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Optimizing Subcritical-Flow Thrust-Vectoring
of Converging–Diverging Nozzles
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Engine thrust vectoring (TV) is a potential technology for military and future civil aircraft in which the
Technion—Israel Institute of Technology has made signi� cant contributions. This paper provides realistic pre-
dictions of steady-state engine performance during steady-state pitch vectoring. The results obtained comprise a
required fundamental step for advanced aircraft/TV implementation. This work is a part of the Lockheed Martin
yaw–pitch TV F-16/F-100 research study conducted here at the Jet Laboratory. To this end, a unique TV-engine
computer algorithm has been developed that expands the conventional steady-state modeling capabilities of on-
and off-design as well as the conventional transients (via throttle changes) to create steady-state and dynamic
TV–engine simulations at various altitudes and Mach numbers. This paper reviews the steady-state performances
and the optimization observations initially obtained. The subcritical � ow realm of nozzle performance provides
trends aiding in the prediction of thrust bene� ts beyond the conventional nozzle design of the F100 model are
available as the effective nozzle throat area is allowed to contract through vectoring.

Nomenclature
A = area, m2

A8 = nozzle throat area, m2

A9 = nozzle exit area, m2

A9e / A8e = nozzle area ratio referenced from the effective
nozzle areas

A9G / A8G = nozzle area ratio referenced from the geometric
nozzle areas

C f g = thrust coef� cient
h = altitude, m
M = Mach
N1 = low-pressure spool speed, rpm
PLA = power lever angle of the throttle, deg
T = thrust, N
U = jet exit velocity, m/s
a = angle of attack, deg or rad
b = side-slip angle, deg or rad
D = variance from nonvectoringmaximum dry

thrust performance
d y = geometric yaw thrust vectoring nozzle angle, deg
d z = geometric pitch thrust vectoring nozzle angle, deg
h = convergent nozzle angle, deg

Subscripts

e = effective
g = geometric
M = value at maximum dry thrust, i.e., 83-deg PLA
x = body-axis direction
y = body-axis yaw direction
z = body-axis pitch direction
1, 2, 3, . . . = thermodynamic engine stations

Introduction

Y AW–PITCH–ROLL engine thrust vectoring (TV) is a military
and civil aircraft � ight-control technology that provides al-
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ternative � ight control to conventional aerodynamic � ight control
(CAFC). It is performed through de� ecting engine jet(s) away from
engine–axis in the pitch, yaw, and roll directions. The engine thus
becomes a primary controllerof aircraft � ight.Hence, the engine in-
� uences performance through delay times associated with engine–

rotor inertias and other engine-component delay times. Thus, the
development of a realistic TV-engine computer simulation, with
unique TV-induced engine-response delays as a function of vari-
ous throttle and TV commands, becomes a key design criterion to
TV-aircraft developmental technology.1

Active internationalprograms that representTV-aircraft technol-
ogy include the X-31, F-22, Su-37, Su30 MKI, MiG-29, JSF, X-36,
MCA, F-12, and the additionsof variousTV nozzlekits andTV soft-
ware to extant CAFC � ghters such as the F-15, F-16, F-18, Su-27,
and MiG-29 (MiG-35). These programs involve new software for
operating the TV nozzle and TV-based (or modi� ed) airframe. Such
software is also needed for advanced learning/trainingsimulatorsof
required systems.

The general TV mathematical methodology, developed by
Gal-Or2 ¡ 6 andLichtsinderet al.7 de� nes theneededTV-engineforce
component formulation. It also de� nes major variables that affect
TV-engine responses.To evaluate these responses,one may � rst re-
view various conventional jet-engine simulation programs that are
being used in the public domain. Of these, the program selected
to be modi� ed, adopted, and veri� ed for the present work within
the Lockheed Martin/Technion Institute of Technology (Technion)
program is the well-known NASA DYNGEN program.8

Jet-engine TV nozzle designs vary from pitch-only, yaw–

pitch, and yaw–pitch–roll TV capabilities for two-dimensional
converging–diverging geometrically variable nozzles,2 to similar
axisymmetric geometrically variable converging–diverging types,9

and from subsonic, � xed-geometry converging nozzles (mainly for
future jet transports) to � xed converging–divergingnozzles in rock-
ets and TV missiles. The jet de� ection may be executed through
the rotation of the nozzle baseframe, prior to the throat (Su-37), at
the throat of the nozzle,2 ¡ 6,9 or by the addition of various external
paddle-typede� ectors around the exit of the nozzle,10 and the X-31
design. Applications vary from near-term � ghter aircraft (F-22,
F-18, F-16, F-15, JSF, Su-37, MiG-29, and MCA), to future civilian
transport jets for enhancing � ight safety and aircraft performance.
TV can also help to reduce or eliminate the vertical tail, and thus,
decreasesignatures,fuel consumption,and/or � eet-operatingcosts.2

While engine/aircraft responses to steady-state de� ections of jet
streamshave been studied extensively,2 ¡ 6,7,9 ¡ 16 dynamic engine TV
effects and delays, otherwise not in the open literature, have only
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been recently addressed by the Technion.1 Because of the nature of
the jet engine,2 ¡ 6 the inertia of engine rotating spools strongly af-
fect the bene� ts of TV-inducedpoststallmaneuverabilityand airline
safety. Hence, the integration of a dynamic TV-engine model with
a full TV-aircraft model is required. Such a simpli� ed model was
� rst attempted by General Electric17 for the F-18/F-404 HARV TV
program, and further study is required.

The primary aim of this work is to use realistic F-16/F-100 in-
let, compressor, turbine, and combustor data,18,19 to provide initial
steady-state engine performance results in response to pitch TV
commands, and thus provide trends showing the fundamental dif-
ferences in engine-thrustperformance and increase the understand-
ing of bene� ts attainable from TV implementation during engine
operation. This is believed to be a fundamental step for future im-
plementation of advanced TV in F-15 and F-16 aircraft, and for a
more global application of TV in future civil and military aircraft.

TV effects under steady-state engine operating conditions at
M = 0, h = 0, and a = b = 0 was studied for the following two noz-
zle con� gurations:

1) Converging–diverging geometrically variable nozzle (no af-
terburner), also referenced as A9e / A8e .

2) Converging � xed geometry nozzle, also referenced as
A9G / A8G , with trends similar to transport-type converging-nozzle
jet engines.

Beyond the scopeof this work, the results providesuf� cient tabu-
lar data to estimate transientTV-induced ram– thrust and TV-engine
gyroscopic effects in aircraft simulations as well as the possibility
to integrateengine/airframe simulations and providegreater insight
of aircraft behavior and control.

Algorithmic Engine and TV Model
The DYNGEN algorithm was altered to include the capability

of accepting actual performance maps for the rotating components
and the inlet to facilitate a realistic model of the F-100 engine. The
conventionalnozzle schedule,18 controlledby the nozzle throat area
A8, was included along with the nozzle area ratio A9 / A8 schedule.
Full veri� cation of the engine model is given in Ref. 1.

The fundamental changes in the algorithm include the map-type
speci� cations, i.e., the algorithm now accepts pressure ratio as well
as enthalpy turbine maps, open-loop acceleration requests without
the required speci� cation of � nal speed, temperature, or time, as
well as the calculationprocedure for a nonideal � xed-area mixer. A
full explanation of the code is given in Ref. 1.

The addition of TV to the algorithm is unique with its own spe-
cial algorithmic requirements. The yaw–pitch TV model was ob-
tained through the addition of experimental nozzle metrics19 of a
two-dimensionalconverging–diverginggeometricallyvariablenoz-
zle (2D–CD) to the veri� ed F-100 model. The geometric-effective
nozzle area relation is taken to be

Ae = AG cos d z cos d y (1)

in accordancewith Gal-Or’s control rules 1 and 2 (Ref. 3), where d z

is the geometric pitch-vectoringangle and d y is the geometric yaw-
vectoring angle. The relation between the effective and geometric
vectoring angles is proprietary to the Technion and unique for each
nozzle. Yet, it is assumed to be suitable for TV nozzles in general
in the present study.

Adapting the model of Berrierand Re,14 for the � ow coef� cientof
a convergent–divergent nozzle and adjusting it for TV, the effective
� ow coef� cient is written in this work as

CD8 = [1.0 ¡ 0.5(1.0 ¡ cos h )] cos d z cos d y (2)

where h is the convergentnozzle angle. It is thus adjusted for thrust
vectoring in reference to the nozzle effective throat area A8e , which
varies from the geometric throat area as illustrated in Fig. 1. This
will include any effectivearea variations that may occur in con� gu-
ration 2, at constant A8G as well. Experimental results show that the
thrust coef� cient varies by less than 5% below the nozzle choking
point,19 which is suf� ciently small that it may roughly be assumed

Fig. 1 Basic two-dimensional schematic diagram of yaw–pitch TV
nozzle in this work.

Fig. 2 Installed F-100 simulation total TV thrust results for variable
A9e/A8e nozzle compared with experimental nonvectoring data.

to be constant and still reveal nozzle performance trends for opti-
mization purposes. Thus, it is maintained constant at C f g =0.981.

Figure 1 demonstratesthe basic two-dimensionalgeometry of the
TV-nozzle model in this work, as well as the labeling and location
of signi� cant nozzle area and angles.

While this investigation remains in the pitch direction only, this
TV model and investigation,based on a yaw–pitch 2D–CD nozzle,
provides a reliable general description of axisymmetric nozzle per-
formancecapabilitiesthroughconvertingthe pitch coordinate z into
the radial cylindrical coordinate r .

Total Net Thrust Evaluation
Con� guration 1

In proceeding into the TV-performance domain, one must � rst
stress the fact that this vectoringcon� guration reduces the effective
throat area unless the nozzle is geometrically variable. Namely, as
one de� ects the jet at a constant throttle setting, the engine noz-
zle control opens the throat and accordingly varies the nozzle area
ratio A9G / A8G . In other words, as the jet is de� ected in this con-
trol con� guration under steady-state conditions, A9e / A8e remains
constant.

For these operating conditions, the total net thrust (not axial net
thrust) remains constant across the vectoring range for a given PLA
value. In other words, in this nozzle con� guration,TV-jet de� ection
has no effect on steady-state engine performances. This result is
veri� ed in Fig. 2 in a comparison with experimental data of the
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F-100 steady-state performance without TV for the same throttle
region.16

Thus, con� guration 1 demonstrates the ability of implementing
TV without disrupting the air� ow of the jet. The importance of
this result is more evident while implementing TV in the critical
� ow range at maximum dry thrust and during the ignition of the
afterburner (not pursued in this study). Con� guration 1 provides
a standard for the performance capability requirements of military
and other supersonic aircraft with TV converging–diverging geo-
metrically variable nozzles.

Con� guration 2

This con� guration characterizes subsonic nozzles such as those
available on the A-4, various military trainers, etc., and on turbofan
transport engines. Namely, we consider here both fan-air TV and
core-airTV as a generalprinciple.Speci� c evaluationsof these civil
TV-nozzle con� gurations lie outside the scope of this work. What
is established,however (see Fig. 3), are the fundamental changes in
the total net thrust expected for such con� gurations.

To understandthe meaning of Fig. 3, one should � rst note that TV
at lower PLA values for nozzles of this type causes higher veloci-
ties at the nozzle exit (becauseof the decreasedeffectivenozzlearea
causedby TV in con� guration2). Hence,Fig. 3 shows that as one in-
creases jet de� ection, total net thrust increases below PLA ¼ 81 deg
(the 81–83 deg PLA region is dealt with in more detail later).

For example, at 50-deg PLA, where the experimental data shows
that about 55% thrust is achieved without vectoring (d z =0), at
d z =30 deg, » 62% thrust is achieved,providingan increaseof » 8%
in the total net thrust. Table 1 provides a numerical comparison of
the thrust bene� ts at various throttle settings for con� guration 2
(� xed nozzle, A9G / A8G ) in more detail.

To delve into the upper PLA region of Fig. 3, it should be re-
emphasized that TV in con� guration 2 reduces the effective nozzle

Table 1 Con� guration 2 change in percent thrust vs
the PLA position for various vectoring angles

D %T , deg

PLA, deg d z = 10 d z = 20 d z = 30

20 0.11 0.47 1.57
30 0.37 1.49 4.84
40 0.74 2.90 7.18
50 0.71 2.77 6.68
65 0.68 2.63 6.12
75 0.68 2.65 5.92
83 ¡ 0.15 ¡ 0.62 ¡ 1.47

Fig. 3 Installed engine simulation total thrust results for a � xed ge-
ometry A9G/A8G nozzle at variousvectoring positions (±z = 0, 10, 20, and
30 deg).

Fig. 4 Total thrust results for a � xed geometry A9G/A8G nozzle at var-
ious vectoring positions (±z = 0, 10, 20, and 30 deg) focused near the
choking region.

area A8e through maintaining constant geometric nozzle areas, A8G

and A9G Thus, at 100% maximum dry thrust, each of the vectoring
positions evaluated here reaches a different performance level as a
functionof the effectivenozzle throat area A8e , i.e., at maximum dry
thrustand d z = 30 deg, T /TM =98.5% and not 100%.This becomes
more apparent in the closeup of Fig. 4.

Analytically, this means that each line representing a different
vectoring position is a different path for achieving the critical � ow
in the nozzle and is a function of the effective nozzle areas. What
proves to be bene� cial over the PLA range is the closing of A8e as a
function of vectoring [see Eq. (1)] in the upper PLA range, this also
proves to slightly lower thrust with increasing d z close to the critical
nozzle point of PLA = 83 deg.

For example, under the current conditions (M = 0, h =0, and
a = b =0), thevectoringthrust to nonvectoringthrustratio is simply
reducedto the exit velocityratio at the criticalpoint of PLA =83 deg
and is written

T0 / TM = 1.0 (3)

for d z =0. The ratios for each nonzero vectoring position of con� g-
uration 2 in this work are then

T10 / TM = 0.9985, T20 / TM = 0.9938, T30 / TM = 0.9853

for d z = 10, 20, and 30 deg, respectively, showing the thrust re-
duction through the velocity as a function of effective nozzle area
reduction for increasing d z .

This establishes that steady-stateengine performancevaries with
the vectoring angle for � xed area nozzles at and below this nozzle
criticalcondition.It is assumed in this work thatTV of a steady-state
enginedoes not alter the low-pressurespool speed,i.e., dN1/dt =0.
A more sensitive model would allow for this variation such that
N1 would increase with a decreasing A8e below » 81-deg PLA,
consequently increasing the thrust. Hence, the thrust bene� ts of
con� guration 2 in this work are somewhat conservative.The thrust
increase attained when d z > 0 over the nonvectoringperformance is
only a function of the A8e reduction by TV.

It is demonstrated by this simulation for � xed area nozzles that
as the PLA increasesup to choking (83 deg) each vectoringposition
provides a different point of choking (see Fig. 4) as function of the
exit velocity reduction expressed in Eq. (3).

Thrust Components
Figure 5 is applicable to con� guration 1 situations. Its purpose is

to focus attention on the forward (body-axial) thrust reduction with
TV in A9e / A8e con� gurations.

As TV is implemented, de� ecting the total thrust away from the
body-axis, the body-axis thrust was found to reduce, consequently
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Fig. 5 Installed engine simulationbody-axisthrust results for variable
A9e/A8e nozzle con� guration.

Fig. 6 Installed engine simulation body-axis thrust results.

reducing the � ight speed of the aircraft in actual maneuvering situ-
ations.

Figure 6 is a general guide for what is to be expected in future
vectored transport jets. This is a con� guration 2, � xed-area nozzle
study and it shows the opposite effects of TV in comparison with
the military-type geometrically variable nozzles. As the total thrust
is de� ected away from the body axis, a thrust decrease is naturally
expected, as occurred earlier, yet, the thrust increases,most notice-
ably at high de� ection angles above d z = 20 deg. This demonstrates
that TV in con� guration2 not only provides the total thrust increase
and expected TV bene� ts, but provides a noticeable increase in the
body-axis thrust at d z = 30 deg, up until PLA ¼ 65 deg, which may
prove useful in emergency situations of transport aircraft involving
the loss of one or more engines.As a note of caution, this may cause
the fan to surge toward the stall region if the air� ow rate of N1 is
allowed to increase (suggestinga separationof the effective-nozzle-
throat-area/N1 relation through maintaining speed control by the
geometric-nozzle-throat-area/N1 relation). The issue demonstrated
here is the increase of thrust at PLA less than 83 deg, the designed
choking point, through maintaining the engine on the design path
and reducing the effectivenozzle throat area, thus bringing the � ow
closer to choking before the actual PLA design point of 83 deg. It is
noted that in the region of 65 deg < PLA < 73 deg, the body-axis
thrust does not vary greatly from the total nonvectoringthrust. After

Fig. 7 Installed engine simulations pitch component thrust results.

this, a sharp deviation occurs somewhat sooner than demonstrated
in Fig. 4, only as a function of cos d z .

Figure 7 demonstrates the difference in pitch force available by
TV in � ghter aircraft vs transport jets or subsonicattack aircraft.No
signi� cant performancedifferencesbetween the two con� gurations
is visible at d z =10 deg, whereas at d z =30 deg, a thrust increaseof
con� guration 2 over con� guration 1 is demonstrated and behaves
as that discussed in Fig. 3, differing only as a function of sin d z .

In comparisonof the overall performanceof con� gurations1 and
2, it is evidentthat the A9G / A8G � xed-areanozzlecontrolof con� gu-
ration 2 achieves greater bene� ts from TV until the nozzle choking
point is approached. After this, a A9e / A8e nozzle area control of
con� guration 1 is better suited to meet the needs of the supersonic
� ow.

Conclusions
In thiswork,a new andrealisticcomputerprogramhasbeendevel-

oped and veri� ed for estimatingthrust-vectoredengine responsesto
conventionalengine operation as well as TV during engine steady-
state and transientoperations.The initial steady-stateperformances
have been evaluatedand providenozzle-controloptimizationtrends
that are applicable not only to current military aircraft but to future
converging–nozzle civil aircraft as well.

For a variablegeometrynozzledesignedto maintainnonvectoring
engineperformances,steady-stateenginebehaviorfor the F-100 en-
gine has been modeled and shown to provideno TV-inducedengine
performance variations while providing TV-� ight control bene� ts.

A � xed geometry nozzle has shown the somewhat surprising re-
sults of increased thrust values during TV of civil transport and
subsonic military aircraft, not only in the total thrust provided, but
in the body-axial thrust and pitch directions as well. It has been
demonstratedas the low-pressure spool speed is scheduledwith the
geometric nozzle throat area, greater thrust bene� ts are provided
through the reduction of the effective nozzle throat area, this is a
result not achievedwith the variablenozzle throat area.This conclu-
sion remainsvalid for all PLA positionsbetween idle and maximum
dry thrust.

To improve future TV modeling, this work may be introduced
into TV-airframe performance simulations that also evaluate the
effects of engine and TV-induced delay times during air combat or
recoveries from emergency situations.

The present work can be expanded to include its veri� cation vis-
à-vis larger transport-type engines as well as smaller turbofan and
turbojet engines, provided realistic turbine, compressor, and TV
metrics are available as inputs.

The present work can also be expanded to include more real-
istic effects of inlet air� ow distortions caused by high sideslip and
high-angles-of-attack maneuverscharacteristicof theemergingnew
TV-aircraft technology.
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