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FOREWORD

This technical report examines some of the exhaust nozzle concepts
being developed as design options for use on the turbine engines which
will power advanced fighter aircraft. It was prepared in-house by
Lawrence D. Wolfe, Captain, USAF, and Arthur E. Fanning, Captain, USAF,
of the Performance Branch, Turbine Engine Division, Air Force Aero
Propulsion Laboratory. This work was accomplished from January 1977
to January 1978 under Project 3066, Task 306611, Work Unit 30661108.

The authors gratefully acknowledge the contributions of Mr. Mark
Reitz and Mr. Ronald Glidewell of the Performance Branch. Acknowledgment
is also given to the General Electric Company, the McDonnell Aircraft
Company, and Pratt & Whitney Aircraft Group for their contributions to
the report.
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SECTION I
INTRODUCTION

Advanced nozzle technology is an extremely broad topic. Rather than
try to give a review of all the work in each of the technical subareas re-
lated to this broad topic, in this report the authors have concentrated on
nonaxisymmetric configurations and the work being done in the technical
subareas most critical to these types of configurations. It is important
to bear in mind that neither the areas discussed nor the depth in any one
area is all encompassing. However, the advanced techniques and technologies
discussed are frequently equally applicable to conventional axisymmetric noz-
zle configurations, so that the nonspecialist in any one area can read the
work as an overview of the entire area. It seems only fair to define the
point of reference from which this report was assembled. The authors view
the nozzle as first and foremost a basic component of the engine, and attempt
to maintain this point of reference throughout. However, the importance
of the interactions between the engine with its nozzle and the airframe is
fully appreciated.

The following topics are discussed in the report: The potential bene-
fits which might be obtained through the use of nonaxisymmetric nozzles; a
description of three nonaxisymmetric nozzle configurations; examples of the
results of recent tests and analysis in the technical areas most critical to
achieving acceptable engine performance with a nonaxisymmetric nozzle; the
level of installation benefits which must be obtained to make the installed
performance comparable to that which can be obtained with an axisymmetric
nozzle; the use of thrust vectoring to enhance aircraft maneuverability and
the importance of basic aircraft design parameters to the degree of enhance- ]
ment which can be achieved; force accounting problems unique to the nonaxisym-
metric or thrust vectoring nozzles; and, a brief discussion of the further
development work which is required to bring these types of nozzles to the
stage of development where they might be considered design options of accept-
able risk.

T
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SECTION II
POTENTIAL BENEFITS

o
N R i

There are a number of benefits which might be derived through the use
of nonaxisymmetric nozzles. The most basic of these is improved integration
of engine and airframe to obtain a better aerodynamic design. Benefits in
the areas of detectability, and therefore vulnerability, also have been postu-
lated based on directionalization and reduction of infrared signatures and
radar cross sections. If the penalties for the use of these types of nozzles
are offset by other benefits, then there can also be a potential reduced
weight penalty for incorporation of either thrust reversal or thrust vector-
ing capabilities.

For the variety of reasons including twin engine reliability, improved
aerodynamics at high angles of attack, and numerous other structural and
aerodynamic considerations, designers of combat aircraft have nearly aban-
doned their predisposition toward fuselages of circular cross section.

Even our most recent single engine fighter aircraft, the F16, has a fuse-

Q lage which upon close inspection is far from circular. The propulsion side
, of the industry has, however, steadfastly refused to consider turbines of
1 other than circular cross sections, a trend which is 1ikely to continue. '

Blending of the airframe and engine to obtain superior aerodynamics
can be one of the most difficult problems of aircraft design. Much of the
zero 1i1ft drag of an aircraft occurs on the afterbody and nozzle and it is
in this region that care must be taken to ensure good recompression and
prevent separation in the resulting adverse pressure gradient. The com-
plex three-dimensional contours required to blend axisymmetric nozzles with
non-axisymmetric airframes complicate the problem by steepening the pressure
gradients locally. The problem is further complicated by the need to keep
nozzle length to a minimum for weight considerations and the need to incorpor-
ate variable exit area to obtain acceptable performance. Planar or nonaxisym- -
metric nozzles provide an excellent opportunity to reduce three-dimensional
effects by spreading the recompression more uniformly around the cross section.

L Ry
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Shown in Figure 1 is the aesthetically pleasing result of incorporating
nonaxisymmetric nozzles on a current air superiority aircraft. Unfortunately,
quantitative assessment of the benefits actually derived on such a vehicle
must await completion of extensive testing of such realistic configurations.
So far, extensive drag data on nonaxisymmetric nozzles has been limited to
some basic research confiaurations. The USAF and NASA are currently con-
ducting wind tunnel tests on more realistic fighter type configurations, and
quantitative results should be available shortly.

Another potential benefit of nonaxisymmetric nozzles is reduced and
directionalized infrared signatures. The infrared signature consists of
the radiation emanating from both the hot metal parts of the engine and
nozzle and the hot exhaust gases. The use of nonaxisymmetric nozzles
can affect both of these sources of infrared radiation. The signature
radiating from hot engine or nozzle parts can be reduced by providing
line of sight blockage. This signature can be directionalized in cases
where it cannot be reduced. On the left side of Figure 2 is a depiction
of the intermediate power hot parts infrared signature of an engine with
a conventional axisymmetric nozzle. By replacing the axisymmetric nozzle
with a nonaxisymmetric plug nozzle which provides 1ine-of-sight blockage,
this signature can be reduced to the small ellipse depicted on the same
figure. The right side of Figure 2 depicts how replacing an axisymmetric
convergent-divergent nozzle with a single ramp, two-dimensional nozzle
affects the directionalization of the infrared signature due to both hot
parts and exhaust plume. This reduction in radiation emanating from the
hot gases in the exhaust plume results from the increased mixing of the
exnaust plume with the cooler external air of the freestream. The non-
axisymmetric concepts provide more circumference surrounding a given cross-
sectional area of exhaust plume, thus providing more surface area for mix-
ing. In some cases, the mixing is further enhanced by the formation of
strong vortices in the vicinity of sidewalls and corners caused by the
locally severe pressure gradients around these corners.
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Nonaxisymmetric nozzles also offer the potential for reducing and
directionalizing radar cross section. The exhaust system is a major contri-
butor to the radar cross section of a fighter aircraft when viewed from
the rear. The primary factors affecting the radar return are the dimen-
sions of the cavity formed by the engine, augmentor, and nozzle, and the
shape and dimensions of the entrance to this cavity. While the types of
nonaxisymmetric nozzles considered here do little to change the dimensions
of the augmentor cavity, they do provide some degree of control over both
the size and shape of the nozzle throat area which forms the entrance to
the cavity. The variation in size is not in terms of flow area, but
rather in terms of blockage of a line of sight into the cavity. In addi-
tion to providing 1ine-of-sight blockage, nonaxisymmetric nozzles provide
a surface for the application of radar absorbing materials to minimize
reflection entering and exiting the cavity.

Nonaxisymmetric nozzles also have a potential advantage in terms of
ease of incorporation of thrust reversal and thrust vectoring. Schemes to
incorporate thrust vectoring and thrust reversal on axisymmetric nozzles
frequently add significant complexity to the nozzle. In contrast, incor-

. poration of thrust vectoring on some two-dimensional, nonaxisymmetric nozzles
requires little more than adding the appropriate control functions to differ-
entially operate existing actuators and providing sufficient structure to
carry and transmit the increased normal loads. Similarly, although not to
the extent encountered with vectoring, the incorporation of thrust reversal
capability into nonaxisymmetric nozzles is in some cases easier than incor-
porating the same capability into axisymmetric nozzles.
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SECTION III
NOZZLE CONFIGURATIONS

Consider now some various nozzle configurations. A state-of-the-art
axisymmetric nozzle will first be described in order to provide a base
against which to compare the nonaxisymmetric configurations. Following
this description, the significant features of each of three classes of
nonaxisymmetric nozzles are described. A1l of the nozzles considered
here are self-cooled by fan discharge air routed behind the augmentor
liner. A1l of the configurations provide throat area variation suitable
for augmented operation on turbofan cycles. Also, all designs feature
exit area variation which may be either slaved to throat area or may be
independently variable. A1l thrust vectoring is in the pitch plane only.

An axisymmetric nozzle which is representative of the technology
level found on most advanced current production fighter engines is shown
in Figure 3. It has a peak gross thrust coefficient of over 0.985, and
requires approximately 8% of the engine airflow for cooling. Throat area
variation is accomplished with overlapping flaps and seals. Thrust re-
versing capability can be incorporated by the use of a blocker and cas-
cade arrangement, and thrust vectoring can be achieved through use of a
dual gimbal as shown in Figure 4.

In Figure 5 a simple two-dimensional, convergent-divergent nozzle is
depicted. The cross sections at the exit, the throat, and the inlet to
the convergent portion of the nozzle are all rectangular. As with all
nonaxisymmetric configurations, there is a duct upstream which provides
the transition from the circular cross section of the engine. The conver-
gent section of the nozzle is formed by two planar flaps, and throat area
variation is achieved by actuators moving these two surfaces. A second
pair of planar flaps forms the divergent section. The exit area may be
slaved to the throat area to provide a specified area ratio schedule, or
a second set of actuators can be used to provide independent exit area
variation. If independent area ratio variation is incorporated, thrust
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vectoring can be achieved by differential use of the same actuators.
Thrust reversal can be accomplished by an arrangement whereby rotation
of the convergent flaps past the minimum throat area position opens
passages on the upper and lower surfaces of the nozzle. As the conver-
gent flaps are rotated furthér. the total flow area transitions to these
upper and lower openings. Several cooling techniques are applicabie to
this type of nozzle. Film cooling, film plus convection cooling, fin
wall, as well as some more advanced techniques could be used effectively.
These cooling techniques will be discussed in more detail later.

Another type of nonaxisymmetric nozzle is a two-dimensional, single
ramp nozzle shown in Figure 6. Again the cross-sections at the exit,
the throat, and the inlet to the convergent portion may be rectangular,
although this is not an essential feature of this nozzle concept. In
the configuration shown, a convergent-divergent fixed ramp forms the
upper surface. Throat and exit area variation are achieved by actuation
of both the convergent and divergent portions of the lower surface. The
trailing edge of the single ramp remains fixed or may be varied to change
internal area ratio. Throat area variation can also be achieved by pro-
viding a collapsible fixed ramp, and alternate means of providing inde-
pendent internal area ratio variation include translation of the lower
surface cowl or rotation of a flap at the exit on the lower surface.
The most significant aspect of this nozzle is that the exit area is not
normal to the principal flow direction. Thrust vectoring is accomplished
by deflecting a small flap at the trailing edge of the upper ramp into
the exhaust flow, although some schemes have been devised which rotate
both the upper and lower surfaces. Resersing capability can be incorpor-
ated by use of a large flap on the plug or by the more conventional “locker
and cascade assembly shown in the figure. As in all of the nonaxisymmetric
nozzles, the side walls may be cut back in any of a variety of contours
to reduce weight and cooling requirements. A1l of the advanced cooling
techniques discussed later are applicable to this concept.

n
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The third and last nozzle type to be considered here is the two-
dimensional plug nozzle. This nozzle can be viewed as two single ramp
nozzles placed back to back. The plug nozzle shown in Figure 7 will be
described here, although there are many variations on this design. Like
the single ramp nozzle, the plug nozzle tends to be altitude or pressure
ratio compensating. However, some variation in internal area ratio may
still be desirable. This can be achieved by either rotation of the flaps
which form the boundary between the external flow and the exhaust flow
as shown in the figure or by translation of these same flaps in the axial
direction so that the internal area ratio more nearly approaches the external
area ratio. Alternate approaches involving translating or collapsible
plugs are also being considered. With the variable incidence plug configu-
ration, thrust vectoring is accomplished by pivoting the entire plug to
direct the flow up or down in the pitch plane. Divergent flap position
can also be varied in conjunction with plug incidence angle and more
sophisticated schemes involving adding camber to the plug can also be
considered. One advantage of the variable incidence plug is that turning
of the flow occurs primarily at subsonic speeds, resulting in somewhat
reduced vectoring losses when compared to flap and deflection surfaces
which turn the flow supersonically through the use of oblique shocks.
Thrust reversal capability can be incorporated through the use of flaps
on the upper and lower plug surfaces which may be deployed into the ex-
haust jet to block and turn the flow. Alternate approaches include the use
of a more conventional blocker and cascade upstream of the plug, or using
the convergent flaps in a manner similar to that described for the two-
dimensional convergent-divergent nozzle. Advanced cooling techniques
are required for the two-dimensional plug nozzle because of the substan-
tially increased surface area wetted by the exhaust gases.
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SECTION IV
CRITICAL TECHNOLOGIES

Before nonaxisymmetric nozzles can be seriously considered as an
option available to the designer, it is necessary to demonstrate that the
level of performance achievable with these nozzles is at least comparable
to that achievable with an axisymmetric concept. Such a demonstration
requires development and demonstration of the level of performance achieva-
ble in certain critical technical areas: internal performance, cooling
requirements, and weight or structural integrity.

The primary index of nozzle internal performance is the gross thrust
coefficient. The importance of attaining high levels of gross thrust
coefficient is self evident, since this acts as a direct multiplier on
the total gross thrust produced. It is important for a nonaxisymmetric
nozzle to have a high gross thrust coefficient at the design point. For
a given flap length and maximum divergence angle, the nonaxisymmetric noz-
zle provides less area ratio variation capability than does an axisymmetric
nozzle. Figure 8 depicts the variation of gross thrust with nozzle pres-
sure ratio for each of these advanced nozzle concepts considered, as well
as the axisymmetric configuration. This data was obtained from recent
subscale static tests. Note that the peak gross thrust coefficient when
compared to an axisymmetric nozzle is decreased by one half percent for
the two-dimensional, convergent-divergent nozzle, 0.25% for the single
ramp nozzle, and 1.25% for the 2-D plug nozzle. The off-design perfor-
mance also is depicted on this figure. Thrust vectoring also affects the
gross thrust coefficient, and the variation in gross thrust coefficient
which results as the vector angle is changed can be seen in Figure 9.
Some caution must be used in interpreting or using this data because the
traditional definition of gross thrust coefficient used here is not well
suited to certain types of nonaxisymmetric nozzles at off-design condi-
tions or in the vectored mode. This will be discussed in more detail
later. Also, it should be emphasized that these results are for static
performance only and may be altered for the configurations where exter-
nal flow can affect the exhaust flow field, thus resulting in changes
in the pressure forces applied to the nozzle surfaces.

15
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Nonaxisymmetric nozzles usually present more of a cooling problem
than axisymmetric nozzles. The increased surface area wetted by the
hot exhaust gas, and presence of corners and other high heat flux regions
increase the cooling requirements for these types of nozzles. This need
for increased cooling can be reduced somewhat through the judicious use
of techniques such as sidewall cutback, but this is normally detrimental
to internal performance. The cooling flow required principally affects
the maximum augmented thrust available, since air which is required for
cooling is not available for augmentation.

There are a number of advanced cooling techniques under consideration
which may be used to achieve higher cooling effectiveness and therefore
reduce the required cooling flow. Three cooling techniques are depicted
in Figure 10. The first and most common technique in current use is film
cooling. In this method, a thin film of cooler gas is used to protect
the surface from the hot exhaust gas. A second method is multiple panel,
parallel flow finwall. This is really a combination of film and convective
cooling methods. The cooling air flows from a reservoir through a channel
running parallel to the mainstream and provides convective cooling to the
channel surfaces. Upon reaching the end of this channel the cooling flow
is discharged to form a film, thus providing film cooling for the surface
of the succeeding panel. A natural extension of this principle is the
counter flow finwall method. By reversing the panels, the flow in the
convective passages may be made to flow counter to the mainstream flow,
thus reducing the axial temperature gradients along and through the wall.
This, in turn, reduces the buckling and bending tendency of the panels.
Figure 11 shows an example of the hot wall surface temperature distribution
in the main stream flow direction for both parallel flow and counterflow
finwall. Note that the counterflow finwall technique results in a more
uniform temperature distribution along the panel. This allows the required
cooling flow to be reduced to half of that which would be required using
parallel flow finwall, and also provides improvements in the structural
area by reducing the temperature gradient along the hot wall.

18
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Figure 12 provides a summary of the benefits to be gained through
the use of advanced cooling flows. By entering the figure at a maximum
allowable surface temperature, the required specific cooling flow may be
determined for a given cooling type. For example, for full length film
cooling and a maximum surface temperature of 1400°F, 0.35% of the total

engine flow is required for each square foot of wetted area in the nozzle.

The cooling flow can be reduced to 25% of this value by using a counter
flow cooling scheme. Also note that a reduction in required cooling flow
can be achieved by injecting the cooling flow film at multiple locations
rather than at a single upstream location. These results are expressed
in terms of "panel length" or distance between film injection slots.

The trend that increased allowable maximum wall temperature requires

less cooling flow as is expected.

Thus far a number of potential benefits which might be derived
through the use of nonaxisymmetric nozzles have been considered, along
with some potential nozzle designs. It is appropriate now to consider
the penalties in performance against which these potential benefits must
be balanced. Although nonaxisymmetric nozzles will influence the speci-
fic fuel consumption through changes in the gross thrust coefficient, a
more fundamental effect can be seen in the change in engine thrust to
weight ratio. Figure 13 displays thrust to weight data for four differ-
ent engine-nozzle combinations: axisymmetric; two-dimensional, conver-
gent-divergent; two-dimensional, single ramp; and two-dimensional plug.
Each column represents a different level of capability incorporated into

the nozzle. The base level provides no reversing or vectoring capability.

The next column represents the same type nozzle with reversing capability
added, followed by the same type nozzle with vectoring capability only.
The last column represents the same type nozzle with both vectoring and
reversing capability added. The values shown were determined by calcu-
lating the engine thrust to weight ratio of an afterburning, mixed-flow,
turbofan engine fitted with the appropriate nozzle and then dividing this
value by the engine thrust to weight of the same engine fitted with a
state-of-the-art axisymmetric nozzle. The thrust values used in these
calculations were the uninstalled sea level static maximum augmented

21
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thrusts and the weights were the weights of the engine plus the appro-
priate nozzle. An initial estimate can be made of the size of the drag
reduction resulting from improved installation characteristics which

must be achieved in order to maintain the thrust to weight of the engine
at any given flight condition. This is accomplished by considering the
drag reduction to be an increase in thrust and then determining the amount
necessary to maintain the thrust-to-weight ratio of an engine with an
axisymmetric nozzle. For example, for the 2-D C-D nozzle without any
vectoring or reversing capability, in order to gain performance (i.e.,

thrust minus drag), it will be necessary to reduce the drag by an amount
more than 3.9% of the maximum net thrust. To offset the penalty for
incorporating thrust reversing capability into an axisymmetric nozzle,
it would require a minimum drag reduction equal to 5.7% of the maximum
net thrust. To examine the drag reduction required at any given flight
condition, it is necessary to multiply these values by the thrust lapse
of the engine and then make a similar comparison. These values can also
be used to compare various nozzle types which have the same capability.
For example, with thrust reversing capability only, the uninstalled per-
formance of the nonaxisymmetric nozzle is competitive to marginally
superior to that of the axisymmetric nozzle. For vectoring only, the
nonaxisymmetric nozzles are less than competitive, and when both vector-
ing and reversing capability is required nonaxisymmetric nozzles are
slightly superior.

Figure 14 takes the last column of Figure 13, the vectoring and
reversing case, and shows the contributions made by cooling requirements,
internal performance, and nozzle weight to the changes in thrust-to-
weight ratio of the engines being considered. A1l data presented is
for maximum augmented thrust at sea level static conditions. The thrust
and thrust-to-weight ratio for each engine-nozzle combination was based
on the same airflow size. Note that while the vectoring and reversal
case is the only one considered in this figure, the top row of the
matrix sti11 depicts the axisymmetric case (without either vectoring
or reversal capability) to which the other data is referenced. Note
that the use of advanced cooling techniques can result in a decrease
in the required cooling flow. This beneficial effect coupled with

& ‘. v.
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improved internal performance (at sea level static conditions) results

in an increase in net thrust. The major driver on engine thrust to weight,
however, is the increased weight of the nozzles. The overall result is
that when thrust vectoring and reversing capabilities are required, a
nonaxisymmetric nozzle weighs slightly less and produces more thrust than
an axisymmetric nozzle with the same capability.

The previous discussion has shown that on the basis of uninstalled
performance, nonaxisymmetric nozzles offer a clear advantage only when
both thrust vectoring and reversing are required. In the other cases,
some inztallation benefits must be obtained merely to offset the increased
weight of the nonaxisymmetric nozzle. Since the question of whether non-
axisymmetric designs provide benefits when thrust vectoring is not required
cannot be answered until quantitative installation data is available, it
is appropriate to consider the question of whether thrust vectoring offers
any potential advantages.

26
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SECTION V
THRUST VECTORING ENHANCEMENT OF AIRCRAFT MANEUVER CAPABILITY

Since ease of incorporation of thrust vectoring capability is one
of the potential benefits of nonaxisymmetric nozzles, it is logical to
examine whether any significant benefit can be achieved through the use
of thrust vectoring. It is important to note at this point that the
question of the value of thrust vectoring is a separate question from
the value of nonaxisymmetric nozzles. Too often these are confused as
the same question. One must also remember that at the high angles of
attack often encountered during maneuvering, today's aircraft experience
a substantial force in the 1ift direction from engine thrust. So the
question is not whether vectoring the thrust to achieve a force in the
1ift direction is beneficial, but whether substantial benefits can be
} obtained by a thrust vector schedule other than that where the vector
} angle equals the angle of attack. A study was conducted to examine this
question, and to determine the influence of basic aircraft design vari-
ables such as thrust loading, Fn/TOGW, and wing loading, W/S, on the size
of the improvements achievable thraough the use of thrust vectoring.

- The ability to thrust vector has a number of potential benefits,
one of which is an increase in normal load factor. To understand this
benefit, consider first a typical V-N diagram for a combat aircraft
(Figure 15). The left-hand side of the envelope is bounded by 1ift |
1imit curves (both positive and negative). This represents the maximum 5
number of G's achievable at a given velocity at the maximum angle of at-
tack. The top and bottom of the envelope are bounded by structural
limits imposed by the airframe. The right side of the envelope is
bounded by aerodynamic 1imits imposed by such things as stability and
control problems, and stagnation temperature.

Although an aircraft's G capability at a given velocity is only one of |
many capabilities relating to combat effectiveness, it is, nonetheless, a %
very important one. Velocity and normal load factor are related to turn .
radius by the equation: 2

e TR
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To minimize turn radius, it is desirable to minimize velocity while
maximizing the normal load factor. The minimum turn radius usually
occurs at a velocity slightly below that where the 1ift 1imit curve
intersects the structural 1imit. For purposes of discussion, it will
be assumed that the minimum turn radius occurs at that intersection
(i.e., the minimum velocity at which the maximum allowable load factor
can be obtained). This velocity will be referred to as “maneuvering
speed" (see Figure 15).

Payoff can be obtained in a number of ways. It could result from
lowering the maneuvering speed, increasing the normal load factor obtain-
able below the maneuvering speed, or by decreasing the Ps penalty asso-
ciated with a given maneuver. This effort explored these areas. A de-
tailed analysis of the payoff in these areas was not intended; rather,

a first approximation of the increase in maneuverability resulting from
thrust vectoring was desired. The payoffs which were considered are
depicted in Figure 15.

A number of assumptions were made in order to define the problem

and 1imit the scope and complexity of the study. Careful consideration
should be given to these assumptions when interpreting the results.

29
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TABLE 1
ASSUMPTIONS OF THRUST VECTORING STUDY

1. Aircraft Configuration - - - - - - - - air superiority fighter
£, ik 2
Combat Wing Loading (TOGW o.swfue])/sw 55 1bs/ft
Aircraft Thrust Loading F /TOGW - - -1.16
NsLs
Internal Fuel Fraction Nfue1/TOGN - - -0.30

Canard (only on thrust vectoring
aircraft) - - = = = = = = = = = - - - - located forward of c.g.,
20% of baseline wing area

2. Pitch Trim
without vectoring - - - - - - = - - - - horizontal stabilizer only

with vectoring
wing and fuselage - - - - - - - - - horizontal stabilizer only
vectored thrust - - - - - - - - - canard only

3.  Aerodynamics

Basic Polar - - = = = = = = = - - - - - typical of air superiority
fighter
Vectoring induced changes - - - - = - - none
Canard induced changes - - - - - = - - add 1ift and drag of isolated
canard-body (no interaction
with wing)
4. Thrust Vectoring - - = = = = = = - - - vector gross thrust
Cv decrement - - - = = = = =« =« - - - none
5. Weight
Nozzle = = = = = =« = = e a0 e o= no penalty
Canard - - = = = = = = = = v oo no penalty

30
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The maneuver studied was a level turn at maximum power at 30,000 ft and
combat weight, 50% internal fuel weight.

Both instantaneous normal load factor capability and maximum normal
load factor capability were examined. The maximum instantaneous G 1imit
was defined by the maximum trimmed angle of attack since no maximum was
reached in the 1ift curve below 40 degrees angle of attack. No dynamic
overshoot was included. Maximum sustained G capability was defined as
the point where specific excess power equals zero.

1. Effect of Thrust Vectoring on Normal Load Factor

The first payoff considered was the increase in maximum number of
G's at maximum angle of attack. The 1ift 1imit curve was first defined
for the baseline aircraft. Next, various amounts of thrust vectoring
were added (from 15 to 60° of vectoring). The results are depicted in
Figure 16. Since the number of normal G's is directly proportional to
the sum of the forces in the 1ift direction, it is logical that if one
is interested only in maximizing the normal load factor, the maximum
amount of thrust vectoring is desired. However, it is important to note
that in most cases, the maximum number of G's is attainable only by
greatly penalizing the specific excess power, P

.
g - [E‘ cos (& ¢ 6) - (D, * Dasc * l’enn’]v
Weight

and is also equal to aircraft's instantaneous rate of climb. In Figure
17, the values of specific excess power corresponding to the 1ift limit
curves in Figure 16 are depicted. (In both Figures 16 and 17, each curve
has a left-hand 1imit, which corresponds to the point where the maximum
angle of attack is reached on the canard. Since any further decrease in
Mach number would result in a situation where the pitching moment induced
by thrust vectoring could not be trimmed out, the only recourse is to
decrease the thrust vector angle.) Note the magnitude of the Ps penalty.
At Mach 0.75, Ps ranges from approximately -850 feet per second with no
thrust vectoring to -1800 feet per second with 60 degrees of thrust vec-
toring. This would result in an increase in the deceleration along the
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Figure 16. Effect on Instantaneous Normal Load Factor
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Figure 17. Effect on Specific Excess Power
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flight path from 1.1 to 2.4 G's. Therefore, the aircraft must pay a very
large penalty in energy and must either decelerate, descend, or both in
order to maximize its load factor. This is not to say that there are not
occasions when a pilot would be willing to sacrifice energy to achieve a
tight turn. It is only important to point out that although thrust vec-
toring can increase maximum load factor, there is a penalty tied to that
payoff.

Note from the previous discussion that at an altitude of 30,000 feet
the aircraft cannot achieve maximum normal load factor at maneuvering
speed without suffering a Ps.penalty. However, if the load factor corres-
ponding to the structural 1limit can be achieved at a lower airspeed, the
result will be a smaller turn radius. For example, if the aircraft were
at the maximum structural limit of 7.3 G's, going from zero thrust vector-
ing to 15° of thrust vectoring would decrease maneuvering speed by approxi-
mately 0.04 Mach or about 25 knots (see Figure 16). Each successive incre-
ment of 15° additional vectoring capability results in successively smaller
decreases in maneuvering speed. Figure 18 depicts the effect of vector
angle on maneuvering speed and instantaneous turn radius. This payoff is
again at the expense of Ps, as depicted in Figure 17.

So far, each normal load factor payoff considered has had an associated
Ps penalty. It is quite difficult to judge the value of a payoff coupled
with a corresponding penalty without delving into the realm of combat
tactics, which is beyond the scope of this effort. However, it is logical
to ask whether there is any normal load factor payoff which does not have a
corresponding Ps penalty. An attempt to answer that question was made.
Two important 1imits in the maneuvering envelope were considered: the
maximum instantaneous G 1imit and the maximum sustained G 1imit. By adding
thrust vectoring capability and the canard to maintain trim, it was possible
to decrease an aircraft's angle of attack while maintaining the same G capa-
bility and gaining specific excess power. This gain in specific excess power
could then be traded away for additional normal load factor capability. This
was done for various thrust vector angles to determine an optimum thrust vec-
tor schedule and the resultant increase in normal load factor capability.
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Figure 18. Effect on Maneuver Speed and Turn Radius
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Curve 2 in Figure 19 depicts the maximum instantaneous G 1imit for the
baseline aircraft without vectoring. Curve 1 depicts the instantaneous
G 1imit after thrust vectoring capability is added, while maintaining
the Ps level achieved at the same velocity on Curve 2.

4 Next, the sustained G limit curve for the nonvectored aircraft was
calculated (Curve 4 on Figure 19). Thrust vectoring capability was then
added, and a new Ps = 0 curve was obtained, again using the angle of
attack and thrust vector angle at each velocity which resulted in the
highest normal load factor (Curve 3). To better depict the payoff due
to vectoring, the difference between curves 1 and 2 and between curves

3 and 4 has been plotted in Figures 20 and 21, respectively, along with
the corresponding thrust vector schedules. Note that any time A normal
load factor is plotted, it represents the difference between the G
capability of an aircraft with thrust vectoring and the associated
canard, and an identical aircraft without thrust vectoring or canard

By comparing the A normal load factors for aircraft with different
thrust loadings and wing loadings, it is possible to determine what type
of aircraft would benefit most by adding thrust vectoring capability.

There are a number of points worth noting at this time. The optimum
thrust vector angle is a function of where in the maneuvering envelope
the aircraft is operating. Figures 20b and 21b depict the optimum thrust
vector schedule for the previously discussed curves in the baseline case.
For example at Mach 0.8, 20 degrees of vectoring are called for in the
sustained case, and 34 degrees are required at the instantaneous limit.
This represents a substantial vector capability. Since it is possible
that nozzle design considerations might restrict the maximum vector angle,
the increases in normal load factor achieved when the vector angle was
limited to a maximum of 15 degrees were calculated and are shown in
Figures 20a and 21a. Restricting the vector angle to a maximum of 15
degrees decreased the G payoff by about 36% for the instantaneous case
and 12% for the sustained case. While considering payoffs due to
thrust vectoring that do not result in a Ps penalty, it is worth noting
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Figure 19. V-N Diagram, Baseline Case
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that there are three different ways the results can be viewed: 1) at

a given velocity, the addition of thrust vectoring can increase the
maximum normal load factor capability at the same Ps; 2) a given load
factor can be achieved at a lower velocity and the same Ps; 3) the same
load factor can be achieved at the same velocity while experiencing an
increase in Ps.

2. Sensitivity to Aircraft Design Variables

A11 of the above results were derived for an aircraft with a sea level
static thrust loading of 1.16 and a combat wing loading of 55 1b/ft2.
As stated earlier, one of the objectives of the study was to examine
whether the change in normal load factor, N, gained through the use of
thrust vectoring, is a function of basic design variables such as wing-
loading and thrust loading. To determine the sensitivity of the payoff
to these variables, four other cases besides the baseline aircraft were
considered: aircraft with higher and lower thrust loadings (sea level
static, Fn/TOGW = 1.28 and 0.68), and aircraft with lower and higher
combat wing 1cadings (W/S = 50 and 90).

The results for a thrust loading of 1.28 are presented in Figure 22
and for a thrust loading of 0.68 in Figure 23. The four curves depicted
in each figure were calculated the same way as described in the baseline
case above. Consider the A normal load factor when thrust vectoring is
added (i.e., the difference between curves 1 and 2 and between 3 and
4). To understand how this increased G capability varies with thrust
loading, compare the normal load factor, AN, due to thrust vectoring in
these cases with the AN obtained in the baseline case where Fn/W = 1.16.
Figures 24 and 25 will aid this comparison. In both figures, the AN due
to thrust vectoring is depicted for thrust loadings of 0.68, 1.16, and
1.28. Note that an increase in thrust loading from 1.16 to 1.28 has very
little effect on the instantaneous AN. Also note that the AN usually
decreases to zero somewhere above Mach 0.8. This is due to the fact
that the structural 1imit has been reached for the nonvectored case,
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Figure 22. V-N Diagram - Increased Thrust Loading
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and any additional increase in load factor is prohibited. If it were not
for the structural limit, the AN due to vectoring would continue to in-
crease. Since the structural 1imit has been reached, and additional 1ift
is available due to vectoring, the aircraft angle of attack could be re-
duced, thus reducing induced drag and thereby increasing Ps. It is also
evident from Figures 24 and 25 that the maximum sustained G capability

is more sensitive to thrust loading than is instantaneous G capability.
The sensitivity of AN payoff to thrust loading is more easily seen in

the case of the more significant change in thrust loading achieved by
reducing it to a value of 0.68. Note the magnitude of the sustained AN.
At its maximum, the payoff is still less than 0.2G, and this small pay-
off is further reduced as the Mach number increases. The trend of de-
creased AN with reduced thrust loading makes sense. Since thrust is
being vectored to produce a force in the 1ift direction, it is logical
that less thrust available for vectoring would result in a smaller pay-
of f.

The baseline aircraft in this study had a combat wing loading of 55.
To determine the sensitivity of thrust vectoring benefits to wing loading,
cases were examined with wing loadings of 50 and 90, the results of which
are presented in Figures 26 and 27, respectively; the resulting AN can be
more closely examined in Figures 28 and 29. It is interesting to note that
reducing wing loading from 55 to 50 results in almost the same instantane-
ous G capability without vectoring as the baseline case with vectoring
(compare Curve 1 on Figure 19 with Curve 2 on Figure 26). Comparing Curve
3 on Figure 19 with Curve 4 on Figure 26 shows that lowering wing loading
to 50 without adding thrust vectoring capability achieves about half the
normal load factor increase achieved by adding vectoring capability to
the baseline aircraft. Figures 28 and 29 show that the AN to be gained
is not significantly changed when reducing wing loading from 55 to 50.
Note that this reduction in wing loading results in a very slight in-
crease in instantaneous AN, but generally a slight decrease in sustained
AN.
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Figure 27 depicts the V-N diagram for a wing loading of 90. Figure
28 shows a slight decrease in the instantaneous AN to be gained compared
to the baseline case, until Mach number is increased beyond 0.8. Be-
cause the aircraft with the wing loading of 90 has not yet reached its
structural limit, the vectored thrust is still beneficial to increasing
the load factor. Figure 29 shows that at the higher Mach numbers the
aircraft that will experience the greater increase in sustained G capa-
bility is the aircraft with a highly loaded wing. This is because, for
any given velocity and load factor below the 1ift 1imit, the highly loaded
wing must operate at a higher angle of attack, and induced drag is in-
creased substantially. Because 1ift is being produced less efficiently
with a high wing loading, there is more of a payoff when vectored thrust
contributes to the 1ift.

The previous discussion has shown the relationship between the AN
and changes in thrust loading and wing loading. One should recognize
that the variations in thrust loading were evaluated at a relatively low
wing loading, and the wing loading variations were evaluated at a rela-
tively high thrust loading. To better define the relationship between
these variables and the associated payoff, additional thrust loading
and wing loading combinations were evaluated at one specific Mach number
(0.8), and contours of AN due to vectoring have been plotted. Figure
30 depicts the relationships for instantaneous G capability, and Figure
31 depicts the relationships for sustained G capability. The sensitivity
to changes in both thrust loading and wing loading is obviously greater
at the sustained 1imit than at the instantaneous 1imit. The instantane-
ous AN payoff varied only by 0.20 G at Mach 0.8 for all combinations of
thrust loading and wing loading considered, whereas the payoff varied
by 0.47 G for the Ps = 0 case. Also note that while the AN trend with
respect to wing loading changes throughout the maneuver envelope (as
depicted by the differing slopes of the AN contours in Figures 30 and
31), the instantaneous AN is not very sensitive to wing loading changes.
The trend of thrust loading remains the same regardless of where in the
meneuvering envelope the aircraft is operating. Increased thrust load-
ing dlways results in increased A normal load factor payoff.
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Figures 32 and 33 depict the optimum thrust vector angles corres-
ponding to the AN payoffs at Mach 0.8 depicted in Figures 30 and 31,
respectively. Note that for maximum instantaneous G capability, very
large vector angles are required (up to 50 degrees). To determine how
dependent this payoff is on achieving these large vector angles, the AN
payoff for 15 degrees of vectoring was examined. Limiting vector angle
to 15 degrees would reduce the AN payoffs in Figure 20a by a maximum of
0.33 G's and a minimum of 0.21 G's. This would represent a relatively
significant decrease in payoff. Figures 33 and 21b show tkat smaller
vector angles are required at the maximum sustained 1imit (optimum de-
flection angle ranged from 15 to 28 degrees). Since the optimum deflec-
tion angle is smaller for the maximum sustained case, restricting the
deflection to 15 degrees had a reduced effect. The AN payoffs depicted
in Figure 21a would be decreased by a maximum of 0.13 G's and a minimum
of 0 G's.

Before drawing any conclusions on the relative value of thrust vec-
toring, other alternatives should be examined. In this study, the 1ift
from the canard was responsible for about 2/3 of the increase in G capa-
bility. This fraction would naturally change with changes in canard de-
sign and location. But practical considerations place restrictions on
canard design and placement, and it is easy to conclude that the canard
1ift is 1ikely to be at least of the same magnitude as the force result-
ing from thrust vectoring. For this reason, it would be wise to explore
the option of simply adding a canard without any thrust vectoring capa-
bility. The canard could be used to trim the wing pitching moment and
thus reduce the downward force produced by the horizontal stabilizer.
With a canard and horizontal stabilijzer both operating at the proper
positive angle of attack, the aircraft could be trimmed and at the same
time experience a normal load factor payoff resulting from the 1ift
produced by the canard and horizontal stabilizer. The net result would
be to effectively decrease the wing loading of the aircraft (by supple-
menting 11ft with canard and horizontal stabilizer 1ift). This suggests
another alternative which should be considered: decreasing wing loading
by increasing the size of the wing. Obviously the selection of the
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desired wing loading is affected by many factors in addition to desired
turning performance. But it is important to weigh any benefits and
penalties associated with concepts which effectively reduce wing loading
against the benefits and penalties associated with simply increasing
wing size. The additional complexity associated with sophisticated con-
cepts of 1ift enhancement may result in payoffs which are comparable or
only marginally better than that which could be obtained using more con-
ventional methods.

To properly compare alternate concepts with thrust vectoring, addi-
tional study is needed. Optimum trim methods need to be determined, the
effects of canard-wing interaction need to be studied, etc. It is possi-
ble that thrust vectoring might be desirable for reasons other than im-
proved maneuverability; for example, reduction of infrared signature.

A11 of these factors need to be properly evaluated.

The most important point to remember is that whenever a concept is
selected, by necessity, other concepts and options are excluded. A con-
cept should be selected only after determining that it will result in
the greatest overall payoff for the time, effort, and money to be expended.

3. Limitations of the Analysis

Some of the assumptions made in this study deserve discussion at this
time. The assumption of "no weight penalty due to adding thrust vectoring
capability and a canard" obviously is optimistic. There naturally will
be a weight penalty involved. The result will be a slightly smaller AN
payoff due to thrust loading and wing loading changes. Range would also
be slightly decreased. The assumption of "no canard-wing interaction" is
also optimistic, and any aerodynamic interference between the canard and
the wing would reduce the payoff. The assumption of "no nozzle induced
drag reduction" would probably have a very minor effect. This is because
any resulting drag reduction would most 1ikely represent a small fraction
of the total drag at the high angles of attack encountered in the study.
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The effect of assuming "no nozzle induced 1ift enhancement" is unknown.
One of the few pessimistic assumptions was that of trim technique. It
was assumed that the wing induced pitching moment would be trimmed with
the herizontal tail and that the pitching moment induced by thrust vec-
toring would be trimmed with the canard. It is recognized that this is
not the optimum way to trim the aircraft. It would probably be advan-
tageous to use either the canard or vectoring capability to trim the
wing, thereby decreasing or eliminating the downward force required by
the horizontal stabilizer. Exploring alternate trim techniques was be-
yond the scope of this study, however. There are many other aspects

the problem that have not been considered, such as possible control sys-
tem problems and stability or controllability problems at low Mach numbers.
Another limitation of the study is that only one altitude was considered.
It is possible that the higher thrust available at lower altitudes may
increase the payoff due to thrust vectoring, However, it should be remem-
bered that the nonvectored aircraft's performance would also be improved
at lower altitudes, and the relative advantage that thrust vectoring may
offer could be reduced. Higher altitudes result in degraded turning
performance, which may make some form of 1ift enhancement look attractive,
but higher altitudes also result in decreased thrust available to vector.

The scope of the study was also limited by the fact that only one
maneuver was studied a maximum power level turn. Although many of the
trends noted would hold true for other maneuvers, it is possible that
other maneuvers could show either increased or decreased payoff due to
thrust vectoring. No consideration was given to the concept of in-flight
thrust reversal, which could result in a payoff by allowing the pilot to
make rapid airspeed changes and providing him with the means to force an
overshoot in combat.

4, Conclusions Regarding Thrust Vectoring

This study was admittedly a simplified one but should be sufficient
to define the first-order effects. The following conclusions are general
trends noted from the study. Deviations from these trends may occur at
very low Mach numbers.
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1. Thrust vectoring enhances maximum instantaneous G capability more
than maximum sustained G capability. However, the substantially greater
benefit at the 1ift 1imit is highly dependent on the ability to achieve
large vector angles.

2. Sustained G capability is more sensitive than instantaneous G
capability to changes in either thrust loading or wing loading.

3. AN generally increases with Mach number until the structural limit
is reached. At this point, there is no longer any payoff from a AN 1
standpoint. However, there is a small Ps payoff.

4. As thrust loading is decreased, the thrust vector angle must be

increased to maximize instantaneous G capability.

5. Instantaneous AN payoff due to vectoring is relatively insensitive
to wing loading changes.

6. Maximum sustained AN payoff due to vectoring is slightly higher for
aircraft with higher wing loadings.

7. AN payoff always increases with increased thrust loading.

; 8. The optimum vector angle required for maximum instantaneous G

capability is much higher than that for sustained G capability.

9. A substantial portion of the increase in G capability (both instan-
taneous and sustained) results from the canard alone.

How much AN payoff is necessary to warrant serious consideration of a
concept is subject to debate. This study indicated that at 30,000 feet
the highest increase in instantaneous G capability due to vectoring with- j
out incurring an additional Ps penalty was around 0.8 G's and the highest AR
increase in sustained G capability was around 0.55 G's. Depending on ; |
thrust loading and wing loading, this payoff was often considerably less. \
One should remember that the magnitude of this payoff is dependent on | 4
both the assumptions previously made and on the ability to achieve large |
vector angles. The payoff achieved in actual practice could quite possi-
bly be smaller.
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SECTION VI
FORCE ACCOUNTING PROCEDURES ,_;

Traditionally, it has been possible to treat gross thrust as a vector
whose orientation was aligned with the axis of the nozzle and remained
so aligned during variations in nozzle pressure ratio. For some non-
axisymmetric nozzle types and vectoring schemes, such a treatment of
gross thrust is not valid. As an example, consider a family of single
ramp expansion nozzles formed by extending an axisymmetric or two-
dimensional configuration as depicted in Figure 34, While the momentum
terms of all of those nozzles are aligned with the nozzle axis, the
direction of the pressure area term varies with the orientation of the
exit plane, and therefore the magnitude and direction of the gross thrust
vector varies with the nozzle pressure ratio, It is only because the
vector representing the pressure area term and the vector representing
the momentum term have traditionally been collinear that in the past it
has been possible to reduce the vector expression for gross thrust to a
single vector invariant in direction. Figure 35 and 36 depict how gross
thrust varies in magnitude and direction as a function of nozzle pressure
ratio, respectively, with changes in exit plane orientation. These
calculations were based on the ideal case of constant internal area ratio,
no internal losses, and an internal contour which results in horizontal
flow at the exit. Note that the force applied in the axial or horizontal
direction is independent of exit area orientation, and at the design
pressure ratio the total force applied is independent of exit area
orientation. However, at all other pressure ratios, the magnitude and
direction of the applied force is sensitive to exit area orientation.
The trends shown here are not limited to the case of the single ramp
nozzle. Similar problems will be encountered with any nozzle design 1
that does not maintain the exit area normal to the flow direction. '
This is true for nearly all vectoring schemes and particularly true for
plug type nozzles or designs using louvers at the nozzle exit to turn
the flow. This potential problem does not necessarily have a negative '%

|

effect, however. If properly integrated and accounted for, changes in
force magnitude and direction can result in benefits to the system.

e 4
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The basic problem arises in situations where a proper accounting of the
forces is not made, resulting in erroneous conclusions being drawn.
Caution is particularly important in the formulation of wind tunnel tests
to determine the external installation benefits attributable to non-
axisymmetric nozzle types. In such tests and in system studies it is
best to treat the gross thrust as a vector quantity whose orientation
may be a function of nozzle pressure ratio as well as nozzle deflection
angle.
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I SECTION VII
CONCLUSIONS

Advanced nozzles offer a number of potential benefits to future
aircraft. These benefits have been discussed and related to specified
levels of internal nozzle performance, cooling effectiveness, and
structural or weight considerations. The installation benefits which
must be achieved to offset the increased weight of these nozzles to make :
them competitive with more conventional configurations have been discussed. !
The value of thrust vectoring has been considered and related to basic
aircraft parameters. Lastly, some potential problem areas in the force
accounting system for nonaxisymmetric nozzles have been highlighted.

B

There are a number of areas which require further development effort.
It is important to agree upon a system of force accounting for these
types of nozzles. An installation data base must be developed, and
it may be necessary to refine or develop new test techniques to provide
the necessary wind tunnel data. A full-scale ground-based demonstration
of the advanced cooling techniques and the structural integrity of these
advanced concepts is needed. Development of the stability and control
aspects of engines using nonaxisymmetric nozzles is essential. Particular
attention must be given to thrust vectoring effects since its greatest B
potential seems to 1ie in an area where distortion tolerance, engine ! |
: stability and augmentor ignition are most difficult to achieve. Control '
technology needs to be developed so as to properly integrate the engine
and nozzle control and define the appropriate interfaces with the
aircraft flight control systems. Further development in all of these _
areas is required before these advanced nozzle concepts can be considered
as design options of acceptable risk.
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