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Installed Performance of Air-Augmented Nozzles Based on
Analytical Determination of Internal Ejector Characteristics

HELMUT H. KORST,* ALVA L. ADDY,! AND WEN L. CnowJ
University of Illinois, Urbana, III.

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 aspects of the analysis are 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.
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Nomenclature

velocity of sound
area when subscripted
coefficients in equation defining the

shroud wall contour
diameter
areas in ejector control domain
force or thrust
functional relationship
boundary-layer form factor
areas in intake control domain
ratio of specific heats
ejector shroud length
Mach number
mass flow rate (intake)
boundary-layer velocity profile exponent
pressure
radius, radial coordinate, or gas constant
normal distance from boundary-layer

generating surface to intake lip
area in control domain analysis
absolute temperature
velocity
mass flow rate (ejector)
longitudinal coordinate

: product of the mass-flow-rate ratio and
the intake height-to-boundary layer
thickness for the theoretical intake
analysis, Ref. 6

product of the mass-flow-rate ratio and
the intake height-to-boundary layer
thickness for the experimental intake
analysis, Ref. 7

intake recovery pressure ratio, Ref. 6
' boundary-layer thickness
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Subscripts
0
1
2
00

A
Act
B
BL
C
E
G
I
ID
ID, C
Ms
Mo,
n
net
OB
P
r/8
ref
S
SH
W

Superscript

intake pressure recovery efficiency refer-
enced to the theoretical values of Ref.
6

streamline angle or boundary-layer mo-
mentum thickness

kinematic viscosity
radius of curvature or density
defined in Ref. 6
defined in Ref. 6

stagnation conditions
Sec. 1
Sec. 2
freestream
additive
actual conditions
boattail
boundary layer
where mass is "crossing" or "'choking"
ejector
"gross"
intake
ideal fully expanded nozzle
ideal converging nozzle
function of Ms
function of M^
function of n
net value
obstruction
primary stream
function of r/8
reference value
secondary stream
shroud
shroud wall

= sonic conditions

1. Introduction

THE potential of air augmentation to improve the installed
performance of propulsive jets has received widespread

attention, and numerous experimental as well as theoretical
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 b}^ net thrust and gross weight considera-
tions, often indicates only marginal, if any, improvement.1

Therefore, it becomes evident that not a sweeping ap-
praisal of the concept but only a detailed analysis of entire
sj^stems 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 atmospheric
air and letting it interact with the primary propulsive stream
before or while discharging through the ejector nozzle sug-
gests 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 near the
exit of the ejector.

Although both experimental arid analytical investigations
have had their share in contributing to the knowledge of such
component flow problems, the recent development of analyti-
cal methods for dealing with the ejector problem2'3 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 noncylindrical
contours) and with three basic types of primary-secondary
stream interaction, namely, inviscid, viscid (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 theoretically 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* Systems Definition and Delineation of
Thrust Force Contributions

Each system is 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
utilized for the ejector analysis are shown in Fig. 1. The
theoretical analysis of the flow problem within this domain
yields information on the pumping characteristics and the

~dsE

Ecs
y°/ov(v-dsE)
Ecs

F + F + F -I- F = - P - P ) dSj -
TA JR TSH IOB «Kl °° -/T

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 force :

F,ross = f (P - Pm)dSE + f pV(V-dSE) +J ECP J ECP ^ ;

f (P - PJdSE + f pVtV-dSx) +J ECS J ECS

2.2 Intake

The identifying control domain and control surface utilized
in the intake analysis are shown in Fig. 2. The objective
of the intake analysis (see Sec. 3.2) is the determination of the
thrust force contributions of the surfaces J sn(FiSH), IR(FlR)
and the internal drag forces (FiOB) as may be caused by struc-
tural elements (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 are to be deter-
mined on the basis of momentum flux integrals. Application
of the momentum principle yields here

Fi4 + FIB + J7/sn+ FIOB = - f (P - PJdSi -J Id ^

f pV(V-dSi) - f (P-Pm)d3i- f pV(V-dSi) (2)
J ICi J ICz ' J IC2 ' '

2.3 Entire Propulsive System

2.3.1. Afterbody

The identifying control domain and control surface utilized
in the determination of the net afterbody thrust force are
shown in Fig. 3. The over- all system is obtained by joining
the "ejector" and "intake" subsystems along the now internal
surfaces ECs and ICz and_by considering, in addition, the
boattail surface (and force FB) -

The result obtained is

Fnet = /7\ross ~ /7/4 + /7* - f (
J Id

(3)

by
Since the net afterbody thrust force also can be represented

aet = 2Fshroud ,B (P -

f PV(V-dSE) (4)
J ECP

where 2PShroUd = FESH + FISH + FB. On this basis, the true
role of the "additive intake drag" force is recognized.

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

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

2.3.2. Systems matching

Internal matching lias to be accomplished along the sur-
faces Ecs and Ic>> (see Fig. 3) with respect to the velocity and
pressure distributions/' External matching has to be con-
sidered for surface Ecu (see 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 FID, c, or the ideal fully expanded nozzle
FID (see Sec. 4.3.4). 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.l

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

cb

Fig. 4 Ejector configuration and notation.

^ 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.

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 7c2) 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
literature4-5 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 secondary flows) will produce 1) the pumping
characteristics in the form of a simple (WS/WP)(TQS/TQP)11'* =
/(Pos/TVp) relationship2-3 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 freestream and the bound-
ary-layer configuration) will yield information of the type6

Pos/Pooc, = f(m/mi). Alternately, experimental investigation
of specific intake configurations will produce information of
the form PQS/PO<* = /(m/m0).

For any selected internal ejector performance point, items
1 and 2, and afterbody operating conditions, the net after-
body thrust forces can be calculated for a variety of flight
conditions by a suitable adaptation of well-known matching
procedures for ejector and intake flows.8

3. Theoretical Analysis of System Performance
Characteristics

3.1 Internal Ejector Performance

The ejector flow model is based on the inviscid and viscid
interaction between the primary and secondary streams2

within the confinement of generally noncylindrical shrouds3

with the additional consideration of the wall boundary layer.
For the ejector operating in the supersonic regime,2 the
secondary flow will generally reach a sonic condition inside
of the shroud where the secondary flow area will be a mini-
mum. In the analysis of this flow regime, the inviscid inter-

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

Input data
1) Ejector geometry
2) Primary gas and flow condition (Kp and M^)
3) Secondary gas (K«)

Calculation parameter
1) Pressure ratio (Pis/P0p)

(With variable Mls, this yields P0s/PoP)
Variable

1) Initial secondary Mach no. (Mi*)
(Equivalent to WS/WP)

Solution output data
1) Mls < 1 and WS/WP
2) Information about jet boundary, e.g., Rp(z)
3) Wall pressure distribution, PTF(Z )
4) P ressur e-ar ea integral on shroud
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action is considered first, with viscous effects being intro-
duced as a modification. Throughout the analysis, the
secondary flow is assumed to sustain static pressures which
arc constant over its Sow cross sections and continuous across
the boundary of the %)rimary stream.

The primaiy Howficld is determined by the method of char-
acteristics whereas the secondary How is assumed to be one-
dimensional and reversible adiabatic. The secondary flow,
for any chosen initial condition, is subject to a unique area-
pressure relation, and such pressures are matched with the
static pressures at the interface between the primary and
secondary stream. The choking condition for the secondary
stream in a minimum cross-sectional 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 inviscid Sow configuration
and notation, whereas Table 1 lists the essential features of
the computer program.** According to Table 1, given the
ejector geometry and information concerning the primary
and secondary gas, the program produces information on the
inviscid pumping characteristics and the static pressure dis-
tribution over the internal surface of the shroud. It is note-
worthy that the inviscid pumping characteristics, while
depending on the specific heat ratios and the individual gas
constants of the two fluids, ̂  can be generalized to include
the effects of different stagnation temperatures by introducing
the reduced mass ratio," 17,/J^(?W7%) ̂ -

Viscous interaction between the two streams occurs along
their interface. This will result in 1) a transfer of energy
(shear work) from the primary to the secondary stream, and
2) a modiHcation of the pumping characteristics due to the
displacement thickness of the mixing region. It should be
mentioned that information on the displacement thickness
of mixing regions is available^ for a large range of stagnation
temperature ratios Toa/jTo^

Both effects are most pronounced for relatively small
secondary How rates (see Fig. 5) where the theoretically
calculated (inviscid and viscid) pumping characteristics of a
divengent cooling-air ejector are compared with experimental
data. 9 An obvious theoretical reason for the applicability
of the reduced mass ratio in the viscid interaction process
cannot be extracted from such calculations so that some
shortcomings 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 inHuence of different specific heat ratios (Kg =
1.4, Kp = 1.4, 1.325, and 1.25) confirming trends reported
by other investigators.^

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

o.io

Fig. 5 Comparison of experimental and theoretical
ejector pumping characteristics.

,?.1.4 Cross f/ir*4st

Ultimately, on the basis of calculated internal ejector oper-
ating conditions, the gross thrust can be evaluated for a
variety of static operating conditions of a divergent ejector.
For a selected operating condition, Fig. 6a delineates the
individual contributions to the gross thrust, namely those of
the primary nozzle flow, the secondary stream, and the wall
pressure distribution over the internal ejector shroud (see
Fig.6b).

Figure 6c compares the results of the theoretical gross thrust
calculations with experimental data obtained by Huntley
and Yanowitz^ for cold primary How.

** For IBM 7094, Graduate College Department of Com-
puter Science, University of Illinois,

tf See previous footnote.

For the purpose of the present analysis it has been assumed
that the How through the ejector was unaffected by the ex-
ternal flowficld, or static pressure near the exit cross section.
A more complete picture of the internal operating character-
istics and different operating regimes of an ejector system
would be presented by the so-called ejector surface^ (see Fig.
7). Also indicated in Fig. 7 is the geometric 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 Sec. 2.2 shows that the thrust
force of the intake, P/g -)- ?jgn + F/oR* can be determined,
with the exception of the unknown contribution of the additive
drag, if the How conditions in the cross sections Jci and J<?2
are known. A theoretical treatment of the intake How
problem** is based on the evaluation of the integrals over sur-
faces Jci and 7c2. Such an analysis also yields information
on the mass How-pressure recovery relation, Sec. 2.3.3, but
introduces two arbitrary assumptions, namely, 1) that the
additive intake drag is not considered to be a major inHuence
on net thrust characteristics, and 2) that the intake How
transforms the scooped-up portion of the boundary layer into
a one-dimensional How within a 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 q = (Foa/Pooo) actual/ (Poa/Pom) theoretical/

As reliable information on such intake efficiencies becomes
available, the attractiveness of the theoretical analysis is
enhanced. The narrow limits for ?y which have been estab-
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J?.04(MOMENTUM CHG.) (~°-01 (!

003 (FRICTION)

NET AFTER-
BODY THRUST

REFERENCE
THRUST

Fig. 6a Comparison of thrust contributions.

Fig. 6b Calculated shroud wall pressure distribution.

lished experimentally for well-designed intakes thus will give
weight to the theoretical analysis of intake performance.

3.2.1 Theoretical intake analysis

According to the assumptions advanced by Simon and
Kowalski,6 one may analyze intake performance on the basis
of knowing the approaching flow conditions in the free-
stream (Poo, Moo) and in the boundary layer just ahead of the
intake (5, n). By direct application of this analysis, and by
considering the flow in the boundary layer at the afterbody
radius E0 as essentially two-dimensional, one utilizes the
following relations :

(m/mi) = f ( n , Mm, r/S) (5)

and

(PO./POOO) theo.e = ̂ )M. m* [(A/A*)(P/P0)U

where Ms can be determined from

F
F*J MS (m/mi)

Utilizing the graphical presentations,6 relationships of the
following functional form can be determined

and

(Po,./Pocc) - /(n, Mm, r/S) (9)

The momentum of the intake air will be related to

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 AC and for a
given flight condition, establish the efficiency 77. Both of
these factors contribute to the choking limit of an actual in-
take which is of special interest in the matching problem.

x"V^ i CORRECTION,^!-r-281!
X^-THEORY FID,C ' I

3.2.2 Utilization of experimental intake data

Experimental intake data are usually given in the form7

Pos/Poco = /(geometry, <5/Lref, n, M^, ms/m0)

where ms/m0 = m8/AoPwVm and Mm are the controlled test
variables for a given inlet geometry, whereas d/LTGt and n
are usually not subject to systematic variations. The latter

THEORETICAL EJECTOR
SURFACE

MATCHING
INTERSECTION

Fig. 6c Comparison of thrust characteristics for static
operation of a divergent ejector.

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-
ence 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 7] values determined with the help of experimental investi-
gations.

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

DATA: 6 / • R
0

/ R IP = L3i

POS / POP =0.322, * I oj = o.082, K =I.4,K =1.40
WnV I op s • p

f m i - r / 8 ) = ms/m0 - A 0/d (10)

where A0 is the area per unit width of the intake.
In any case, the efficiency rj may be considered as a param-

eter in the theoretical calculations which will show (see
Sec. 5.2) the importance of designing efficient intakes and
also indicate the levels required to achieve satisfactory thrust
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
uncontrolled 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 ejector
surface appears in the

W8/WP(To9/T0pyi* = f(PJPoP, As/Pop)
diagram whereas the intake surface is originally defined
functionally by the relations

m/mi = /(Poa/Poco) or m/m0 = /(P0s/Poro)

A transformation into a common coordinate system must be
made.8

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 R\P/R$, a convergent primary nozzle, and external
flow conditions Mm and 8/Ro yields the following relationship
which is used in the matching procedure :

/m_ r_\ = (Pop) (!_
\mi' 8jn,Ma>,r/8~ ( A / I 2

Wl 2 (#o (W
Roj

7T^ (ID

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

(Pn /Pn W /W ! « ( Tn ITn K /K / ? / / ? } !/2
( Op/ * Os '' s/ '' p) \ J- Os/ -*• Op •*-*-p/ -*-*-s 1-vs/ -"^pf

The ratio Rip/Ro 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 Mm, n, and 8/Ro. The
left side of the equation can now be expressed as a function
of r/8, with n and Mm being fixed.

0.6 0.8
(r/S)

Fig. 8a Theoretical matching of intake and ejector.
Legend: I - intake (NACA TN 3583); E = ejector (the-

oretical); A = match points.

Fig. 8b Theoretical matching of intake and ejector.
Legends I = intake (NACA TN 3583)$ E = ejector (the-

oretical). A = match point s.

The only remaining term on the right side of the equation
is Pos/Pco which, according to Simon and Kowalski, can be
evaluated theoretically as Pos/Poco — f(n, Mm, r/8). Hence,
r/8 can be considered as a trial variable for calculating and
matching both sides of Eq. (11), hence obtaining the operat-
ing condition, that is, the correct value for r/8, and m/mi(n,
Mmj r/8) and, subsequently, POS/PQOT (n, Mm, r/8).

To improve the quantitative aspects of the intake analysis,
the intake efficiency 77, 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.

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

4.2 Matching Experimental Intake Data

Experimental data denning the internal performance of an
inlet are generally presented in the form7

POS/PO- = jW£ref, Mw, ms/m0) (12)
where ms/nio = ms/ pm Vm AQ, AQ being a reference inlet area.

In analogy to the procedure developed in Sec. 4.1, we may
now establish

W.

ejector primary fluid

/JL ^?U?k\
\Af0.p./\r0.j

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/Pooo = j(ms/m0, Mmj 5/Z/ref) is converted into a P0s/Poco =
j(W8/WP, Mm, 5/Z/ref) plot by transforming, for the given
freestream Mach number Mm, the abscissa

7VV'2 W± = /mA / ^o \ /PoA
2W WP \mJ\irRiP

2J'\P*)'

P R, T0p

1/2

(13)

where Pm/PoP remains a parameter. The conventional
ejector map Pos/Pvf = f(W,/Wp) is converted by transform-
ing, for a given freestream Mach number Mro, the ordinate so
that

P
J- Os
p

op
(14)

the primary nozzle pressure ratio will serve again as a param-
eter. Any given flight schedule will specify the relation be-
tween POP/PCX and Mm, so that selection of Mm will determine
the parametric value of PGp/Pm. The performance curves
of the ejector and the intake having this same primary nozzle
pressure ratio will then intersect at the "match point."

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

(^yw = /_?_
\Tj \Wffc U.+ l

t^Vj't 2 J
P~ KSR,
P i T^ Z?1 OP \&PKt

7? ^ 1/2: ^ i /(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/P0p, WS/WV
{TQS/ToP}112), and a selected flight condition (M*,, d/R0, ri),
determined the intake operating condition and hence P0s/
P0m so that the primary nozzle pressure ratio is found from
Eq.(14):

POP AP Po, Po.
(16)

4.3.1 Gross thrust,

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

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

ECP (P - Pm)dSE + f p7(7-<&)
•/ J^CP

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

f (P - Pm)dSE + f pV(V-dSE)
J ECS J EC8

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

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

PSH - f (P - Pm)dSE
J ES

Rmin/ Rip = 1.21, Ro/Rip=l .3 l , L/2Rip = 0. 87

Fig. lOa Interpretation of NAG A configuration (RM E
53J13) for in-flight performance evaluation.

POP/Pec

Fig. lOb 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 inviscid ejector code calculation,

DATA: § /Ro"0.2, Ro/R,.|.3l

Pop "0.322, Kg = 1 . 4

I
Jj?

and the effect of wall friction (— AFaj,). The latter is found
with the help of a boundary-layer program (see Sec. 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 friction; this loss is given by

(17)

J/ttafce thrxtst Jorce

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 Sow) is found from

T
*/ Jc

= 2^0

= /(Jl/%, %. r/6) is presented graphically inwhere
Ref.6.

4.3.,? Net ff^t

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

r (? -
*/ 7Cl

4.3.4 JRe/erertre t/tr;*^

For the purpose of discussion of the results obtained for
specific air-augmented systems, the ideal thrust forces of
certain specified nonaugmcnted primary nozzles are intro-
duced as reference values. Using as a reference the ideal
convergent nozzle having a thrust force of

i\aw(Kp-in
J= .4*?

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

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

Shown in Fig. 10 is a schematic sketch of the system to
which the foregoing analysis has been applied. It corresponds
to the configuration which has been evaluated, in static tests
with cold primary Sow only, by Huntley and Yanowitz.^t
Specifically for this configuration, Eo/Eij, = 1.31, Z//7Zi,, =
1.75, with a conical divergence angle of the shroud of 3.82°.

j:$ This configuration is attractive for the present analysis be-
cause it incorporates a relatively long and noncylindrical ejector
shroud in contrast to other geometries for which in-flight per-
formance data have been reported.^<^

Fig. 11 Theoretical in-flight Pop/P °o schedule based on a
selected ejector pressure ratio as affected by efficiency;

configuration: see Fig. lOa.

To evaluate the friction effects on the internal shroud wall,
a value of Reynolds Number aoa/yoa%?, = 10̂  was used for
the experimental conditions reported. (The efTects of in-
ternal wall friction were found to be small for the cases in-
vestigated; the maximum value was less than 0.3% of the
gross thrust.) In addition, it was assumed for the in-flight
performance analysis that 6/Eo = 0.2, % = .?, and ao=/yo».Ro
= 10̂  for all conditions.

The results of the theoretical gross thrust calculations, as
compared to experimental data reported in Ref. 10, already
have been shown in Fig. 6. In addition, the comparison is
presented in a different form in Fig. lOb. Also shown in
this figure is the interesting result that the gross thrust ratio
remains unaffected by the specific heat ratio Kp if the ejector
operating points were chosen on the basis of identical ejector
pressure ratios Po«/Pop but unequal corrected mass flow ratios
Wa/W?/!To,/3%)i/2. 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
afterbody thrust coefficient.

5.1 Flight Schedule

Selection of a single internal ejector performance point for
any specified pair of parameter values A^ and 77 results in a
fixed flight schedule, as shown in Fig. 11. However, the
theoretical analysis could match any given or desired Sight
schedule by repeating the calculations for other operating
points of the internal ejector characteristic (Fig. 5).

5.2 Comparison with an Ideal Converging Nozzle

Theoretical in-night characteristics for the chosen internal
ejector operating pressure ratio, as affected by parametric
values of intake efficiencies (see Sec. 3.2, item 2), are shown
in Fig. 12, using as a reference the convergent nozzle. The
selected example immediately reveals the importance of high
intake efficiencies. Even then, for obtainable values of in-
take efficiencies, the direct improvement remains marginal.
One should, however, keep in mind that the installed per-
formance of a simple convergent nozzle could suffer sub-
stantially from the high transonic base pressure drag penal-
ties due to jet-slip-stream interaction, a situation which could
largely be avoided by the present air-augmented configura-
tion.

5.3 Comparison with an Ideal Fully Expanded C-D
ISoxxle

When using the ideal fully adjustable C-D nozzle as refer-
ence, the selected air-augmented system immediately fails to
qualify as a thrust-augmentation scheme, at least when the
reference nozzle is not penalized for slip-stream interaction
or for differences in boattail drag (see Fig. 13).
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DATA: g/R0=o.2, F^/^p=i.3i

=0.064,0.082

K =1.4, K = 1.25,1.4

tz 1.0

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. Calculations 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 streams12 is
possible.

Comparison between calculated and experimental gross
thrust performance was possible and indicated good agree-
ment, with the theoretical analysis giving slightly conserva-
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 flight regime, was consistent with the present status
of ejector computer codes at the University of Illinois which
allo\v consideration of noncylindrical 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 engine
nozzles for a wide variety of configurations and missions.
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