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Installed Performance of Air-Augmented Nozzles Based on

Analytieal Determination of Internal Ejector Characteristies

Hervur H. Korst,* Auva L. Appy, T axp Wex L. Crow]
Unaversity of Illinois, Urbana, I11.

The recent development of an analytical method for dealing with the ejector problem now
makes it possible to propose and exploit quantitatively an entirely theoretical flow model for
evaluating the in-flight performance of vehicle-integrated air-augmented propulsion systems.
In this integrated flow model, consideration is given not only to the ejector problem but also
to the aerodynamics of intakes, the flow past boattails, and the jet-slip-stream interaction
near the exit of the ejector. Utilizing this flow model, the ejector pumping characteristics,
the matching of the ejector-intake system, the gross thrust, and the net thrust for in-flight
performance evaluations of ejector nozzles can be determined theoretically. It is of particu-
lar interest that the theory is capable of predicting both cold and hot flow operating char-
acteristics as well as the influence of different values of the specific heat ratios; in addition,
the theory explains the background and the limitations of widely accepted correlation meth-
ods. The quantitative aspeets of the analysis arve illustrated by applying the theory to evaluate
the performance of an air-augmented jet engine model investigated experimentally with cold
flow by NACA. Good agreement between theoretical and experimental data is obtained for
static operation. The theoretical flow model is used then to predict analytically the ex-

pected in-flight performance of this ejector nozzle configuration.

Nomenclature 7] = intake pressure vecovery efficiency refer-
enced to the theoretical values of Ref.
a = velocity of sound 6
A = area when subscripted 8 = streamline angle or boundary-layer mo-
A B, C = coefficients in equation defining the mentum thickness
shroud wall contour v = kinematic viscosity
D = diameter o = radius of curvature or density
E = areas in ejector control domain ®/bi(n, Mo, r/8) = defined in Ref. 6
r = force or thrust (r/6° o/ ¢t) = defined in Ref. 6
il = functional relationship
H = boundary-layer form factor Subscripts
I = areas in intake control domain 0 = stagnation conditions
K = ratio of specific heats 1 = See. 1
L = ejector shroud length 2 = Sec. 2
M = Mach number - — freestream
m = mass flow rate (intake) A —~ additive
n = boundary-layer velocity profile exponent Act — actual conditions
P = pressure B = boattail
R = radius, ra,d'ial coordinate, or gas constant BL = boundary laver
r = normal distance fron} boun.dary—layer o — where mass is “erossing” or “choking”
generating surface to intake lip E = ejector
S = area in control domain analysis G = “gross”
T = absolute temperature I — intake
v = velocity . 1D = ideal fully expanded nozzle
w = mass ﬂOW rate (eJC.C tor) 1D, ¢ = ideal converging nozzle
Z = Jongitudinal coordinate M, — function of M,
{m/m;-r/8) = product of the mass-flow-rate ratio and JI; — function of Elf;c
the intake height-to-boundary layer n — function of n
thickness for the theoretical intake net _ nét value
. analysis, Ref. 6 . onB = obstruction
(m/mgy-1/8) = product of the mass-flow-rate ratio and P = primary stream
the intake height-to-boundary layer r/s = function of 7/s
thiclkness fofr the experimental intake ref — reference value
analysis, Ref. 7 _ ) o+
(Pos/Pow)theoretica® = Intake recovery pressure ratio, Ref. 6 SH _ iic;aﬁary stream
8 = boundary-layer thickness 1% — shroud wall
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= sonic conditions

1. Introduction

THE potential of air augmentation to improve the installed
performance of propulsive jets has received Widesprfzad
attention, and numerous experimental as well as theoret}cal
investigations have been conducted to explore its utilization.
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Although the conceptual merits of air augmentation appear
to be undisputed for vehicles whose trajectories remain within
the atmosphere, the practical implementation of the prin-
ciple, controlled by net thrust and gross weight considera-
tions, often indicates only marginal, if any, improvement.*

Therefore, it becomes cvident that not a sweeping ap-
praisal of the concept but only a detailed analysis of entire
systems under flight conditions based on the action and inter-
action of well-understood basic mechanisms can lead to an
understanding and evaluation of the true possibilities of air
augmentation. The basic idea of taking aboard atmospherie
air and letting it interact with the primary vropulsive stream
hefore or while discharging through the ejector nozzle sug-
ecsts that we have to be concerned not only with an ejector
problem, but also with the aerodynamics of intakes, the flow
past boattails, and the jet-slip-stream interaction necar the
exit of the ejector.

Although both experimental and analytical investigations
have had their sharc in contributing to the knowledge of such
component flow problems, the recent development of analyti-
cal methods for dealing with the ejector problem?? now makes
it possible to propose, and exploit quantitatively, an entirely
theoretical flow model for evaluating in-flight performance of
vehicle-integrated air-augmented propulsion systems.  The
theoretical ejector flow model can cope with a wide range of
practical shroud configurations (especially with noneylindrieal
contours) and with three basic types of primary-secondary
stream interaction, namely, inviseid, viseid (energy transfer),
and reactive (afterburning along fuel-rich rocket exhaust gas
surface).

In this paper, procedures for matching intake and ejector
pumping characteristics are outlined for either experimentally
or theorctically available intake performance information.
In addition, the influence of external aerodynamics such as
flow over the boattail and its interaction with the internal
ejector performance are considered.

2. Syslems Definition and Delineation of
Thrust Force Contributions

Fach system 1s identified by a control domain within pre-
scribed boundaries. Its individual performance character-
istics are obtained by utilization of the momentum principle
and the theoretical determination of surface integrals by
analysis of the flow processes within the system.

2.1 Ejector

The identifying control domain and the control surface
atilized for the ejector analysis are shown in Fig. 1. The
theoretical analysis of the flow problem within this domain
vields information on the pumping characteristics and the

fip-rorcs, + [pviv-asy
Ecs Ecs

Fig. 1 Control domain for ejector analysis (gross thrust
force).
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fig. 2 Control domain for intake analysis.

pressure and shear stress distributions over the internal
ejector shroud surface. This in turn, allows determination
of the gross thrust foree:

e = f P — P)dSs + f o T(7-d3,) -
J BCp ECF

f P — P ydSy +
fics

pT (743, +

ECy

f o (P = PS8

2.2 Intake

The identifying control domain and contiol surface utilized
in the intake analysis are shown in Fig. 2. The objective
of the intake analy :

ds (see Sec. 3.2) is the determination of the
thrust lorce contributions of the surfaces Tgu(Freg), Lr(F i)
and the internal drag forees (/77,5) as may be caused by strue-
tural clements (struts) or vortex generators. Figure 2 also
draws attention to the so-called additive intake drag that
has to be accounted for when intake forces arc to be deter-
mined on the basis of momentum flux infegrals.  Application
of the momentum principle yields here

Fog + Fop o+ iyt Froy = —

(P — PydS, —

e

_] L pT (A% — f/ P = P~ ﬁ ot

2.3  Entire Propulsive System

SO0
23}

2.3.1. Afterbody

The identifying conirol domain and control surface utilized
in the determination of the net afterbody thrust foree are
shown in Fig. 3. The over-all system iy obtained by joining
the “ejector” and “intake” subsystems along the now internal
surfaces Ecs and Tz and by considering, in addition, the
boattail surface (and force Fp).

The result obtained is

et = P — Py - Fy — f (P — PydS, —
Hol)

f P (7-d3)  (3)
Iy

Since the net afterbody thrust force also can be represented
by

Fnct = EFshroud ’i_ FIR + FIOB “T‘ ﬁ (P - PCJ(,ZSE —5‘
LCpP

[ V(780 @)

where 2o = Frgy + Figy + Fz. On thisbasis, the true
role of the “additive intake drag” force is recognized.

§ Note that the pressure integral taken over wall surfaces
should be interpreted as including viscous stresses as well as
hydrostatic pressures.
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Faer = Feross = Fa¥ oo, (P~ Pw)d§1—_/;c] VY- d5;)

WHERE ;
A
ﬁE

Fuer CAN ALSO BE REPRESENTED BY:

Rer = 2Rumow + ?IR‘*' an""/;cp (P—Ryo Jd5, +j;CFPV(V' dse)

WHERE :

2 Forowo = FESH+ ES"+FB

Fig. 3 Control domain for analysis of net afterbody
thrust force.

2.3.2. Systems matching

Internal matching has to be accomplished along the sur-
" faces Ecg and ¢y (see Fig. 3) with respect to the velocity and
pressure distributions.® External matching has to be con-
sidered for surface Ecp (sce Fig. 1) for such combinations of
external and internal flow conditions which would affect
only the pressure distribution over the shroud (for choked
ejector operation), or, in addition, the secondary mass flow
through the ejector (for unchoked ejector operation).

2.3.3 Performance evaluation

The ultimate purpose of the analysis is the evaluation of
the net afterbody thrust under flight conditions and com-
parison with suitable reference thrust forces, such as the ideal
convergent nozzle /';p, . or the ideal {ully expanded nozzle
[p (see Sec. 4.34). Especially for rocket booster analysis,
weight assessments have to be made in order to evaluate
properly the merits of air augmentation for specified (or
optimized) trajectories.!

The forementioned systems approach provides for the
formulation of performance characteristics of individual sub-
systems and for their subsequent integration into the over-all
model. It is noteworthy that this can be achieved on a
quantitative basis, and within a framework of simplifications
which assures clarity in dealing with major design parameters

R

——

e — I—— .
e e

P SHROUD WALL.
(b Ry=Azy +BZy+C

Fig. 4 Ejector configuration and notation.

T Actually, the matching procedure will remain restricted
to the matching of integral values such as the secondary mass
flow and a single representative secondary stagnation pressure.
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without loss of essential features affecting the performance
of flow components and the over-all air-augmented system.
In particular, simplifying assumptions will concern the nature
of the secondary flow through the intake (complete uniformi-
zation of the intake flow prior to reaching the matching cross
section I¢s) and through the ejector (one-dimensional annular
flow inside the ejector shroud, except for the dissipative re-
gions of jet mixing and wall boundary layer). Although the
theoretical treatment of the ejector problem by itself would
not necessitate such restrictions, it was felt that the matching
procedure would become unduly complicated if rotational
secondary flows were included.

In addition, the theoretical analysis of intakes will dis-
regard the effect of additive drag and the influence of the
intake flow on the boattail drag. Flow over the boattail is
excluded altogether from the evaluation of the net afterbody
thrust force. Such information is readily available in the
literature® and, since the only cases considered here are ones
for which the ejector will operate entirely unaffected by the
external flow field over the boattail, a detailed knowledge of
the flow past the boattail will not be required.

On the basis of these assumptions, the ejector analysis
(given the ejector geometry and the stagnation states of the
primary and sccondary flows) will produce 1) the pumping
characteristics in the form of a simple (W./W,) (Tos/To,) V2 =
F(Pos/Pop) relationship? and 2) the gross thrust, by integra-
tion of the stresses over the shroud.

A theoretical intake flow analysis (given the external flow
approach conditions for both the [reestream and the bound-
ary-layer configuration) will yield information of the type®
Po./Py = f(m/m;). Alternately, experimental investigation
of specifie intake configurations will produce information of
the form Po,/Po.. = f(m/my).

For any selected internal ejector performance point, items
1 and 2, and afterbody operating conditions, the net after-
body thrust forces can be caleulated for a variety of flight
conditions by a suitable adaptation of well-known matching
procedures for ejector and intake flows.®

3. Theorelical Analysis of System Performance
Characteristics

3.1 Internal Ejector Performance

The ejector flow model is based on the mviscid and viscid
interaction between the primary and secondary streams?
within the confinement of generally noncylindrical shrouds?
with the additional consideration of the wall boundary layer.
For the ejector operating in the supersonic regime,? the
secondary flow will generally reach a sonie condition inside
of the shroud where the secondary flow arca will be a mini-
mum. In the analysis of this flow regime, the inviscid inter-

Table 1 Essential characteristics of inviseid ejector
computer program (7094 IBM system)

Input data
1) Ejector geometry
2) Primary gas and flow condition (K, and M,,)
3) Secondary gas (K)
Calculation parameter
1) Pressureratio (Pis/Pyy)
(With variable M;,, this yields Pqs/Py,)
Variable
1) Initial secondary Mach no. (M,,)
(Equivalent to W,/W,)
Solution output data
1) M €1 and W /W,
2) Information about jet boundary, e.g., Rp(z)
3)  Wall pressure distribution, Pw(z)
4) Pressure-area integral on shroud
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action is considered fivst, with viscous cffects being intro-
duced as a modification.  Throughout the analysis, the
sccondary flow 1s assumed to sustain static pressures which
arc constant over its flow cross sections and continuous across
the boundary of the primary strean.

3.1.1 Two-stream inviscid interaction

The primary flowfield ix determined by the method of char-
acteristics whereas the =econdary flow is assumed to be one-
dimengional and reversible adiabatic. The secondary flow,
for any cho=en initial condition, 1s subjeet to a unique arca-
pressure relation. and such pressures are maiched with the
static pressures at the interface between the primary and
secondary stream.  The choking condition for the secondary
stream in a minimum cross-seetional area within the shroud
is determined by an iterative method which involves the en-
trance Mach number of the secondary stream for a selected
value of the stagnation pressure ratio.

Figure 4 shows schematically the inviseid flow configuration
and notation, whereas Table 1 lists the essential features of
the computer program.™  According to Table I, given the
cjector geometry and information concerning the primary
and secondary gas, the program produces information on the
inviseid pumping characteristies and the statie pressure dis-
wribution over the mternal surface of the shroud. It is note-
worthy that the inviseid pumping characteristies, while
depending on the specific heat ratios and the individual gas
constants of the two fluids,™ can be generalized 1o include
the effects of different stagnation temperatures by introducing
the reduced mass ratio,* 1W /W, (To/ To,) V2

3.1.2 Viscous effects—jet mixing

Viscous interaction hetween the two streams oceurs along
their interface.  This will result in 1) a transfer of energy
(shear work) from the primary to the secondary stream, and
2) a modification of the pumping characteristics due to the
displacement thickness of the mixing region. It should be
mentioned that information on the displacement thickness
ol mixing regions ix available® for a large range of stagnation
temperature ratios T/ T,

Both effeets are most pronounced for relatively small
secondary flow rates (see Tig. 5) where the theoretically
caleulated (inviscid and vizeid) pumping characteristics of a
divengent cooling-air ¢jector are compared with experimental
data.® An obvious theoretical reason for the applicability
of the reduced mass ratio in the viseid interaction process
cannot be extracted from such caleulations so that some
shorteomings in correlating hot and cold performance data
could be expected for very small mass ratios. To demon-
strate the typical effects of hot primary jet operation on the
ejector pumping characteristics, Fig. 5 shows the theoretically
predicted influence of different speeifie heat ratios (K, =
14, K, = 14, 1.325, and 1.25) confirming trends reported
by other investigators.??

3.1.3 Viscous effects—shroud wall shear layer

Although the displacement effects due to the wall boundary
layer are relatively insignificant, the shear stresses deserve
attention since they tend to reduce the thrust, especially for
relatively long shrouds. A computer program is availablett
which allows computation of boundary-layer growth (in-
cluding laminar-turbulent transition) in compressible flows
with streamwise pressure gradients so that the loss of gross
thrust due to {riction can be determined.

¥ For IBM 7094, Graduate College Department of Com-
puter Science, University of Illinois.
11 See previous footnote.
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Fig. 5 Comparison of experimental and theoretical
ejector pumping characteristics.

3.1.4 Gross thrust

Tltimately, on the basis of caleulated internal ¢jector oper-
ating conditions, the gross thrust can be evaluated for a
variely of static operating conditions of a divergent ejector.
For a selected operating condition, Fig. 6a delincates the
individual contributions to the gross thrust, namely those of
the primary nozzle flow, the secondary stream, and the wall
pressurce distribution over the internal e¢jector shroud (see
Fig. 6b).

Figure 6¢ compares the results of the theoretical gross thrust
calculations with experimental data obtained by Huntley
and Yanowitz? for cold primary flow.

3.1.5 Fjector surface

For the purpose ol the present analysis it has been assumed
that the flow through the ejector was unaffected by the ex-
terpal flowfield, or stalic pressure near the exit cross section,
A more complete picture of the internal operating character-
istiecs and different operating regimes of an ejecltor system
would be presented by the so-called ejector surface? (see Fig.
7). Also indicated in Fig. 7 is the gecometrie interpretation
of matching between the ejector and intake as an intersection
of their respective operating surfaces.

3.2 Intake Performance

Examination of Eq. (2) in See. 2.2 shows that the thrust
foree of the intake, Frp + Figyy + Frop, can be determined,
with the exception of the unknown contribution of the additive
drag, if the flow conditions in the eross sections IT¢; and Iy
are knewn. A theoretical treatment of the intake flow
problem® 15 based on the evaluation of the integrals over sur-
faces Iy and Tes.  Such an analysis also vields information
on the mass flow-pressure recovery relation, Sce. 2.3.3, but
introduces two arbitrary assumptions, namely, 1) that the
additive intake drag is not considered to be a major influence
on net thrust characteristics, and 2) that the intake flow
transtorms the scooped-up portion of the boundary layer into
a onc-dimensional flow within 4 constant cross-section
passage.

In view of these arbitrary assumptions, experimental data
on intakes must be utilized to contribute to a better judge-
ment on the merits of the theory. In particular, experi-
mental information can be applied to improve on assump-
tion 2 by introducing an efficiency for total pressure recovery
such that n = (Po,/Pos) actual/(Po,/Po.) theoretical .

As reliable information on such intake efficiencies becomes
available, the attractiveness of the thcoretical analysis is
enhanced. The narrow limits for » which have been estab-
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Fig. 6c Comparison of thrust characteristics for static
operation of a divergent ejector.
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lished experimentally for well-designed intakes thus will give
weight to the theorctical analysis of intake performance.

3.2.1 Theoretical intake analysis

According to the assumptions advanced by Simon and
Kowalski,® one may analyze intake performance on the basis
of knowing the approaching flow conditions in the free-
stream (P, M) and in the boundary layer just ahead of the
intake (6, n). By direct application of this analysis, and by
considering the flow in the boundary layer at the afterbody
radius R, as essentially two-dimensional, one utilizes the
following relations:

(m/my) = f(n, M, r/8) {5)
and

(Po/Poc)srn

(Pos/Po..) theo.t = [(A/A*)(P/Po) s

(Po/Posyare i [(AJAF)(P/Po) i
(6)

where M, can be determined from

< £ _ (/) (n, M, 7/0) (L)
I* Ms - ('7’/1/?721) (n, )l'[c;, 7/5) r# Moo

Utilizing the graphical presentations,® velationships of the
following funetional form can be determined

[on/m) - (r/8)] = fn, M., 7/0) {8

o~
-1
~—

and
(Po/Po) = f(n, Ma, 7/5) (&)
The momentum of the intake air will be related to

[(r/8)- (/)] = f(n, Mo, /5)

Although these relations do not depend on any specific
information concerning the intake geometry (except for the
assumption of constant area mixing), a given intake geometry
will introduce a possible choking cross-section A¢ and for a
given flight condition, establish the efficiency ». Ioth of
these factors contribute to the choking Hmit of an actual in-
take which is of special interest in the matching problem.

3.2.2 Utilization of experimental intake data
Experimental intake data are usually given in the form?
Poo/ Py = f(geometry, 6/ Liet, 1, M., ms/Mo)

where m./mq = my/APV., and M, are the controlled test
variables for a given inlet geometry, whereas §/L..; and n
are usually not subject to systematic variations. The latter

THEORETICAL EJECTOR
SURFACE

EXPERIMENTAL INTAKE
SURFACE

Fig. 7 Ejector—intake matching.
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represents a definite shortcoming for any wider interpretation
of experimental results, especially in view of the large influ-
enice of boundary-layer thickness. The theoretical analysis
which covers the latter influence can therefore be used with
advantage, provided sufficient confidence can be established
for n valucs determined with the help of experimental investi-
zations.

To compare theorctical and experimental intake data, note
that for two-dimensional intakes,

(my/my-r/8) = my/mg- Ao/d a;

where Ay is the area per unit width of the intake.

In any case, the cfficiency v may be considered as a param-
eter m the theoretical calculations which will show (see
See. 5.2) the importance of designing efficient intakes and
also indicate the levels required to achieve satisfactory thiust
levels for air-augmented systems.

Intake drag data can be obtained from either measured
static pressure distributions and estimated shear forces or
from direct force balance measurements. In addition, chok-
ing limits for given intakes (within the limitations of possibly
unconirolled boundary-layer thickness effects) are obviously
obtained in the experiments.

4. Matching of Ejector and Intake Operating
Conditions

In principle, the matching procedure is illustrated by the
intersection of the ejector surface with the intake surface (see
Fig. 7). It must be remembered, however, that the cjector
surface appears in the

W’vs/ﬂvﬂTOs/TOzr)lm = f(Pm,/POm POS//PW)

diagram whereas the intake surface is originally defined
functionally by the relations

m/mi; = [(Po/Pow) or m/mg = f(Po/Pos)

A transformation into a common coordinate system must be
made.?

The internal ejector performance now has to be interpreted
in terms of external flow parameters whereas the intake per-
formance has to be interpreted for a specific internal and ex-
ternal afterbody geometry. Depending on whether theoreti-
cal or experimental intake data are to be utilized, the match-
ing procedure will assume different forms.

4.1 Matching of Ejector and Intake
Theoretical Intake Analysis)

The application of the continuity equation for a given
geometry Ry,/Rq, a convergent primary nozzle, and external
flow conditions 4., and 8/R, yields the following relationship
which 1s used in the matching procedure:

o Po, 9 (Kp+1)/2(Kp—1))
(sz '5>¢7,7Mm,,‘/5= {POS} {7 (KT,:»— 1) }
CREd N

R w To» A R

{1 (T/ T\ Pos} an
M. P/Py fMoo P,

The matching is achieved as follows. For a selected operat-
ing point of the ejector (see Fig. 5) one obtains the product

{Pop/Pos Wo/ W} { Tos/ Top K/ K. Ro/Rp}Y2

The ratio Ri,/Rs is determined from the ejector geometry
while the primary nozzle geometry is implicitly contained in the
stagnation pressure ratio-mass flow ratio product. The flight
conditions contribute information on M, n, and 6/R;. The
left side of the equation can now be expressed as a function
of 7/8, with n and M, being fixed.
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Fig. 8a 'Theoretical matching of intake and e¢jector.
Legend: 1 = intake (NACA TN 35383); E = ejector (the-

orctical); A = match points.

DATA S/Re =02,

Ry/Rp =131
RRr0.322, % [Tos 20064, K =14, k=125
Wl T

“s)°°

Fig. 8b Theoretical matching of intake and ejector.
Legend: I = intake (NACA TN 3583); E = ejector (the-
oretical), A = match points.

The only remaining term on the right side of the equation
is Po/P.. which, according to Simon and Kowalski, can be
evaluated theoretically as Po/Pos = f(n, Mo, r/8). Hence,
r/8 can be considered as a trial variable for calculating and
matehing both sides of Eq. (11), hence obtaining the operat-
ing condition, that is, the correet value for /8, and m/m;(n,
M., r/8) and, subsequently, Py,/Po (n, M., 7/8).

To improve the quantitative aspects of the intake analysis,
the intake efficiency %, which has been defined in Sec. 3.2,
can be introduced as a parameter. This matching procedure
is illustrated graphically in Figs. 8a and 8b, respectively, for
cold and hot primary jet operation.

It should be noted that, aside from the use of an intake
efficiency, the actual shape of the intake has not been con-
sidered. Intake design must, however, be concerned with
the choking limit, which will depend upon a minimum cross
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Fig. 9 Contribution of the individual components to
the net afterbody thrust.

WALL SHEAR
STRESSES

section in the intake passage. A discussion of intake oper-
ating conditions (subecritical, critical, or supercritical) will be
given in the following section.

4.2 Matching Experimental Intake Data

Tixperimental data defining the internal performance of an
inlet are generally presented in the form?

Pos/Py.. = f(8/Liet, M.,, my/mq) (12)

where m,/mo = my/p. V. Ao, Ao being a reference inlet area.
In analogy to the procedure developed in Sec. 4.1, we may
now establish

s Py, W) | To. K, R\ V2 2 (Kp+1)/2(Kp—1)
my  \Po. Wof \Top K. R,f K, + 1

ejector primary fluid
Alp 1 POm Toa 12 PO&
Ao M P, Toe Py,
geometry freestream intake

and obtain the match point by simultaneously satisfying
Eq. (12).

As an alternative, the well-known matching procedure of
Ref. 8 also can be utilized by establishing “converted” inlet
and ejector maps. The latter method is of special interest
since it also locates the match point relative to the choking
limit of the intake. A conventional inlet map of the form
Pos/ Py, = j(ms/mo, M, 6/ Lies) is converted into a Pos/Po. =
J(W/Wp, M., 6/L.s) plot by transforming, for the given
freestream Mach number M., the abscissa

ML (. () (P,
Tow) W, \mo) \mRi*) \P*
Tgm>1/2 P, (A R, T,,*)w
M., (222 Qe 13
{ <T Mo (Popd\K, R, T, (13)
where P,/Ps, remains a parameter. The conventional

ejector map Po./Po, = f(W./W)) is converted by transform-
ing, for a given freestream Mach number 3., the ordinate so

that
POs POS POP} {Poo
D S QP G4 B ik 14
Po. {PW} {Pw Poof . (14)

the primary nozzle pressure ratio will serve again as a param-
eter. Any given flight schedule will specify the relation be-
tween Py,/P., and M., so that selection of M., will determine
the parametric value of Po,/P.. The performance curves
of the ejector and the intake having this same primary nozzle
pressure ratio will then intersect at the “match point.”

J. ATRCRAFT

The location of the match point relative to the choking
portion of the inlet performance curve is recognized immedi-
ately for experimentally determined intake characteristics.
However, converted intake and ejector charts also can con-
tribute to the understanding of operating conditions of
“theoretical’” intakes, for which choking will occur when

To.s 1/2 VVS 2 (Ks+1)/2(Ks—1) Pof,;
<1> Wofe <K;3?I> NP S

{ Ag 1 {Kp ﬂ}(KJH-U/Q(KD“D ]>05

Ronf U 2 7Py,
P KR\
Po, {K,}RS} (15)

4.3 Net Afterbody Thrust Evaluation (See Fig. 9)

The matching procedure of Sec. 4.1, carried out for a given
point of the internal ejector characteristic (Pos/FPoy, Wo/ Wy
{Tos/Top} ¥'?), and a selected flight condition (M., 6/Rs, n),
determined the intake operating condition and hence P,/
Py.. so that the primary nozzle pressure ratio is found from
Eq. (14):

])01) ])OII I)()s 1)0:7

P. " Po Py P (16)

4.3.1 Gross thrust

The gross thrust now can be determined according to KEq.
(1) as follows:

1) By determining the thrust contribution of the primary
nozzle,

Fine = fm» (P — P.)dSs + fm pV (V-dSp)

2) By evaluating the integrals relating to the secondary
flow,

f Bes P — P.)dSz + j‘h‘cs pV(V-dSe)

from the ejector code, including the viscous correction for
the pumping characteristic.

3) By considering the thrust contribution of the internal
shroud surface,

an = f (P - Pw)dSE
ES

Rmin/Rp=121, Ro/Rip=131, L /2Rp=0.874

Fig. 10a Interpretation of NACA configuration (RM E
53)13) for in-flight performance evaluation.

13

Ks = 1.4
© Pos/Pop =0.323
a
w2 Ws fTos
~ —,]—= =0.064, 0.082

Wpt Top —
5 ==

—
g L /’L’ﬂ?om
- xR Kp=125, 1.4
10 . ) N ;
4 6 10 12 14

8
Pop /Pm

Fig. 10b Comparison of theoretical and experimental
static thrust characteristics for a selected ejector pressure
ratio.
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which will include the contribution of the hydrostatic pres-
sures obtained from the inviseid cjector code ealeulation,

j:‘ (P — PYdSpusdrostation
ISH

and the effect of wall [riction (—AFzz). The latter is found
with the help of a boundary-layer program (sce Sce. 3.1.3).
Of particular interest is the momentum thickness at the exit
cross section of the ejector, which determines the loss of gross
thrust due to shroud wall {rietion; this loss is given by

, ) Ry PN, 0
V= TR, K. ST
Al o <1><R>< P ) [

4.3.2 Intake thrust force

Since the present paper is concerned primarily with the
theoretical evaluation of air-augmented systems, the results
of Sees. 3.2.1 and 4.1 will be of principal interest. For
matched conditions, the intake momentum charge (for
nearly two-dimensional flow) is found from

f DT (7 a8, = 2nhy j pVUy =
(o} 0

1{0 . (2
2 )W,’%‘Z .
w5t 10,11“,(‘@ 5)

where (¢/ ¢
Ref. 6.

S L, n, r/8) 1s presented graphieally in

4.3.3 Net afterbody thrust force

It was pointed out before that both the additive intake
drag and the boattail drag would not be considered explicitly.
Therefore, we restrict ourselves to the evaluation of

Fr) = P —
f (P — P.)dS, — f PV (V-dS))
Icy I¢y

4.3.4 Reference thrust forees

For the purpose of discussion of the vesults obtained for
specific alr-augmented syvstems, the ideal thrust forees of
certain specified nonaugmented primary nozzles arc intro-
duced as reference values. Using as a reference the ideal
convergent nozzle having a thrust foree of

s | § PR, 4 T\E/ K= 1)
Fine = A%P* l (I -+ K,) — 5" .()f,i,,,> —i
L Py, 1

Using as a reference the ideal, fully adjustable, convergent-
divergent nozzle, having a thrust foree of

Frn = KPP A M2 =
Kp/(Kp—1) p }

P\( e 1> P
’ Z)U/) A*

5. In-Flight Performance Evaluation of an
Air-Augmented Jet Engine Nozzle

Shown in Fig. 10 1z a schematic sketeh of the system 1o
which the foregoing analysis hasg been applied. It corresponds
to the configuration which has been evaluated, in statie tests
with cold primary flow only, by Huntley ‘md Yanowitz.%t1
Specifically for this mnﬁguldtmn, Ro/Ry, = 131, L/Ry, =
1.75, with a conical divergence angle of the shroud of 3.82°.

11 This configuration is atiractive for the present analysis be-
cause it incorporates a relatively long and noneylindrical ejector
shroud in contrast to other geometries for which in-flight per-
formance data have been reported. i1
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DATA: S/Re =02, Ry /Rp=1.31

Ros [ Pop =0.322, Kg=1.4

We [T
| T /- =0.082, K,=L4
- Wi Top ° -
~
W, [T, - ‘
P L AN
72 H
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P i
4 ;r?’):sc =
2 0
06

Fig. 11 Theorelical in-flight P.,/P « schedule based on a
selected ejector pressure ratio as affected by efficiency;
configuration: see Fig. 10a.

To evaluate the friction effects on the internal shroud wall,
a value of Reynolds Number ags/vo.Ri, = 10° was used lor
the experimental conditions reported. (The effects of in-
ternal wall friction were found to be small for the cases in-
vestigated; the maximum value was less than 0.39 of the
gross thrust.) In addition, it was assumed for the in-flight
performance analysis that 6/By = 0.2, n = 1, and a¢./v.Ro
= 10 {or all conditions.

The results of the theoretical gross thrust caleulations, as
compared (o experimental data reported in Ref. 10, already
have been shown in Tig. 6. In addition, the comparison is
presented in a different form in Fig. 10b. Also shown in
this figure is the interesting result that the gross thrust ratio
remains unaffected by the specific heat ratio K, if the cjector
operating points were chosen on the basis of identical ejector
pressure ratios Pg./Po, but unequal corrected mass flow ratios
W/ WoTo/To,)V2  The same tendency to correlate hot
and cold performance on the basis of identical ejector pres-
sure ratios was found also for in-flight evaluation of the net
alterbody thrust coefficient.

5.1 Flight Schedule

Seleetion of a single internal ejector performance point for
any specified pair of parameter values K, and 7 results in a
fixed ﬂio'hl schedule, as shown mm Ifhg. 11. However, the
theoretical analysis could mateh any given or desired ﬂl"ht
schodulo by repeating the caleulations for other operating
poinis of the internal ejector characteristic (Fig. 5).

5.2 Comparison with an Ideal Converging Nozzle

Theorctical in-flight characteristies for the chosen internal
gjector operating pressure ratio, as affected by parametrie
salues of intake cefficiencies (see Sec. 3.2, item 2), are shown
in Fig. 12, using as a reference 1110 convergent nozzle.  The
selected o\ample immediately reveals the importance of high
intake efficiencies.  liven then, for ubuumble values of m-
take efficiencies, the direct improvement remalns marginal.
One should, however, keep in mind that the installed per-
formance of a simple convergent nozzle could suffer sub-
stantially from the high transonie base pressure drag penal-
ties due to jet-slip-stream interaction, a situation which eould
largely be avoided by the present air-augmented configura-
tion.

5.3 Comparison wilth an Ideal Fully Expanded C-D
Nozzle

When using the ideal fully adjustable C-D nozzle as refer-
ence, the sclected air-augmented system immediately fails to
qualify as a thrust-augmentation scheme, at least when the
reference nozzle is not penalized for slip-strecam interaction
or for differences in boattail drag (see Fig. 13).
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Fig. 12 'Theoretical in-flight thrust characteristics for a
selected ejector pressure ratio as affected by intake ef-
ficiency (referenced to an ideal converging nozzle).

6. Conclusions

The presented method of theoretical analysis allows an
evaluation of static and in-flight performance for air-aug-
mented systems. Caleulations can be carried out for both
cold and hot primary jet flows, and the usefulness of empirical
correlation methods between both types of operations can
be discussed in the light of the theory. Although not cov-
ered in this paper, the formal extension of the present analysis
to include reactive mixing between the two streams!'? is
possible.

Comparison between caleulated and experimental gross
thrust performance was possible and indicated good agree-
ment, with the theoretical analysis giving slightly conscrva-
tive results which can be attributed to the simplified treat-
ment of the intake flow.

The selection of a specific configuration, namely, an air-
augmented jet engine designed for operation through the
transonic flicht regime, was consistent with the present status
of ejector computer codes at the University of Illinois which
allow consideration of noneylindrical ejector shrouds but
are momentarily limited to only moderately underexpanded
or overexpanded primary jets. The restriction to a con-
vergent primary nozzle was not essential for the general
procedure.

Further studies are simplified by the availability of
comprehensive computer codes which have been developed
at the University of Illinois under NASA support.§§ They
will, in particular, allow the theoretical evaluation and even-
tual optimization of air augmented rocket and jet cngine
nozzles for a wide variety of configurations and missions.
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