY is the derivative signal on bypass areu, ABY' and i
GAX’ GDX' GDN and GAB are the gains associated with the signals defined ‘
above, ‘
Also,
A.X is the derivative lag on shock position deviation, AX,
AI;‘F is the derivative lag on engine fan speed deviation, ANF, and
ABY is the derivative lag on bypass area, ABY’

Each of the above four error signals provide an overall bypass area error signal
which is a function not only of the position error (XREF - X), but also of the rate
at which the deviation of X and NF
ues, and the rate at which ABY opens or closes.

occurs from their respective reference val-

A derivative lag is a derivative of the lagged input and is obtained by subtracting
the lagged input from the input and dividing the result by the time constant 7.

Thus, using Laplace transforms

L2 - 2 ) - 28
T ( i+ TS 1+ TS (24)

The expression on the RHS in the above equation is th:a derivative of the lagged

l+ZTS as defined by the theorem on Laplace transforms of derivatives (Ref-
erence 7).

input

Each of the derivative signals in the error function (23) is calculated in the
model as follows, assuming a practical value, in terms of controls hardware

response, of , 01 for the time constant,

The derivative signal on shock position deviation (AX) is

- . i
Gox A% = G ax _ bx L (25)
1DX Dx ( (4 ols Y
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Note that AX is negative for dcwnstream movement of the normal shock. This
essentially means that the signal will tend to increase the negative portivn of the
total error in the bypass logic if the rate of deviation increases as the NS moves
downstream, thus tending to close the bypass at a faster rate to reduce the

deivation.

Similarly, the derivative signal on engine fan speed deviation (ANF) is

. - oN '

If the fan speed increases beyond N the engine instantaneously demands

FREF’
more flow and the NS again tends to move downstream, With AN F negative, an

error signal similar to AX is input to drive the NS back towards the throat.

The A Y derivative signal is

B

‘ [ Pay A {
A = - —_ . 27)
This is a damping input on the closing/npening rate of ABY itself to avoid large
overshoots, The derivative input [i.e., the expression in brackets in equation
(27)] is deliberately reversed to allow for a positive error when ABY closes,
(thus damping the overall negative error) and,correspondingly, a negative error

when it opens.

Throat Area Control: The throat area control logic sets up an error func-
tion (ATSCH - AT) for any deviation of the actual throat area (AT) from the
scheduled value (ATSCH) and tries to hold the scheduled value by reducing the
error. Thus, in trying to hold the scheduled value, the control not only accom-~

plishes the task of avoiding a choked throat unstart but also tries to maintain

inlet performance ag close to optimum as possible during a transient.

Initial Conditions

This segment supplies the dynamic segment with the initial values of the follow-
ing parameters, calculated from the input data, which are required before tt.e dynamic

1 . . s R .
calculations can be initiated: &) Ppedio (Pryo)ier Prigict Tredice

Tr121e Trighic™ehc: Wigdior Apyhicr Bolic
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This is achieved by ~alculating the air induction system steady state performance at
the given operating condition as shown in the block diagram (Figure 5). The NS initial
condition (X)IC is obtained from the free stream Mach number using the input data
table XREF = t‘(Mo). The initial values of various flow rates [(WO)IC, (WX)IC’
(WTBY)IC]' areas ((AX)IC, (AT)ICI and the NS upstream total temperature ('I‘TX)lC
are calculated next,using the input data tables as shown in Sheet 1. These are then

used as inputs in Sheet 2 to calculate properties behind the NS, (P is obtained

)
T6'1C
from the total pressure drop corresponding to the NS upstream Mach number,

(MX)IC. The initial total pressures (P and (P, are then obtained as

Ti2'1C T18'1C

follows.
(PTD}K = U’“‘v)zc -~ S (0F ) (28)
Priedic = (ri)ie = (Prodie - ©.5 (AP) e (29)
where

@P )i = o.oa.w[(‘pfx%c - (PS">1°]'

The total temperatures throughout the air induction system are initially constant and
equal to the initial freestream total temperature (TTO )IC since the flow process is

assumed to be adiabatic.

At the initial condition, the bypass area is sized such that the NS is located at
the desired supercritical location as follows:

Wode = (Wu)ie - (We)re = (Mx)ic = (Wrer)ie (30)

(Poy)ie = [(NL'>‘L ~ (NZE)K]J(T“)IC_ (31)

o.osme (Pra)ie

The bypass area is assumed to be choked during the entire simulation run.

Input Data

Input data required for the 2DM air induction system dynamic s mulation is pre~
serted in Table I. The functional relations are shown for each input .ariable along

with the figure in which it is presented, The overall data is input into the program

23
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TABLE 1. MODEL 1 - 2DM THREE LUMP STANDARD MODEL INPUT DATA

INPUT PARAMETER FUNCTIONAL RELATION FIGURE NO,
Inlet Key Operating and
Geometric Parameters

o £t) or constant -

B constant -
H* f¢t) or constant ~
ll(;.t f(t) or constant -
A CAP constant -
PosTD fH) -
TosTD tH) -
My fM,, a) 13(a)
Mg My, ogy) 130)
P/ Pro fM ), @) 13()
Pre/Pry, My, 2po) 13(d)
Ag/Agap M, @) 13(e)
L M) 13(f)
Ag I, ap,) 134
Arscr Hagy) 13(g)
War/Wo £ ) 13()
WBX/WO fM; , X) 13@)
WBY/WO fM, X) 13§)
Xsu f(aRz) 134)
Xep flegy) 136)
XpgpF flap,) 13(1)
Poy/Pry fFy) 130)
Myq fFyr VR 13(n)
Scale Constant -
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TABLE I. MODEL 1 - 2DM THREE LUMP STANDARD MODEL INPUT DATA

(Continued)
INPUT PARAMETER FUNCTIONAL RELATION FIGURE NO.
Lumped Volume Parameters
(Prg/ Prxic fMy) 13(0)
A12 constant -
A18 constant -
XB constant -
Vol6 f(aRz, X) 13@)
Vol12 constant ~
V0118 constant -
I1 constant -
12 constant -
Zgr Zyg Log £(Fg) £(F, ), 1(Fo) 13()
1 1
C's, C' o C' g £(F ), €(F),), 1(F q) 13@@)
Engine Parameters

*
NF f(t) or constant -

*
Worc fNg/ \/—52) or constant 13(m)

*These parameters define specific input transients.

One or more of these is input

as a function of time for a particular simulation run, the others being constant.
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either &8 a constant or as one or iwo dimensional tabulated data, Parameters marked
with an asterisk define specific input transients. Any one or more of these may be
input as a function of time for a particular simulation run, the others remaining con-
stant, This concludes the discussion on Model 1 as applied to the 2DM air induction
system, The key difference in this model, when it is used for the 2DE air induction
system, is the model for simulating NS travel on the inlet ramp. This is discussed
below,

Standard Supersonic/Subsonic Upstream Model

For the 2DE air induction system, a model is required to simulate NS travel on
the ramp when the inlet is operating subcritically, The approach is shown schemat-
ically in Figure 6. Figure 6(a) shows the NS within the cowl when the inlet operates
supercritically at an off-design Mach number and, hence, with only supersonic
spillage (WC AP~ ‘.VO). The inflows and outflows from the first lumoed control vol-
ume, Vols, when the inlet operates subcritically, are shown in Figure 6(b). The sub-
sonic spillage WSP required to calculate the flow entering the inlet (W0 - wSP) is
obtained from Moeckel's continuity model. This model defines the relationship
between shock stand-off distance (L) and the suksonic spillage and is explained in
detail in Appendix II.

MODEL 2 — THREE LUMP BUZZ MODEL

A number of theories are available in literature which attempt to explain the
rather complex unsteady phenomena called inlet "buzz" (References 8 and 9). Inlet
buzz generally occurs at subcritical operation when the inlet mass flow ratio falls
below a certain level causing large excursions of the normal shock (NS) fore and aft
along the inlet compression surfaces at a high frequency. The resulting large periodic
total temperature/pressure variations, and the associated dynamic distortion at the

compressor face, can lead to engine stall.

The analytical model described herein does not attempt to predict conditions at
which buzz occurs. Rather, its function is to indicate the buzz intensity (i.e., frequency,
NS excursion distance, P

T2
a particular inlet operating condition. The buzz concept adopted for this model, and

and TT2 amplitudes, etc.), once it has been triggered at

the theoretical approach used in simulating it, is discussed below using the 2DE air
induction system. The same model applies to the 2DM air induction system except
for the added internal NS travel {rom the throat to the cowl defined as the 'unstart'
portion of the transient.
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Figure 6. Model 1 - Standard Supersonic/Subsonic Upstream Model
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The Buzz Concept

The theory for buzz adopted here focuses on the massive boundary layer separa-
tion due to the normal shock-boundary layer interaction on the inlet compression
surfaces as the source of instability (Reference 2). The criteria for normal shock
induced boundary layer separation is presented in Reference 10. It states that separa-
tion occurs when the static pressure across the NS rises to approximately 1.89. This
static pressure rise requires that the Mach number entering the shock be 1.33 or above.

The buzz concept is shown schematically in Figure 7. The turbulent separated
boundary layer region contains relatively low energy air compared to that outside the
boundary layer. This low energy turbulent separated boundary layer zone tends to act
like a wedge superimposed on the inlet compression surface, thus throttling the flow
entering the inlet and causing significant quantities of the high energy air to spill sub-
sonically outside the cowl.

Figure 7(a) schematically shows first lumped control volume (Vol6), and the
inflow and outflow through the boundaries. The upstream boundary is the NS which
extends up to the critical flow streamline. The inflow (Wx) is compressed somewhat
by the separated boundary layer as it enters the NS through the effective area AEX’
which is the geometric area (Ax) less the separated boundary layer area (AAEX).
This inflow includes the subsonic spillage flow (WSP). The control volume includes
both the high and the low energy streams, with the latter merely acting as a throttling
agent, allowing only the throttled throat flow WE T
conditions exist) through the fixed boundary at Station 8. The remaining outflows from
the volume are the ramp and throat bleeds and the subsonic spillage between the NS
and the cowl.

to exit (or enter, if reverse flow

The key parameters selected for simulating inlet buzz are the effective throat
area ratio AET/ A'I‘ and the total pressure ratio PT12/ PTO (Figure 7() and (c)).'As the NS
travels upstream, separation increases significantly, causing massive throttling when
the NS reaches the first ramp. Figure 7(b) shows that the effective throat area ratio,
App/Aq decreases to 0.3 for the 2DE inlet operating at Mach 2.5, due to throat
throttling as the NS travels upstream from the cowl. The decrease in AET/AT is
based on throat blockage levels used in Reference 11. which compares’' XB=-70

flight test data with simulation predictions of inlet unstart and buzz.

The throttling of flow due to massive boundary layer separation during the buzz
cycle causes significant instantaneous flow imbalance within the subsonic duct. That
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is, during the separated flow portion of the buzz cycle, inflow to the subsonic duct is
drastically reduced while the engine demand remains unchanged, resulting in a
sharp reduction in pressure throuzhout the duct. As the pressure drops below a

112/P10
thus increasing the throat flow area and the subsonic duct pressure level. As the

critical value (specifically when P ~.315), reattachment of the flow occurs,

pressure rises above a critical level (specifically, when pTlZ/PT 0 >.5i9), separa-
tion of the boundary layer is reinitiated. The rcattachment/separation critical values

of .315 and .519, respectively, were established in Reference 2.

Dynamic Calculations

The overall calculation procedure for the buzz condition is the same as for Model
1. That is, the NS velocity X is obtained from the instantaneous static pressures PSX
and PSY calculated independently from the flow properties upstream and downstream of

the NS. However, this mode!l differs in the method used to calculate

(a) properties upstream of the NS, and
(b) properties within the first lumped volume (Vol 6).

Also, additional logic has been added for

(a) simulating buzz using a boundary layer separation/reattachment model,
with on/off and hysteresis characteristics, that is controlled by key buzz
parameters, and

(b) calculaiing dynamic conditions downstream of the NS for buzz severe enough
to cause flow reversal within the subsonic diffuser.

A block diagram of the equations used in formulating the buzz model is presented
in Figure 8, Sheets 1to 6. The key differences and additions mentioned above are
next discussed with the help of this block diagram.

Properties Upstream of the NS, The instantaneous static pressure PSX is

obtained by first calculeiing the apprdbriate NS upstream Mach number (Mx) by
entering the input data curve

My = §(F) (32)
with the corresponding value of the flow function (FX) defined as

Fy = Wx dTry (33)
AE)& PT)a
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The effective flow area A, upstream of the N8, is obtained by entering the input

EX
data curve

Aex - (%) 34)

with the corresponding instantaneous value of X. This curve defines the effective
flow area upstream of the NS for subcritical inlet operation (NS outside the cowl,
X< xc) and the duct cross-sectional area upstream of the NS for critical/super-
critical inlet operation when the NS is inside the cowl (X > Xc).

For adiabatic flow the total temperature upstream of the NS (TTX) is equal to

the freestream total temperature T This temperature and M, are used to calculate

TO* X
the corresponding static temperature
¥ -1 2
Tex = T-rx/(a + = My ) (35)

Pox is then calculated from the relationship
1]

m—

> T Y-
o= Pro (I )(_% ) ! 6)
Pre Ty

where the total pressure ratic P is obteined by entering the input data curve

TX/PTO
PTX/ PTO = f(X), with the corresponding instantaneous value of X.

Properties Downstream of the NS, Before discussing the response of the sub-

sonic duct volume to the buzz transient, it is appropriate to examine the throat throttl-
ing logic that simulates the buzz transient (Figure 8, Sheet 3). In calculating the
throttled throat flow, it is assumed that the instantaneous flow (W 8) exiting (for forward
flow) or entering (for reverse flow) Vol6 at Station 8 is equal to the instantaneous
throttled throat flow, WET
calculating WS‘ This is permissible since the 'lumped parameter' concept agsumes that

. Secondly, the lumped properties at Station 8 are used in

properties within the lumped volume V016, and hence, the throat properties, are
instantaneously equal to the property values at the exit Station 8. The rate of change
of throttled throat flow (W‘S) is calculated next as follows.

Calculation of W'S:_ The throat blockage, (AAET),is first calculated by enter-
ing the input data table
AAer | {(x) (37)

At
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with the corresponding instantaneous value of X. Then,

AR, = ( A:F;f > At (38)

Now, referring to Figure 7(c;, the flow once separated remains separated as

\

long as Ple/PTo is above .315 and, therefore, for separated flow the full value

of the blockage (AAET) is used

/
DAgy = LC O Aer (39)

When pT12/PT0 drops below . 315, attachment occurs and flow remains attached
until the pressure ratio rises above .519. During this period when flow is
attached, blockage is assumed to be two percent of its separated flow value, so

that for attached flow
/

ABgy = ©-02b0Agr (40)

Hence, the effective throat area, at any instant, can be calculated by using the
appropriate AAE'/I‘ for either separated or attached flow in the eyuation

/
Age = Ap — DA 1)

ET -

The throat throttling flow functions for both forward flow (F
reverse flow (F

TFwp 2nd

TREV) are next calculated by entering the input data curve
[ Fo = f(P./Ps)] with the corresponding value of the appropriate total-to-static
- T T 8"

pressure ratio at Station 8, The procedure is discussed below.

For forward flow, the total-to-static pressure ratio in Vol6 (PT6/PS6) is used to

calculate FTFWD as follows.

The input data curve

Pse | f(Fu) (42)
PTiz

includes the front half of the duct steady state friction losses within the steady

state pressure recovery term, PTIZ/P During simularion, the above input

T6*
curve is entered with the corresponding mean flow function for V°112’

= _oos (Me o+ W) T

Foz (43)
A \2. PT'!L
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to obtain the instantaneous Pss/l’,r12 value. This ratio and the instantaneous

total pressures pT6 and ple are used to obtain the instantaneous total-to-

static pressure ratio

e . (e[ B,

Psc Pra Pse (44)
Then the input data curve [FT = f(PT/PS] is entered with the pressure ratio
PT6/p86 to obtain

- P(,‘
frews = § (BE). (45)

Similarly, for reverse flow, the san:e curve (F., =f(P./Pg ] is entered

again with the pressure ratio PT12/p812 to obtain
/e
Frrev = { ( ,Tn' )‘ (46)
s

Then, for forward flow, the throttled throat flow is

weg = (Frews Pre Per)/JTre it (Ro-Ru)zo

and for reverse flow, it is

t e .

We = (Freey Paw Ber)/JTm 1 (Fe-fn)<o. w9
Finally, \;Ve is obtained by imposing a lag on the appropriate W8', using a typical
value of . 005 for the time constant TWs®

‘ (We - Wa)/Tye (49)

We
( LJ; -~ Ne,)/-cos' (50)

Calculation of the Instantaneous PSYi- The response of the subsonic lumped
volume Vol6 (and hence, the instantaneous value to PSY) to the throttling of the
flow at the fixed boundary exit Station 8 is calculated using the P
rate equations.

%

T6 and TT

6
For forward flow, W8 is greater than zero and exits Vol6 at the instantaneous
total temperature TT6’ so that

P = 1= R [—rm (Wx + Wage) - Tro (Wingy + Wsp + wg) | + Pre \ll\; X . 51

Ce2¢ Vo
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waaa

For reverse flow, W8 is less than zero and enters Vol6 at the instantaneous
total tempersture Tle’ 8o that

R’b s [fo (N + w)&&&)" ‘m(“fay + uSP) -Tra 9] + T6 AxX Tex X o)

C(,i V‘;

The appropriate value of pTG corresponding to forward or reverse throttled flow
direction (W8 is positive or negative, respectively) is selected through program
logic (see Figure 8, Sheet 2).

For both forward and reverse flow,
Tee = -:;:: ['___7' z;___“: (e + ey + Wep - Wy — Weg) + R, - ii"%%’il(].(%)
Note that the inflow (WX) through the NS (Vol6 upstream boundary) includes the
subsonic flow spillage (WSP) when the NS is upstream of the cowl. Moeckel's
model (Appendix III) has been incorporated into the buzz model to celculate this
spillage flow during the simulation. The NS standoff distance L is known, at any
instant, during the dynamic calculations

Lo Xe-X for x < X
e he ¢ (54)

= O for X 2 X .

The spillage coefficient, KSP’ corresponding to the NS upstream Mach number
MX’ is obtained from Moeckel's curve

Ks‘y = -F (MK>. (55)

From this, the corresponding spillage is

W, L

Wep = ¢ (56)
L‘t Kse

where W0 is the critical inlet flow.

Using PT6 (obtained from Equation 51 or 52) PSY’ MX and finally X are calcu-
lated as already explained for Model 1. The detailed procedure is shown in
Figure 8, Sheet 2.

Vol12 and Vol13 Ingtantaneous Total Conditions. The instantaneous total
presceures and temperatures within the volumes Vol12 and Vol 18 &re obtained by
numerically integrating the corresponding rate equations. In Vollz, since for-
ward or reverse flows can occur at both the fixed boundary Stations 8 and 14,

A2




Ty b

Uyttt

any one of four combinations of forward/reverse flows canexist at any instant.
Matching of these flows with the appropriate instantaneous total temperatures,
at each fixed boundary, leads to the following four total pressure rate equations:

KW, and W >0,

8 14
PT!?. = -——————-——‘2‘ L T-r(,, wg = rTn. “lq]
c' 2.V {87)
(2 Mhat v SER D B

IfW8>0andW14<0
: 12 R X
Yrio = v [Trc,- Wg - Trig Wiy (58)
Ca au_ Viu

IfW8 < OandW14>0

(W K W T W ]
. T Weg - Ty | 59
fio ( u_a\z_ \’n_ L T 2 & (59)

1fW8< 0and W 4< 0

L ] 2 .
Criz =C.’,'2.2( [ Tiz - Trig Wiy (60)

The appropriate value of PT12 corresponding to the instantaneous W8 and W1 4
flow directions is selected through program logic (see Figure 8, Sheet 4).

For both forward and reverse flows,

Te = Tr [tli{ [ (3 (\’\'tq _ H&\ A Prn_.] 61)
Frin Vie Zi2-

The calculation procedure for obtaining the total pressure and temperature
rates within Volls, for forward and reverse flows at the two boundary stations
14 and 2, is similar to that discussed above for Vol12 and is shown in Figure 8,
Sheet 5. An option is provided in program logic for calculating PT18 with reverse
flow at the compressor face (W2 < 0; i.e., during severe engine stall). An appro-
priate matching value of engine stall total temperature (TTES) is required as in-
put for simulating such a transient.

Calculation of W; 4 The forward (W1 ;FWD) and reverse (W1 4REV) rates
of change of flow rates at the second fixed boundary (Station 14) are calculated
by applying the momentum equation to the half duct volume containing the second

fixed boundary.
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‘the two equations are

P
W R A — o s (‘LL) PT.L] (62)
HFWD o L Tio Ti®s o
. > ; AP
Wyrey = -i'— LPTIL - g v es —‘-;,::_> PT\%] (63)
T

where APL/PT is the subsonic diffuser total pressure loss due to friction, and

is assumed to be constant.

Note that for reverse flow, the frictional force acts in the upstream direction.
Hence, the change in sign for the third expression in brackets in Equation (63).

Thus,

u‘% = u‘qup I; \h“q > <
(64)

= N\LMLEV 's Wy < ©

Initial Conditions

The initial values of the following parameters are supplied by this segment to
the dynamic segment before dynamic caiculations are initiated. (X)IC, (PTG)IC’
®Priohe Trehier Trighier Trigher Wehie Wigdier

The calculations are shown in Figure 9, and are self-explanatory. With no by-
pass, all the excess flow is spilled subsonically at the cowl lip with the NS located at
the proper initial stand-off distance from the cowl to allow for the required spillage.

Input Data

The key input parameters required for the 2DE air induction system buzz simu-
lation are presented in Table II. This model does not require any input transients.
Buzz is triggered through internal program logic as explained in the dynamic segment.

MODEL 3 — THREE LUMP HAMMERSHOCK MODEL

Rapid cutoff of engine demand, usually due to compressor stall, causes an
extreme instantaneous flow imbalance within the diffuser. With the diffuser outflow
drastically reduced and the inﬂow unaffected, the instantaneous excess of inflow over
outflow causes a sharp increase in pressure near the compressor face, With the dif-
fuser exit blocked, this local pressure wave increases in strength and propagates
upstream as 2 shock front or hammershock (HS). The pressure buildup within the duct
is relieved through subsonic spillage when the hammershock exits from the duct at th

44
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TABLE II. MODEL 2 - 2DE THREE LUMP BUZZ MODEL INPUT DATA

INPUT PARAMETER FUNCTIONAL RELATION FIGURE NO.
Inlet Key Operating and
Geometric Parameters
a constant -
B constant -
constant -
M, constant -
ACAP constant -
Ag/Acap constant -
Gpo constant -
WB/ W, constant -
APL/ P constant -
(MSP)IC constant -
Postp i) )
TosTD 1) -
P/Pro £X) 22(a)
AAET/AT £(X) 22(d)
Ay £(X) 22(c)
Apx £(X) 22(c)
Kgp fMyp) 16(e)
Myr iFg " V) 13)
Psy/Pry fFy) 13()
Scale constant -

46
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i TABLE II. MODEL 2 -~ 2DE THREE LUMP BUZZ MODEL INPUT DATA

{Continued)
INPUT PARAMETER FUNCTIONAL RELATION FIGURE NO,
Lumped Volume Parameters
(PTG/ PTX)IC £ (MX) 13(0)
A 12 constant -
L Ag constant -
X8 constant ~
Vol . £X) 22(b)
Vol1 2 constant -
! Vol18 constant -
12 constant -
Pse/Pr12 f(F, ) 16()
Fr £(Prg/ Pgg) 16{)
A\ 1
Clgr 'y C'yg £Fg), 1F,5), £(F q) 13(0)
Engine Parameters
NF constant -
(WZE )IC constant -
Worc /Y 0,) 13(m)
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cowl. For severe hammershocks, flow reversal occurs within the duct, resulting in
reverse flow spillage at the cowl. Knowledge of the pressure level behind the hammer-
shock is important when designing subsonic diffusers since it can be considerably
higher than freestream total pressure. The theoretical approach to hammersheck

simulation used in this model is discussed below,

Dynamic Calculations

The only key area in which this model differs significantly from Model 2 is in the
approach used to simulate NS travel upstream along the ramp during a hammershock.
Detailed discussion of the upstream hammershock model is included ir: the general

review of the overall simulation approach that follows,

The three-lump "lumped parameter" approach provides an approximate simula-
tion of the actual response of the system to a sudden cutoff in engine demand. The
total pressures within each of the three lumped volumes are calculated using the same
approach as discussed in detail under the dynamic section for Model 1, When outflow
from Vol, g is suddenly cut off, the instantaneous flow imbalance across the lumped
volume (Volyg) causes its pressure Bpo and total temperature Tpq to rise. Instantane-
ous outflows at each of the two fixed boundaries (Stations 14 and 8) are computed by
integrating the rates of change of flows (Wl. 4 and W.S)' Since these rates are a function
of the pressure levels across thehfixed boundaries, the rise in pressure in Vol1 8
reduces instantaneous outflow (W) 4) from Vol;,, thereby producing an instantaneous
flow imbalance across Vollz, and increasing its pressure Py, . Instantaneous out-
flow from the fixed boundary at Station 8 is similarly reduced by the rise in Py,
resulting in an increase in Vol6 pressure Ppe. The normal shock is unaffected by the
sudden cutoff in engine demand until the rise in Ppq forces it to start traveling rapidly
upstream,

Figure 10(a) shows the NS located downstream of the first ramp. The Volg
upstream boundary is the NS which extends to the critical flow streamline. The inflow
(Wx) based on Ay, includes the subsonic spillage, Wgp. During the period the NS is
downstream of the leading edge (i.e., X > 0), the critical flow areas AX and PTX/ Pro
are ohtained from input data curves as a function of X, The variation in PTX/ PTO as
the NS travels from the cowl to the inlet leading edge is obtained by preselecting the
three known pressure ratio values for NS at (1) inlet leading edge (PTX/ PTO = 1),

(2) end of first inlet rarip, and (3) end of second inlet ramp, from the inlet input data

at the given flight conditions, Linear variation in PTX/ pTO is assumed between these
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—— Critical Flow Area

(a) Normal Shock Downstream of First Ramp

———Critical Flow Arca

i}

W, |
Forward
—a— —tl or
’ ¢ Boundary Reverse
' E{ N - || Flow, W,
E— AX =49

(b) Normal Shock Upstream of First Ramp

Figure 10. Model 3 - Supersonic/Subsonic Upstream Model
for Simulating Hammershock
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three values. The effective external Mach number Mx upstream of the NS is obtained
from the corresponding flow function Fx [(W ﬁ.r/ PT i)XJ . For severe hammer-
shocks, flow reversal occurs within the subsonic duct, usually before the NS reaches
the inlet leading edge.

In simulating the normal shock travel upstream along the ramp, it is assumed
that there is no massive boundary layer separation (i.e., AEX = Ax). This is accep-
table as a simplifying assumption, since for a hammershock transient, the primary
interest is in the peak pressures and temperatures experienced within the subsonic
duct rather than the accurate evaluation of the extent of the normal shock travel on the

inlet ramp.

Figure 10(b) schematically shows the instantaneous inflow und outflow through
Vol6 when the NS is upstream of the inlet leading edge (X = 0). During simulation, as
long as X = 0, the inflow into the NS is assumed to be at .reestream operating condi-
tions (i.e., A, = A

x = Ao Mygg ©
the initial near-the-cowl position, the instantaneous inflow into Vol6 can increase sig-

My Ppy/Pog = 1), As the NS travels upstream from

nificantly due to flow reversal at Station 8. The instantaneous imbalance between this
inflow and the outflow (i. e., spillage plus bleed flows) increases PT6 , until the point
at which the outflow becomes instantaneously greater than inflow due to the continuing
increase in spillage flow, At this point, PT6 starts to reduce, thus relieving the
pressure buildup within the duct.

The overall procedure for calculating normal shock (NS) velocity X is the same
as for Models 1 and 2, A block diagram of the equations used in formulating the ham-
mershock model is presented in Figure 11. The procedure for calculating reverse
flows at the two fixed boundaries within the subsonic duct (Stations 8 and 14) is the
same as that used for W1 4 calculation in Model 2. Option is included in program logic
(Figure 11, Sheet 5) to calculate PT18 for hammershocks severe enough to involve

reverse flow at the compressor face (W2 < 0). An appropriate value of the engine stall
total temperature (TTES) is required as input when simulating such a transient,

Initial Conditions and Input Data

The calculation sheet for the initial conditions is presented in Figure 12 and is
self-explanatory. Input data are presented in Table III.
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TABLE IlI. MODEL 3 - 2DE THREE LUMP HAMMERSHOCK MODEL INPUT DATA

INPUT PARAMETER FUNCTIONAL RELATION FIGURE NO.

Inlet Key Operating and
Geometric Parameters

a constant -
B constant -
H constant -
M 0 constant -
A CAD constant -
AO/ACAP constant -
apy constant -
WB/ w, constant -
APL/ P constant -
KS p constant -
(WRATE /W 2E)* ft) 24(a)
pTX/PTO £(X) 22(a)
AX {X) 22(c)
My t(Fy -V R) 13n)
TosTD f@) -
PosTD t@) -
PSY/ PTY f (FY) 13(p)
Scale constant -

Lumped Volume Parameters

(P’ Prsdic M) 13(0)
A12 constant -
A18 constant -
X8 constant -
Vol6 £(X) 22(b)
Vol12 const-nt -
Vol18 constant -
I1 constant -
12 constant -
ZG’ Z12, Z18 f(FG), f(F12), f(Fls) 13(r)
C'er C'yg C'yg fFe) £(F o), £(Fyg) 13(q)

Engine Parameters

(WZE)IC constant -

*The hammershock input transient profile




SECTION IV

SIMULATION RUNS

Typical external and internal transients, important with respeci to advanced
fighter aircraft air induction systems, vary considerably in the rates, total omplitudes
and the total time spans over which they act. In selecting the transients for the simu-
lation runs, an attempt has been made to cover a wide range of input transients, This
section describes the dynamic response of the full scale 2DM and 2DE air induction

systems to the following set of typical transients.

2DM air induction system: Gust
Throttle Burst
Buzz

Hammershock

2DE air induction system: Afterburner Blowout
Angle of Attack
Buzz

Hammershock

The output data presented was plotted automatically at the end of each simula-

tion run using IBM 360 on-line plotting capability.

2DM AIR INDUCTION SYSTEM

Input data for the program, developed for the 2DM air induction system model
described in detail in Volume I of this report, are presented in Figure 13. Since the
full -scale air induction system is to be simulated in the program, multipliers are
used throughout the program to scale up the 1/10 scale model data of Figure 13. Only
those figures requiring an explanation are discussed below.

Discussion of Input Data

In the triple oblique shock 2D mixed compression inlet, the local (ML) and
ramp (MR) Mach numbers are obtained from Figures 13(a) and 13(b), respectively_
ML is presented as a function of MO and (a+ a Rl) [where the first ramp angle
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Local Mach Number, ML

[

D [ l 10° -+ aRl
Angle of Attack  « 13°
3 1st Ramp Angle o Rl 10° g
16°
1
9
7
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Freestream Mach Number, MO

@ My =M, a)

Figure 13. 2DM Air Induction System Input Data
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Second Ramp Mach Number, MR
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Figure 13 Continued
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Local Pressure Ratio, pTL/pTO
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Figure 13 Continued
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Second Ramp Pressure Ratio, pTR/PTL
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Figure 13 Continued
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Critical Mass Flow Ratio, AO/ACAP
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e
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Figure 13 Continued
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Second Ramp Angle Schedule, aR2 - degrees

(=2
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Model Throat Area Schedule, ATSCH - 8q. in.
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6
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Figure 13 Continued
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Figure 13 Continued
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Ramp Bleed Ratio
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! Figure 13 Continued
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Model Distance, X - inches
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Figure 13 Continued
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Model Subsonic Duct Area Distribution, AX - 8q.
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Figure 13 Continued
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1s fixed at 10* ] and M, is presented as a function of the second ramp angle «

R2
behind the third oblique shock generated by the cowl

“R1
and M

Le The Mach numbe? MX
Lip is calculated from Figure 13(b) by entering it with the cowl ramp angle with respect
R’ The total pressure

is obtained similarly in three steps by entering Figure 13(c) to

/P P .
TR " TL X "TR

) is presented in Figure 13(e) as a func-

to locul flow (QR?. + 3°) and the corresponding Mach number M

weovery P /

recovery ITX’ pTO
ai ’ R : A .

obtiin pTL pTO and entering Figure 13(d) to obtain P

The critical mass flow ratio (AO/A

. >
and | T

CAP

tion of MO and is used to calculate the critical flow (WO) entering the inlet during

mixed mode operation.

Figure 13(f) shows the second ramp angle schedule GRo A8 2 function of M 0
This schedule is followed to maintain inlet operation at optimum performance as M 0
increases. The geometric throat area schedule is obtained from the Gpo schedule ‘
and is shown in Figure 13(g). The desired NS location as a function of M 0 is presented
in Figure 13(h), The NS should be as close to the throat as pnssible vet with enough

tolerance to avoid being disgorged due to a mild transient.

Figure 13(i) gives the total bleed flow ratio WB/WO as a function of My for
(a) ramp bleed inlet started, (b) throat bleed with NS located upstream «nd of slot,
and (c) throat bleed with NS located downstream end of slot. Since (b) and (c) specify
the total bleed flow when the NS is located at the two ends of the slot, at any inter-

mediate NS position, the upstream (W } and downstream (WTBY) bleed flows are

TBX
computed as shown in the sketch in Figure 13(i).

The effect of second ramp movement on the boundary layer bleed slot geometry

is shown in Figure 13(j). The slot increases in length(S) as a., increases, with the

R2
ramp bleed length staying relatively constant. The NS reference position, with respect

to the slot, is superimposed on the figure in the «,, range (6 degrees to 12 degrees)

R2
for inlet mixed mode operation.

Figures 13(k) and 13 (1) show the subsonic duct area and volume (VolG) distribu~
tion as a function of @po and X. Vol12 and Vol18 are assumed to be constant since
their boundaries are fixed. Engine corrected flow (W2E C) as a function of corrected
fan speed (NF/\/'02) is presented in Figure 13(m) for the model inlet. !

Gust Transient (Model 1, Deck 1)

The following example is used to simulate the dynamic response of the full scale

2DM air induction system to a gust transient.
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Transient: A typical gust (changes in freestream
velocity) initiated at 0.2 second and
lasting for 0.2 second

Mach Number: 3.0
Altitude: 61, 000 feet
Angle of Attack: 0

Control logic is provided in this example for two types of unstarts: choked throat
unstart and the unstart caused by disgorgement of the normal shock (NS) when the
latter reaches the unstable position just upstream of the throat. The inlet throat area
(AT) is programmed to open if the throat tends to choke and a variable area bypass is
used to control NS motion. At the initial condition, the bypass area is sized such that

the NS is located at the desired supercritical location.

Discussion of Output Data. Output data for this transient are presented in Figure
14. The imposed gust transient is represented by reduction in velocity starting at 0.2

second and lasting until 0.4 second [(Fig'ure 14(a)] . The freestream static pressure
(PO) is held constant during the simulation. Hence, this transient essentially involves
perturbation in freestream total pressure (PTO) corresponding to the reduction in M0
as shown in the same figure. The run is continued to 0.7 second to obtain complete
convergence to initial conditions. As discussed before, two independent types of
unstarts can occur when a gust transient is imposed on the 2DM air induction system.
The NS unstart is preventzd by the bypass area (ABY) control and the choked throat
unstart is prevgnted by the throat area (AT) control. These are discussed separately

below.

The effect of the gust transient on the NS position, and the action of the bypass
area ABY to prevent unstarting, is discussed first using Figures 14(b) and 14(c).
Initially, the NS is located [Figure 14(b)] 8.7 inches downstream of the throat.
Reduction in M, at 0,2 second reduces the NS upstream Mach number (MX) along
with a corresponding reduction in total pressure. This reduction in MX and total
pressure causes the NS to move upstream to a smaller area (AX). Figure 14(c)
shows that the bypass starts to open in response to the upstream movement of the NS,
thus increasing the bypass outflow to the point where its effect becomes strong enough
to change the direction of NS movement. This change in direction occurs at 0.275
second when X = 154.5 inches, thus indicating that an unstart has been avoided since
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7

the NS is still downstream of the throat (XT 150 inches). Having accomplished its
task, the bypass then sturts to close and since the NS is still moving under the influence
of the transient, both X and ABY tend to overshoot their initinl locations., However,
once the gust is over (at 0. 1 second) the initial values are reached very rapidly. The
bypass control logic error signal is a function not oniy of the position error (XRE F—X),
but also of the rate at which the deviation from X occurs and also the rate at which

REF
the A opens or closes.

BY
The throat area (AT ‘
using Figures 14(d) and 14(e). Rzduction in M o causes a corresponding reduction in
the total pressure. The result is that the throat flow function FT (WT\f TTX/A TPTX)’
initially corresponding to a throat Mach number of 1.5, tends to increase towards the
choking value (0.532), The throat area control is programmed to try and hold the
input throat area schedule ATSCH [(Figure 13(g)] . Since this ATS CH defines the
desired Fp as a function of M o 2Ny deviation from this desired value introduces an
error signal (A’[’SCH -A T) into the system which activates the throat area control. In
this particular example, FT increases and AT [Fig‘ure 14(e)] responds by opening
until F,, returns to its initial value 2t 0.35 secord. Its task accomplished, AT then

T
returns to its own initial value.

) response to aveid choked throat unstarting is now discussed

Figure 14(f) shows the instantaneous pressure recovery, PT2/PTO’ during the
transient. As the NS moves upstream during the initial phase of the transient (from
0.2 to 0.3 second), the total pressure loss across the progressively weakening NS
decreases, hence, improving the overall instantaneous total pressure recovery. As
mentioned previously, however, the absolute value of PT2 is reduced from the initial
condition throughout the transient due to the overriding reduction in PTO' A peak
value of PT2/ PTO = 0.8 is reached at 0.275 second before the recovery starts to drop
again during the second phase of the transient (because the NS changes direction under
bypass control) reaching a minimum value of 0.767 at 0.375 second before returning

to its initial value.

Throttle Burst Transient (Model 1, Deck 1)

The following example is used to simulate the dynamic response of the full scale

2DM air induction system to a throttle burst transient.

Transient: Throttle burst input as a ramp signature
with percent fan speed increase from 56.5

to 75.5 in a time period of 1,5 seconds
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Mach Number: 2.5
Altitude: 61, 000 feet
Angle of Attack: 0

Discussion of Output Data. A ramp signature for the percent engine fan speed (NF)

which starts at 0.5 second and lasts for 1.5 seconds is input to simulate the throttie
burst {Figure 15(a)]. The effect of this change in speed can be seen in the increase
in engine flow demand W2E [Figure 15(b) ] during the transient. The effect of the
transient can best be seen by observing its effect on the NS position X fFigure 15(e)] .

Engine flow can be increased either at a high rate or a low rate. The effect of
increasing the engine demand at a high rate is that the flow entering the lumped volume
does not instantaneously match the demand at the lumped volume exit. The resulting
instantaneous excess of outflow over inflow results in a rapid pressure drop in the
lumped volumes and, hence, initially rapid downstream movement of the NS if not
compensated for with a rapid response bypass control system. On the other hand,
increasing engine demand at a low rate (nearly steady state) has the effect of merely
relocating the NS progressively in a new equilibrium position. The effect that dominates
NS movement during a transient is, therefore, established by the rate of the input
transient. In this example, the input transient is at a relatively low rate with respect
to the dynamic response of the air induction system and, therefore, the primary effect
is a nearly steady state downstream movement of NS. The downstream movement of
the NS, in turn, increases the NS strength and, hence, the total pressure loss across

it as it travels downstream. This drop in P 9 is presented in Figure 15(d).

T
At 0.5 second when the transient is initiated, the NS is located just downstream
of the throat [at 161 inches, Figure 15(e) ] and starts to travel downstream under the
influence of the transient. At the same time ABY starts to close [Figure 15(f) | in
an effort to return the NS to the throat. The NS, however, continues to travel down-
stream up to 171 inches because the influence of the input transient is greater than the
influence of the closure of ABY during the time period of the input transient. A more
rapid closure of ABY would reduce the maximum downstream excursion of the NS.
After the input transient is over, the NS rapidly returns to its initial position which

is the equilibrium position corresponding to the final value of ABY'

The instantaneous imbalance between inflow [WS, Figure 15(g)] and outflow
[Wl g Figure 15(h)] for Vol ,, and similarly between inflow (W 14) and outflow
[Wz, Figure 15(i)] for V°118’ is practically negligible, indicating that the transient
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is slow enough to be nearly steady state. The amplitude of the maximum instantaneous
change for the three flows WS’ w1 4 and W2 from their initial values is also not sig-
nificant. This is because the relatively slow increase in engine flow demand is met

by a corresponding decrease in bypass area at nearly the same rate, with minimal

dynamic fluctuations within the subsonic duct.

Buzz Transient (Model 2, Deck 3)

The following example is used to simulate a buzz transient of the full scale 2DM

air induction system.

Transient: Buzz

Mach Number: 3.0
Altitude: 70, 900 feet
Angle of Attack: U

Buzz is initiated by triggering separation through program logic with the NS
located just upstream of the throat at the initial condition. The bypass area sized for
this NS location is then frozen for the duration of the run by inputting zero bypass

gain in the control logic.

Discussion of Input Data. Additional input data curves, for the buzz model (Model 2),

are presented in Figure 16. These data are required for this model in addition to the
basic input data presented for the Standard model (Figure 13).

The total pressure recovery upstream of the NS, PTX/ PTO’ is presented as a

function of NS location X in Figure 16(a). During severe buzz the NS can have large
excursions extending nearly to the tip of the inlet and resulting in a noticeable varia-
tion of PTX/ PTO' Values of PTX/PTO are preselected from inlet input data when

the NS is at (1) the inlet leading edge, (2) end of first ramp, (3) the cowl, and (4) the
throat at the given flight conditions. Linear variation in PTX/ PTO is assumed between
these values.

Vol6 is presented as a function of X in Figure 16(b). It is based on AX’ the latter
being the critical flow cross-sectional area when the NS is external to the cowl (X<X)

and the duct area when the NS is inside the inlet (X=X,)-

Figure 16(c) shows AX and AEX as a function of X. It can be seen that the area
of separated flow (AEX) increases rapidly as the NS moves upstream during the buzz

cycle {as discussed previously in Section III, the flow is fully attached during downstream
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movement of the NS). Figure 16(d) shows the throat area blockage ratio AAET/AT
as a function of X. Flow is assumed to be attached when the NS is downstream of the
throat. After an unstart is triggered, blockage increases rapidly until the NS reaches
the cowl. It continues to increase at a reduced rate until the NS reaches the first
ramp, beyond which a constant value of 0.93 is used. This maximum value of 0.93

1s based on XB-70 simulation input data used in Reference 11 which compares XB-70
flight test data with simulation predictions of inlet unstart and buzz. Spillage Tow.

wSP is obtained using Moeckel's equation [Figure 16(e)

Figures 16(f) and 16(g) are used to calculate the throttled throat flow WET( W),
Figure 16(f) shows PSG/PTIZ ratio as a function of the second lumped volume flow
function Fl"' The presshre ratio includes the steady state friction loss for the first
half of the subsonic duct.

g)

Discussion of OQutput Data. The output data for the buzz {ransient are presented in
Figure 17. The run is terminated at 0.36 second after simulating two buzz cycles.

There are no controls imposed on NS movement during the run.

\When buzz is triggered through program logic at the beginning of the simulation
run, the NS starts to move rapidly upstream from the initial location just upstream of
the throat [Figure 17(a)] . The dominating effect during the unstart mode is the throat
throttling as the NS moves upstream. As the geometric throat area AT is throttled
[Figure 17(b):] the throat flow WET (=W8) is reduced [Figure 17(d)] and induces an
instantaneous two-way flow imbalance, which increases PT6 [Figure 17(g)] since out-
flow (W8 + WTBY) is instantaneously less than inflow (WX) and simultaneously decreases
PT12 since outflow W14 [Figure 17(e)] is instantaneously greater than inflow W8' As
the NS is disgorged from the cowl at 0.018 second, the inlet starts spilling, the throt-
tling rate drops [Figure 17 (b)] and the accelerating NS increases the rate of change of .
Vol 6 With the Vol6 flow imbalance now reversed [outﬂow (W8 + WTBY
-neously greater than inflow (WX)] and Vol 6 expanding rapidly, PT6 starts to drop. It
should be noted that although W8 continues to decrease because of throttling, the rapid
increase in WSP more than offsets this, thus increasing the instantaneous net outflow

from Vol6 to a level greater than WX'

Instantaneous static pressure ratios across the NS, P

+ WSP) instanta-

SX and PSY (which are

themselves functions of the corresponding instantaneous total pressures across the

NS, P and pTG respectively) control the NS fluctuations on the ramp. Figure 17(a)

X
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shows that the NS fluctuates once between 0.035 2:d 0.06 second before attachment
occurs and triggers the second half of the buzz cycle. The duration of time the flow
stays either attached or separated is indicated on the figure.

At 0.06 second the key buzz parameter Ple/ F’To [Figure 17(c)] reaches the
value of 0.315 when reattachment instantaneously occurs. With no throttling, outflow
from Vol rushes into Vol,, which is at a much lower pressure P, [Figure 17()],
thereby causing a sucking effect on the NS, which reenters the inlet and surges to a
highly supercritical position (X = 170 inches at t = 0.09). It reverses itself at this
point and travels upstream until it again crosses the throat, thus initiating another
buzz cycle. The reason why separation is not retriggered at 1’,1,12/PT0 =0,519
[see Figures 7(c) and 17(c)] is because at that time (0.084 second), the NS is down-
stream of the throat and the flow is assumed to be attached.

The buzz frequsncies for the full-scale and model inlets are 7 and 70 cps
respectively. The total pressures and temperatures at the compressor face during
the buzz cycle are presented in Figures 17@) and 17(1), respectively. The high rate
of change of these properties and the large amplitudes (11 psi for PT2’ 250°R for
TTZ)’ associated with severe buzz conditions, are the primary reasons for causing
compressor stall, The pressure and the temperature variations increase the dynamic
distortion at the compressor face to intolerable levels and drastically reduce the

compressor stall margin.

Hammershock Transient (Model 3, Deck 5)

The dynamic response of the full scale 2DM air induction system to a hammer-
shock transient has been studied at the following conditions.

Transient: 100 percent airflow cutoff in 0,01 second
Mach Number: 3.0
Altitude: 70,000 feet

Angle of Attack: 0

No additional input data are required to simulate a hammershock transient. At
the initial condition, the bypass area is sized such that the NS is located at the desired
supercritical location and then frozen at this value for the duration of the run. The
bypass control logic is not included in this model.
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Discussion of Output Data. The output data are presented in Figure 18, The
input transient [Figure 18(a)| simulates engine stall by cutting off engine
airflow (WZE) within ten milliseconds. Thus, the air inuuction system continues to
vent a small amount of airflow [W,,, Figure 18(f)] through the bypass area even after
engine demand is reduced to zero ._

At 0.01 second, as the Vol18 outflow W2 starts to reduce at a rapid rate, the
inflow W, , [Figure 18(e)] is initially unaffected, resulting in an instantaneous imbalance
across the volume, which increases its pressure P, [Figure 18(@)]. At this time Pria
[Figure 18(!1)] and PT6 [Figure 18 (g)] are essentially unaffected. As PTZ continues to
rise, W1 4 starts to reduce (at 0.013 second) since its rate of change is a function of

the total pressures across the fixed boundary (Station 14). This reduction in Vol12
outflow now causes an instantaneous flow imbalance across Vol12 and starts to iacrease
P..,, at 0.015 second. Similarly, a reduction in Vol outflow W [Figure 18(d)] at

T12
0.02 second starts increasing PT6 three milliseconds later. P,., continues to increase

until 0,04 second [Figure 18(1)] and then starts to reduce rapidgfzwhen the Vol6 instan-
taneous outflow becomes greater than inflow due to the continuously increasing sub-
sonic spillage as the NS moves upstream of the cowl. Note that the subsonic duct
experiences pressures greater than freestream stagnation pressure [Figure 18(c)]and
that, due to the adiabatic compression of the air within the duct to pressure levels

above the equilibrium recovery level, instantaneous temperature levels are significantly

greater than freestream stagnation temperature.

2DE AIR INDUCTION SYSTEM

Input data for the program, developed from the 2DE 1/8 scale wind tumnel model
described in Volume I of this report, are presented in Figure 19. Multipliers are
used within the program to scale the inlet up to full scale. Only those figures requiring
an explanation are discussed below.

Discussion of Input Data

Figure 19(a) is obtained from shock tables and gives the Mach number behind the
first oblique shock (ML) as a function of M0 and (a+ aRl) where the first ramp angle
%p1 is fixed at 10 degrees. A lower limit is defined for the supersonic model {(dotted
line) since below this line the flow is subsonic on the second ramp due to detachment of
the second ramp oblique shock for the given ML and the corresponding scheduled second

ramp angle (aRz).
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The Mach number behind the second shock (MXE) is presented in Figure 19() as
a function of ML and 8po The total pressure recovery PTX/ P,I.0

in two steps as shown in Figures 19(c) and 19(d). The critical mass flow ratio is pre-
sented in Figure 19(e) as a function of M0 and (a+ 10°),

is obtained similarly

Within the inlet operating speeds, a variable angle second ramp is required to
maintain optimum performance as flight Mach number increases. Thus, some sort
of a control mechanism sensitive to flight Mach number is required to accomplish this
inlet geometry variation because the optimum geometry angles follow a definite Mach
number schedule. This schedule, which gives optimum values of Cpo for maximum
total pressure recovery (PTY/ PTO) as a function of M0 is shown in Figure 19(f).

%R stays constant since M 0 is constant, this schedule for

Cpo must be followed, say, in an M0 transient @.e., gust) to avoid deterioration in inlet

Although for this example

performance. An error signal [(azR °R2] is generated by the ramp angle con-

2)scH ~
trol logic for any deviations from the scheduled value and the control is set up to try
to hold that value by reducing the error. The model inlet throat height defined as the
perpendicular distance between the second ramp and the cowl lip (ht) is shown in

Figure 19(g) as a function of Apge

Figure 19() shows the changes in boundary layer bleed flow ratio (W B/W2) as a
function of NS position and ML' Ramp and throat slot bleeds are lumped together to
simplify the calculations. Since the bleed flow rate is a function of the static pressure
ratio at the slot, a higher constant value is used when the NS is external to the cowl
(subsonic bleed) and a lower constant value is used when the NS is downstream of the
slot (supersonic bleed). A linear variation in bleed flow between the above two constant
values is assumed when the NS traverses the slot.

The bypass area is varied to control the shock position. A schedule for the throat
flow function FTS cH 2% 2 function of ML is generated for this purpose [Figure 19(1)] .
This flow function is calculated pehind the NS when the shock is located at or slightly
ahead of the throat at various operating conditions. This schedule essentially specifies
the desired subsonic Mach number ¢t the throat at various flight speeds. An error
function (FTSCH - FT) is generated by the bypass area control logic for any deviation
of the throat flow function, F.p.[W. VT /A, Pr.]from the scheduled value F. g
when the NS is at a location other than the throat. This signal tends to close the bypass
when the NS tends to travel too far downstream of the throat (highly supercritical oper-

ation resulting in unacceptable total pressure losses) in an attempt to drive it back
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to the throat and, for the same reason, tends to open the bypass when the NS tends to
travel too far upstream of the throat (highly subcritical operation).

Afterburner Blowout Transient (Model 1, Deck 2)

The dynamic response of the full-scale 2DE air induction system has been studied
using the following example.

Transient: A typical afterburner blowout transient (changes in engine
corrected flow demand) is initiated at 1.0 second and lasts
till 1. 92 seconds.

Mach Number: 1.8
Altitude: 72,500 feet
Angle of Attack: 0

In this example the no-bypass no-control option of the program is exercised to
simulate the 2DE air induction system. This is accomplished by assuming zero bypass
area and neutraiizing the bypass and ramp angle (aRz) controls by inputting zero gains
in the control logic. With no bypass, there is no means of controlling NS movement
and all the excess flow is spilled subsonically at the cowl lip with the NS located at the
proper standoff distance from the cowl tc allow for the required spillage.

Discussion of Output Data. The afterburner blowout at 1 second [Figure 20(a)]

causes engine exit air temperature to drop, thus rapidly decreasing pressure at engine
exit and hence, an engine flow increase of about 10 percent before it is reduced to the
original level at 1.9 seconds by reduction in nozzle area. Since there is no bypass, the
engine demand W, [Figure 20(b)] is the same as diffuser exit flow w, [Figure 20(f)].
The effect of the transient on the NS is shown in Figure 20(e). Initially, the NS is
located about 3 inches ahead of the cowl lip. The rapid increase in engine flow demand
at 1.0 second causes depletion of the air in the lumped volumes (thus instantaneously
reducing their total pressures) and hence,a sucking effect on the NS resulting in down-
stream travel. The loss in duct pressure PT2 [Figure 20(d)] due to the initial sharp
increase in engine flow demand is followed by a gain in pressure when the engine flow
demand starts to decrease at 1.1 seconds. Duting the initial sharp rise of engine flow
demand (10 percent within 40 milliseconds), the non-steady effect dominates since the

pressure P,., continues to drop, and the NS continues to move downstream for a short

T2

period (60 to 80 milliseconds), even after the Vol18 outflow W2 reverses at 1. 06 seconds.
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The subsequent reduction in engine denian. from 1.1 to 1.9 seconds is com-
paratively slow. At 1.14 seconds and 106 inches, the NS reverses direction and
rapidly travels upstream until it reaches the cowl. The sudden change in slope (dx/dt)
at the cowl (at 1.4 seconds) occurs because upstream of this point spillage flow effects
are significant.

Angle of Attack Transiernt (Model 1, Deck 2)

The 2DE air induction system response to this transient is simulated at the
following opereting conditions.

Transient: Angle of Attack. Initiated at 0.05 second as a ramp
input at the typical rate of 24 degrees/second and
lasting for 0.25 second.

Mach Number: 2.2

Altitude: 50,000 feet

The no-bypass no-controls option is again used for this example, along with
the same input data as used for the previous example.

Discussion of Output Data. The input transient o changes through 6 degrees
during the simulation run [Figure 21(a)] . The effect of this change on the properties
PTX and MX upstream of the NS is shown in Figure 21(b) and 21(c) respectively. The
overall change in PT2’ X, and TT2 as shown in Figures 21(d) to 21(f) is quite smal
Due to the small overall change in properties during the simulation, the fluctuation
in their values before initiation of and after termination of the transient is due to the

exaggerated scale of the plots.

As the angle of attack changes, MX and PTX reduce and the NS moves upstream
in response. This loss in P, is reflected in the Py, curve [Figure 21(d)] . The
T,po level [Figure 21(f)] changes slightly during the transient but returns to its original
value after the transient is over since the process is adiabatic.

As the NS travels upstream, the spillage flow WSP increases as shown in Figure
21(g). The change in W, [Figure 21(h)] is seen to be directly proportional to changes
in PTZ and TTZ since it is obtained from a constant value of corrected engine flow,

Worc:
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Buzz Transient Model 2, Deck 4)

The following example is used to simulate the Lu:zz transient.

Transient: Buzz

Mach Number: 2.5
Altitude: 50,000 feet
Angle of Attack: 0

At the design Mach number of 2.5, the inlet operates slightly subcritically with
all the excess flow being spilled at the cowl lip. Buzz is initiated by triggering
separation through program logic.

Discussion of Input Data. Additional input data curves required for this transient
are presented in Figure 22. The approach used in developing these curves is similar
to that followed for the 2DM air induction system except for ﬂleAAET curve [Figure
22(d)}, where the maximum level of throat area bleckag? is reduced to 70 percent as
compared to 93 percent at Mach 3 for the 2DM inlet. Reference 11, which com-

pares XB-70 flight test data with simulation predictions of inlet unstart and buzz,
indicates that model and flight tests for various inlets, including XB-75, have

shown some variation in the magnitude of boundary layer separation as a function of
the static pressure rise across the NS and, hence, the Mach number near the cowl.
Since the latter decreases with decreasing Mo, there is a corresponding reduction in
the separation level (and, hence, blockage) for the 2DE contract inlet operating at
Mach 2.5 as compared to the 2DM inlet operating at Mach 3. The 70 percent level
is based on XB~70 simulation input data available in Reference 11.

Discussion of Output Data. The output data for the buzz transient are presented
in Figure 23. The key parameter PT12/ PTO that triggers separation and attachment
is shown in Figure 23(c). After the flow attaches at 0.37 second (when Ple/PTO drops
below 0.315), the NS [Figure 23 (a)] moves rapidly into the inlet to a highly supercritical
location. Separation is triggered again when the NS emerges from the cowl since both
the conditions [(1) that P11/ P be above 0.519 and (2) NS be upstream of the cowl]
are satisfied at this point. The reason why separation is not triggered at 0.381 second
when PT12/ P'I‘O initially rises to 0,519 (just after attachment has occurred) is because
the NS is downstream of the cowl at that time.
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The NS upstream travel rate [Figure 23(a)] for the 2DE inlet is slower than the
2DM inlet and the buzz frequency is lower; 2.5 cps compared to 7 cps for the full scale
2DM inlet. The total pressure P,., and total temperature T,., amplitudes of 16 psi

T2 T2
and 150°R during buzz are shown in Figure 23@) and 23(1) respectively.

Hammershock Transient (Model 3, Deck 6)

The dynamic response of the 2DE air induction system to a hammershock transient
has been studied at the following > nditions.

Transient: 100 percent airflow cutoff in 0.01 second

Mach Number: 2.5

Altitude: 50,000 feet

Angle of Atiack: 0 ‘

The basic input data are the same as that used for the buzz transient.

Discussion of Output Data. The output data are presented in Figure 24. Since
no bypass is assumed, engine demand is the same as diffuser supply (W2 = WZE) and
both reduce to zerc within 10 milliseconds after flow cutoff at 0.01 second [Figures
24(a) and 24(f)]. Although P o [(Figure 24(h)], as expected, lags behind Py [Figure
24(i)], by about 3 milliseconds, Pre [Figure 24(g)] actually leads Py by about 2 milli-
seconds. The reason for this is that in the 2DE inlet input data the boundary layer
bleed curve (Wp/W,, Figure 19(h)] is input as a function of W, [Figure 24(f)]. The i
resulting rapid reduction in instantaneous bieed outflow from Vol6 (about 20 pounds/ i
second at initiation of hammershock) to zero within 10 milliseconds causes Vol6 total
pressure PTG to rise somewhat, immediately after the hammershock is initiated,
before dropping rapidly due to the subsequent massive increase in instantaneous spillage
outflow. The reason why this small initial increase in PT6 does not occur for the 2DM
air induction system [Figure 18(g)] is because the 2DM blzed curve [Figure 13)] is

input as a function of W0 which stays constant during the hammershock.

During the hammershock the su.sonic duct experiences a maximum pressure of
1.22 times the freestream total pressure at 0.033 second [Figure 24(c)].
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(i) PT2 (psi) vs Time
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SECTION V
HAMMERSHOCK SIMULATION COMPARISONS

Hammershock simulation and test data available on the North American Rockwell
(NAR) XB-70 and F108 air induction systems are compared with corresponding simu-
lation runs, using Model 3. A full-scale XB-70 air induction system hammershock
simulation at Mach 3 (Reference 12) is first compared with a corresponding Model 3
simulation run using XB-70 data available from NAR (References 13 and 14). This is
followed with a comparison of Mach 3.1 hammershock test data on the NAR F108 wing
tunnel model, with Model 3 simulated output using F108 input data, available in Refer-
ence 15. The results are discussed below.

NAR XB-70 INLET SIMULATION VS MODEL 3 SIMULATION

This comparison, using the full-scale XB-70 air induction system, is based on
the following operating conditions.

Transient: 100 percent airflow cut-off in 1 millisecond
Mach Number: 3.0

Freestream Pressure: . 251 psi

Freestre. o Temperature: 373.5°R

Angle of . ttack: 0

The output data obtained from the Model 3 simulation run is presented in
Figure 25, Figure 25 (a) shows the hammershock input transient which is initiated at
.01 second with 100 percent cutoff in engine airflow within 1 millisecond.

Figure 25 (¢) shows the comparison in air induction system pressure recovery
(PT2/ PTO) between Model 3 and the NAR model. The latter is based on the "'moving
hammershock' approach, with the volume between the hammershock and the engine
face treated as a single lump. The model locates a hammershock (HS) slightly forward
of the compressor face at initiation of the transient. The lumped volume between this
shock front and the engine face is the control volume, which increases as the HS moves
upstream. Upon initiation of the transient, the instantaneous outflow from the control
volume is drastically reduced as compared to the instantaneous inflow. The
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instantaneous control volume pressure rises, and the HS moves upstream at a velocity
required to satisfy the inrtantaneous pressures across the HS. Since this is a single
lump model, the contro! volume between the HS and the engine face is very small at
initiation of the transient, and grows to include the whole subsonic diffuser when the

HS reaches the cowl. On the other hand, Model 3 assumes a constant 'lumped’ volume
(Volls) near the compressor face. Thus, initially when the NAR control volume is much
smaller than the constant Volls, the instantaneous PTZ within the NAR volume increases
much more rapidly than within .he Model 3 volume, as can be seen in Figure 25(c).

This rate, however, drops off for the NAR model, since its control volume continues to
increase during the transient, and may include the whole subsonic duct near the end of
the simulation run. Both curves level off for about 3 milliseconds at .032 second and
then rise again to the maximum values of 1.3 at .069 second for Model 3, and to 1.21 at
.056 seccnd for the NAR model

e to unavailability of output data from the NAR model (other than PT2/ PTO)’

comparison of parameters other than PTZ/PTO was not possible,

NAR F108 INLET TEST VERSUS MODEL 3 SIMULATION

This comparison, using the NAR F108 inlet wind tunnel model (Reference 15) is
based on the following example.

Transient: 100 percent airflow cutoff in 2.5 milliseconds
Mach Number: 3.1
Wind Tunnel
Total Pressure: 14.7 psi
Total Temperature: 610°R
Angle of Attack: 0

Figure 26 shows the comparison between the F108 inlet model test and the Model
3 simulation. The latter compares well with the test results. It should be ncted, how-
ever, that the test is in itself a simulation, since flow is completely cut off by a plug and,
hence,it does not portray the response to an actual engine stall transient, where initial
rapid cutoff in compressor flow leads to flow reversal and, finally, some positive flow
while the engine windmills,

The complete simulation run is presented in Figure 27. The transient is initi-
ated at ,072 second, with flow demand completely cut off 2.5 milliseconds later
[ Figure 27(a)]. The instantaneous total pressures PT6’ PT12 and PT2 are shown in
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Figure 26. Hammershock Test vs Simulation Comparison ~
NAR F108 Wind Tunnel Model vs Model 3; Mo =3.1; a=0
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Figures 27(g), 27(h), and 27(i). It can be seen that PT6 starts to responc about 2.2
milliseconds after the transient has been initiated, and since this pressure affects NS
movement, the latter also starts moving at about the same time [Figure 27 (b)] . The
oscillations in X and PT6 near the end of the simulation run tend to damp out fairly
fast. Final steady state conditions calculated by Model 3 will indicate total pressure
recovery behind the NS of .2 (which is the pressure recovery behind a normal shock at
Mach 3.1) with the NS located three to four inches upstream of the inlet leading edge.
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APPENDIX 1

DERIVATION OF THE LUMPED VOLUME TOTAL
TEMPERATURE AND PRESSURE R..TE EQUATIONS

In the 'lumped parameter' concept, the air induction svstem subsonic duct is
divided into a series of lumped volumes. The volume nearest to the diffuser throat
has a moving upstream boundary (the normal shock) and a fixed downstream boundary.
The remaining lumped volumes have fixed boundaries, The instantaneous to%al tem- —
peratures and pressures w:‘hin each of these volumes are obtained during the simula-
tion run by numerically integrating the corresponding rate equations. These rate
equations are derived by applying the one-dimensional unsteady continuity and energy
equations in conjunction with the equation of state to each 'icmped' volume, The pro-
cedure adopted here in developing these rate equations is, first, to derive from basic
principles, the one-dimensional unsteady energy equation for a control velume with a
moving upstream boundary and a fixed downstream boundary, and then to apply the
'lumped' volume con~ent to this energy equation for developing the rate equations,

The final forms in which these equations are used in the air induction system dynamic
simulation computer program are obtained through some algebraic manipulation.

Total Temperature Rate Equation

The approach used in deriving the basic unsteady energy equation[Equaﬁon ()
in this Appendix] for a control volume with a moving upstream boundary (the normal shock)
and a fixed downstream boundary follows Reference 16. It is included here in the original
form except for some changes in nomenclature.

The time-dependent energy equation states that the rate of energy accumulation
in an adiabatic control volume without shaft work is equivalent to the net flux of energy
through its boundaries, lessened or increased by the rate of work done at the surfaces
of the volume. The figure below portrays the situation. The control volume (CV)
extends from a moving control surface to a fixed end boundary. In this portrayal,
translation of the moving surface lags the fluid motion. However, the derivation
applies to any control surface speed relative to fluid speed.
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Control Volume Contro! Volume

—agX/dt —e dX/dt
.
: ===
L ' S
' i '
" i !
o 1, 1 - - lm : I 1 =....
H
| : '
T [ ] —— [ .
| ===d
X, | Kt + oy |
X, X,
Time = t Time =t + At

The energy contained by the system of fluid nresent in the control volume at
time t is Eg t+ Ent’ Since energy can be adde. to an adiabatic system in the form of
work only, and since energy must be conserved:

€ - = 1)
(Elt-fa't MR +Af) - (Elt + EIE) dw °© {
At time t the control volume contains the fluid encompassed in Regions I and IL,
At t + At the fluid Regions I and IIT occupy the newly formed control volume. There-
fore, during the same time interval At, the energy change for the control volume is:

E"-Vuu: ~Bevy = (B, at +EHe at) - (Bre + Es*) (2)

Combining Equations (1) and (2) gives:

- - 3
CLECV Emtﬂw + EI++At - 41\/ (=] (3)
where

“‘Ecv = Ecvtf‘\t - Beve

The energy contained in the control volume is made up of internal energy (e),
kinetic energy (u2/ 2g), and potential energy, the latter assumed to be negligible.
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Thus, from the calculus

Xo
dEcy = E‘-“‘t+bt -Ecve = _f!_ (e + u1/23)(’ AdX (4)
t at w0 Ot at 3
A (b

where Xi and Xo denote the co.trol volume entrance and exit stations, respectively.

Similarly, the energy flux across the boundaries is made up of internal and
kinetic energy, so that the time derivative form of Equation (3) can be written as:

X
1 - . -1
2 [ raNpAen- (oA - B+ wTas)

()
X, (t)

IS
+ b Ay v, (€, +ue /7.3) - dW/dt =0
Equation (5) is the basic unsteady energy equation for a control volume with a moving

boundary.

Now the work performed on the control volume is assumed to occur only at the
upstream and downstream flow boundaries and consists of flow work. At the two
boundaries the fluid exerts pressure Pg on the control volume and enters the upstream

moving boundary at (ui -~ %%) ft/sec with respect to it and leaves the fixed boundary at
u, ft/sec. 'The flow work performed on the control volume is, therefore,

(,LW

— =P'-A' U"_ -‘J‘ - PSs A s u.,.__&__’_(
at )m»..nﬂ 'bounr.lr/('j (x) S ( —crf-) P—S-:[ "(’s“( toac )] (6)

The expression [Ai Asi (ui —%—)] is the flow (W,) entering the control volume, thus,

<4_1{) = FPseowg (M
¥ ig Me,ing boundary (X{) Psc

and, similarly,

( ‘-A-Jl/) = - Pso 1y, (8)
W tixed boundary (x.,) (Sc
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Therefore, the net work performed on the control volume tis,
AV Py Py (9)
-ZE: S—e . [~]
(s» (30
Now substituting Equation (9) into Equation (5) we obtain,

X .
d :
= (e_+._.)(Adx+ w(eo+uo)_w(e +i"."§)

X ()

= Psiw, - Pse o
(5\. (5&

or

Xeo X ' R
_‘_‘_ le 4 & Adx = "Ji(ei"' )4- W ‘] wo( + Su)+“¢“o
e L;u) w56 i Ps: [ = 3_3]

-

S
Wi (hsi +;_.‘.;.) - We Chso s 2) o

P

P
where the enthalpy hg=e + 5=
S
or
Xe
(e+5)GA% = WiCe T - WoCpTr. a
d'c X L)
where
u* h C
hg + = = Ny = CpTy

In order to evaluate the integral of the energy in the control volume accurately,
the axial distribution of fluid properties through the volume must be known. This dis-
tribution cannot be obtained by the present theory. To overcome this deficiency, the
'lumped' volume concept is introduced. In this concept it is assumed that the lumped
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instantaneous flow properties correspond to the instantaneous average properties of
the eatire control volume. Defining the control volume properties in this manner
provides the equality:

Xo
> . b3
é__ e + = Adx = _d__ [ €. 4+ Y ] ;
at L,Lf) 73) (s Tt (e v 5 )me ] 12)
[

where subscript ¢ refers to the properties (i. e., energy, mass) within the 'lumped’
control volume,

Thus,

Al v ggyme]

L

%
;;[(hSQ + "{—‘-—9-)"1(-_ - PS‘ me ]

= = d (me T, - P Ve ')

= d(’ (mc CP T‘rc_) PSC. V‘.)'

(13)

Applying the unsteady continuity equation whaich states that the mass accumulation

<?_T_<_:> within the control volume is equal to the net flux of fluid through its boundaries
dt

we get

Admg = Wi ~ W

A€

or

m, = I(Wf—“o) dt. (14).

Substituting Equation (14) in Equation (13) we get
- .J
2 [crgirme] « [T (W -we)de] - e (RYe)  as)
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instantaneous flow properties correspond to the instantaneous average properties of
the entire control volume. Defining the control volume properties in this manner
provides the equality:

X,
>
d u d _ u )
;Té{(d +7‘S)€SA ) & = [(e g>mc] (12)
X (6) -

where subscript ¢ refers to the properties (i. e., energy, mass) within the 'lumped'
control volume.

Thus,

. T 1
Zlecegymed -z s e gme - B ]

d (m, T, - PSCV‘_')

et

ac (mC LP Tc) '4(‘,' (Psc Vc).

13)

n

Applying the unsteady continuity equation which states that the mass accumulation

(ﬁ:) within the control volume is equal to the net flux of fluid through its boundaries
dt

we get

dme | W; - W
=14

or

m, = j’(wc—uo) At (14).

Substituting Equation (14) in Equation (13) we get
gl grm] - [T (i - ) H (V) on
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Then Equation (11) can be written as

2 [ee Tre [ (e - Wo)de] - 2 (RVe) = Cp(WTr, - WeTre). (19

It is assumed that Cp is constant over the range of temperatures under consideration,

Now the flow work term on LHS of Equation (16) is

%(P&v&) ‘% (MmeRTe) = & [R7e IS de ]

d Tse Kf(w‘-wo)(_w + RTg, (W -We), an
ac

Substituting this in Equation (16) and performing the indicated derivative of the first
expression on LHS of Equation (16) we get

 [dT. - Tre (We - )] - 4T @ [(i-ug) o
C < —- w - — Sc -
P[ ::f(w" NO) dt + TC( v 0) T.‘_L:—R' ( ¢ 0) 3

SR (WO -Wo) = Cp (WeTry - WoTrs), (18)

To eliminate the static temper 1ture derivative, it is assumed that

dTSc = -_|:§_(_. ATT:..

e _=¢ (19)
Al Tre dr
This assumption is permissible for moderate subsonic flow velocities,
Substituting Equation (19) in Equation (18) and simplifying, we get
d Tre f(u; ~Ho)ydt [Cp-R e ] v cu (WiTri - WoTre)
g 'l’r<_
o (W -ue) [RT - CpTre ] (20)
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Now
me = [(wa—wo)a- P Ve = E‘T‘:C' 21)
[N

Substituting Equation (21) into Equation (20) and rearranging

OTre | o (WiTre - WeTre ) + (We- te) [RTsc - ¢orr. ]

.

At Ps. Ve [C R Toe )
"4 TS(_ P -F_;:

CP [(Nk TTL - waTT",) + (ub - uC)TTc; (‘ - &-_[._S_c_ )J 22

= CeTre
C P.Sc, VC [| —-— ..&-, Tf&. ]
P R_ TS(- LP T‘I"c
Let
! . K T$<. ]
c = { - 23
[ c_P TT' ¢ ( )
and
Psc TTC. ]
= |5 - 2= 24
z Pre Tse 24)
and
‘
C = C 2 (25)

Substituting Equations (23), (24) and (25) into Equation (22) simplifies it to

dTre . RTw [(wL Tre - WeTr ) + €T (Wo = W)
C"L’ C_ VC PTd

or,
2

P E - R Tre (NL Tr: - W, TTo) + R Tre (WQ - N,'.)

dt ¢ Ve Pre 2 Ve Pro (26)
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Total Pressure Rate Equation

This equation is derived by applying the equation of siate to the fluid within the

control volume

PSC VC = mc ‘Z TSL

or

Poc = R Me Tse | @7 !
Ve

Differentiating this with respect to time t, we get

. d Cm - .Té ) m.. T dvc
d PS(_ = R v‘— ———‘]"——‘Lt < - < Sc ET:
dt Vc,L
or,
dPsc = R [T_S_f dme | me dTge | me Tse dVe 7 (28)
dt Ve dE Ve dt V r at
Now substituting
the continuity equation d ‘;'2 ¢ = W - W (29)
. P, b
and the assumption d—‘—g-s—& - Psc (B ) (30)
3 Pre at
into Equation (28) we get
dPre . Pre RmeTse [Wi=We | 1 dTse _ L avc].(sl) |
dt Psc Ve L me Tgc <t Ve 4t
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Now substituting me = V., = Psc Ve
(’bc R Tsc
and the assumption A Tse . I8¢ 4dTsc
into Equation (31) and rearranging yields,
dlFe = R Tse Pre ( W o- .,Jo) + Pre o Ty - P___Tc dVe . (32)
dt PS P Ve TTC CI‘ 1t VQ j?_

From Equaticn (24) Tse L R
PS( Pre 2

Substituting this in the first term on the RHS of Equation (32) we get

= < W - W < Tl — Tc < .
dt Ve 2 (e °) * Tre 4t Ve o drx %3)

Form of Total Temperature and Total Pressure Rate Equations Used in Computer
Program

Through algebraic manipulation an alternative form of these equations, more
suitable for use in the air induction system dynamic simulation computer program, is

T
obtained 2s follows: Multiplying Equation (33) throughout by 1—,-?-9- and rearranging, we
get, Te
2z

RTre  (Wo - W) = 4Tre _ Tre dVe _ Tre dfe (34)
2 Ve Pre dt Ve dt Pre dt

dTTc
From this the total temperature rate T is,
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1+
dfte i Tre We = W ) + o 4 Pre - Tre 4Ve (35
et 2 Ve Pre (He Pt «t Vo &t !

Now Equation (26) can be rearranged as follows:

k3

RTT(. ( We — \,.j\) = dTTq; _ ﬂ—rf‘; ( NL’G‘ - NUT‘—G> (36)
2 Ve PT‘. dt < V(_P-rg

Combining Equations (34) and (36), simplifying, and substituting C'Z for C

[Equation (25)], we get

R Tre W, T - WoTpe ) - Tre dVe T dYre | o

dPTc

From this the total pressure rate at is

elt c'z Ve Ve ot

Thus, the final dimensionally consistent form of the total temperature and total pres-
sure rate Equations [(35) and (38), respectively] in the computer program, is:

A Tre T. Tre [\LKTT,; Wh = W + P. - PTc_ Ax ;( ]
= e = o= | e ] L Te —_a
dt PTL' 2 Vc, ( ) V,;_ (39)
o Pre = Pre = 2 R ( W Tr. - Uc'nrc,) + Pre Ax X (40)
dt ¢'2 Ve Ve

for P in psi, T in °R, W in 1b/sec, V in cubic inch, t in seconds and R in ft 1b/Ib °R,

Note that the signs of the last expressions on the RHS of the Equations (39) and

av
(40) have been reversed since ——a-tg is negative when X is positive (NS movement

towards compressor face).
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APPENDIX I

DERIVATION OF THE EQUATION FOR THE RATE
OF CHANGE OF FLOW ACROSS FIXED
LUMPED VOLUME BOUNDARY

In the "lumped parameter'' concept, the air induction system subsonic duct is
divided into three lumped volumes. The volume nea’ ihe throat (V016) has a moving
upstream boundary and a fixed downstream boundary and the remaining two volumes
(Vol12 and Volls) have fixed boundaries.

To calculate the rate of change of flow rate (We and Wl 4) at each of the two fixed
boundaries the total subsonic duct is divided into two equal volumes, each volume con-
taining a fixed boundary (Stations 8 and 14), from the previous three volumes (Figure 3).
The rate of change of flow rate at these boundaries is then determined by calculating
the rate of change of momentum within each volume due to the instantaneous net imbal-
anced force acting on it during transient conditions. For this calculation, both the
volumes are frozen at their NS-at-throat value during the transient.

The equation for the rate of change of flow rate (Ws) is derived in this Appendix.
Exactly the same procedure applies in deriving the rate of change of flow rate (Wl 4).

The momentum control volume is shown in Figure 28, in which the duct volume of
interest (Vol6 plus one-half Vollz) is represented as an equivalent constant area
(A8) volume of length £y defined by

[ . Volg «'aVelp )
| v

Applying the unsteady momentum equation to the constant area momentum control volume

with the assumption that PS6 and PSlZ act at the entrance and exit of the control volume

respectively, we get,

£,
2 »
E:— f g C‘K + ﬁer l."z - eé Ag ub = Ae [PSG' - (PS\L A 9___:&')] (2)
dt
<

where the steady state duct pressure loss (P,., - P..,,) is defined as APy,
T6 T12 5
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For subsonic duct flow, assuming that the velocity heads are relatively small com-~
pared to the static pressures, it is permissible to assume that the entering and exit-
ing momentum terms ave equal. Thus, Equation (2) can be written as,

g,
f‘_.Jh‘dx' = Ae,[Pse - Psiz - 9_‘)':] (3)
dt ) & z
o

Further, again due to the relative magnitudes of the vele~ity heads relative to the
static pressures, the dynamic pressures at the entrance and exit stations are assumed
to be equal, Thus, in terms of PTG and PT12’ Equation (3) can be written as

£

]
) AP
[ &2

In order to evaluate the integral of the LHS of Equation (4) accurately, the
instantaneous axial distribution of flow rate (W) through the volume must be known.
Since it is not possible to obtain this distribution using the current approach, to over-
come this problem, the "lumped' volume concept is introduced. I this concept it is
assumed that the lumped instantaneous weight flow corresponds to the instantaneous
average weight flow of the entire momentum control volume, where the instantaneous

average weight flow is
L,

W
Wg = _‘if_dx
L

[~

or

4

) £, We

Wdx = 2
J3* 7 ®

(o]
Substituting Equation (5) into Equation (4), we get

i dWe _ Ao [ - Priz - &R
3 4t e LPre z ] ©)

so that the equation for the rate of change of flow rate (Ws) across the fixed boundary
Station 8 is

W N | _ _ APL
d Ue = we - ]—:—-‘ [P-rq, P'r‘l —{] (7)

where the dynamic impedance constant, Il’ is defined as
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I, = .Ii_‘. ®)
9he

The equation for rate of change of flow rate (W 1 4) across the fixed boundary Station

14, is also obtained using the same procedure and is given by,

‘ { ) AP
A———-—d‘iw = Wy - f;.. [PTIL - Pris - - 9)
where
2,
I, = 3__‘\“ (10)
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APPENDIX III

MOECKEL'S MODEL FOR SHOCK STAND-OFF/SPILLAGE FLOW CALCULATIONS

Moeckel's continuity method (Reference 17) has been used in the dynamic models
to calculate the expelled bow shock position ahead <f the inlet cowl. Moeckel derives
expressions for both plane and axially symmetric bodies and then applies the theory to
two-dimensional and axisymmetric inlets. The theory as applied to 2D inlets is of

interest here and is summarized below.

The above figure shows Mceckel's representation of the inlet bow shock. The

subscripts used in the text are defined below.

¢ Centroid of streamtube passing through sonic line
m Freestream location of stagnation streamline
S  Sonic point of detached shock
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APPENDIX III

MOECKEL'S MODEL FOR SHOCK STAND-OFF/SPILLAGE FLOW CALCULATIONS

Moeckel's continuity method (Reference 17) has been used in the dynamic models
to calculate the expelled bow shock position ahead of the inlet cowl. Moeckel derives
expressions for both plane and axially symmetric bodies and then applies the theory to
two-dimensional and axisymmetric inlets. The theory as applied to 2D inlets is of
interest here and is summarized below.

0 X XGB X

The above figure shows Moeckel's representation of the inlet bow shock. The
subscripts used in the text are defined below.

¢ Centroid of streamtube passing through sonic line
m Freestream location of stagnation streamline
S  Sonic point of detached shock
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SB Sonic point of body
8 Conditions along sonic line

0 Freestream conditions

The coordinate Ym defines the location of the stagnation streamline that separates the
mass eniering the inlet (ym) from that spilling subsonically outside the inlet (YSB - ym).
Fou 2D inlets, the spillage is defined as T7=1 - (ym/ySB). Mocckel's continuity method
establishes a relationship between this spillage and the NS stand-off distance (L) using
the following procedure.

Assumed Form of Detached Shock Wave

This method assumes that

(a) the ferm of the detached shock from Ym to the sonic point S is & hyperbola.

Thus, for a given M, the angles ¢g and Ag for sonic velocity behind the shock

0!
are immediately known;

(b) the sonic curve between the detached shock and the cowl lip is a straight line
and normal to the deflected streamline at S (i.e., n = )\S)

For the 2D inlet, the following equation for the shock location (—L—) is developed

from the hyperbolic equation of the shock wave in terms of < S > < 5 and n.
YsB/ \YsB

L - ¢ + tan - __n_w_ — tany

= ys ¢ 7) Ui n 1)
where

c = B ({efan b —J@’fan’zps -t ) " 2)

C is known since the cotangent of the Mach angle 8 = VMOZ -~ 1and ¢g are known
quantities for any given freestreamn Mach number. A enters into the hyperbolic shock
equation since typically detached shocks are asymptotic to the freesireari Mach lines
at large distances from their foremcst point.

Application of the Continuity Equation

To determine the quantity yS/ Yep’ the continuity equation is applied to the fluid
that passes through the sonic line by using an appropriate average value of the stagna-
tion pressure distribution immediately behind the hyperbolic shock. This average
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value (Ps)c is assumed to exist at the streamline which represents the mass centroid
of the fluid passing through the sonic line. For plane flow, this streamline enters
the shock at y = (yg - ym)/2.

The continuity equation for 2D flow between the sonic flow area (As) and the
freestream area (AO) of the stream tube can then be written as

AS = ﬂl uc z (.,Pe-) [f:_g: } = B (3)
S ———— - ‘ —

Ao (pmg), \Pele LW

where B is a function of i’ freestream Mach number only.

Independently, from inlet and shock geometry, As/ AO may be written as

As . Ys - Jss
Ao (Vs —7m)‘°5'l

Now for plane flow, 7 is assumed equal to A S so that,

4)

As . Ys - ss . B8 (5)
Ac (Ys - Yse ) cosAs

or

!_-_S_ . | - ;E-GBCOSLS ©6)
Yoo F\ - B Cost\s

Substituting this value into Equation (1) gives the final equation in terms of the subsonic

spillage.

C +Bsinkg'
ARG ACE—)
Tse Tse /N1 —Bceshg
Equation (7) can be written as
L e K (‘ - Ym ) (8)
Tse Yse
where

’
Kep = C tESbs  f(m,) (9)
I~ B CoSAg
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In applying Equation (8) to the 2DE and 2DM inlets described in detail in Volume I
of this report, it can be written as

L . K. Wse 10
-“—‘: sSP ﬂ;“ 10)

with the freestream Mach number as used in Moeckel now becoming the reievant local
Mach number upstream of the detached shock,

Values of KSP as a function of local Mach number (ML) aye used as program
input for calculating either the shock stand-off distance or the subsonic spillage.
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13 ABSTRACT

A one-dimensional mathematical dynamic simulation model for predicting the transient behavior
of air induction systems for advanced tactical aircraft operating in the supersonic portion of the
flight spectrum is discussed. As a part of the simulation model, control system logic is
included to provide control system design criteria necessary to maintain air induction system
response to selected input disturbances within prescribed limits, The model is applicable to
both external and mixed compression inlets operating at supersonic conditions. The "lumaped
parameter' concept is used in simulating the dynamic response of the subsonic duct downstream
of the terminal shock, with the duct divided into three lumps. CDC 6600 digital computer pro-
grams have been generated for each of three submodels (i.e., Standard, Buzz, and Hammershock
models). Numerous sample simulation runs are presented and discussed in detail. Limited
comparison of simulation results to available test data show good agreement.
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