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NUMERICAL STUDY OF THE AERODYNAMIC EFFECTS
ON FLUIDIC THRUST VECTORING

A computational investigation of the aerodynamic effects on fluidic thrust vectoring was conducted. Simula-
tions of a two-dimensional convergent-divergent (2DCD) nozzle with shock-vector control method of fluidic in-
Jjection for pitch vector control was performed with CFD, using Spalart-Allmaras (S-A) one equation turbu-
lence model. A static freestream condition (M=0.05) at Mach numbers from M=0.3 to 1.2, with nozzle pres-
sure ratios of 4.6 and secondary to primary total pressure ratios of 0.7 were assumed. The aerodynamic pen-
alty to thrust vector angle ranged from 3.9 degrees with M=1.2 freestream condition to 1.08 degrees with
M=0.3 freestream condition, (compared to the same nozzle pressure ratios with static freestream conditions).
Results indicate that the freestream flow decreases vectoring performance and thrust efficiency, compared to

static (wind-off) condition.
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Introduction

A desirable goal of a jet fighter aircraft designer is
to increase the aircraft’s maneuverability, survivability,
and agility. Fluidic thrust vectoring offers the potential
for structurally fixed nozzles, which have the potential
for substantial weight reductions (compared to me-
chanical thrust vectoring nozzles that require actuated
hardware to force the exhaust flow off axis).

Fluidic thrust vectoring is the control of the pri-
mary exhaust flow with the use of a secondary air
source, which typically bleeds air from the engine com-
pressor or fan. Three primary mechanisms of fluidic
thrust vectoring are shock-vector control, throat shifting,
and counterflow.

These techniques can be used to vector the exhaust
flow in the pitch and yaw directions. All thrust vector-
ing techniques are evaluated with some common pa-
rameters. Thrust vector angle and thrust vectoring effi-
ciency. Thrust vectoring efficiency (1) is an important
parameter to evaluate and compare the ability of differ-
ent configurations to vector the primary exhaust flow
with a given amount of secondary fluidic injection
[1-14].

The shock-vector control (SVC) method [2-9]
uses supersonic flow turning through shocks created
by fluidic injection in the divergent section of a con-
vergent-divergent (CD) nozzle. Working best at off-
design, over-expanded flow conditions, large thrust
vector angles are generated with SVC techniques in
expense of system thrust ratio, as the flow is robustly

turned and losses occur through shocks in the nozzle.
The current investigation attempted to initiate a
database of secondary flow injection angle effects on
fluidic thrust vectoring. The nozzle under investiga-
tion was a two-dimensional, convergent-divergent
(2DCD) rectangular nozzle with fluidic injection for
pitch thrust vector control. The secondary air stream
was injected through a slot in the upper divergent
wall. Simulations were computed with nozzle pres-
sure ratio (NPR) of 4.6, secondary pressure ratios
(SPR) of 0.7 were also investigated with static frees-
tream condition Moo=0.05 and Mach number from 0.3
to 1.2 to document the effect of the external frees-
tream on vectoring effectiveness and thrust vectoring
efficiency, which corresponded to secondary mass
flow rates 4% of the primary mass flow rate, respec-
tively [15-17]. In addition, a comparison between
computational and experimental results [15] is made
to validate computational method as a viable tool for
predicting nozzle flows with injection streams.

1. Computational Method

The CFD code PMB3D (Parallel Multi-Block,
three-dimensional) was developed and used to predict
thrust vectoring efficiency, internal nozzle perform-
ance, and fluidic thrust vectoring by convergent-
divergent rectangular nozzle concept. PMB3D re-
quires a structured-mesh computational domain and a
multi-block feature to allow the domain to be parti-
tioned into different sections, which is critical for
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modeling complex configurations (like the 2DCD and
for efficiently, running the parallel version). Our Ex-
plicit, finite-volume flow solver represents the three-
dimensional (3D), unsteady Reynolds-averaged Na-
vier-Stokes (URANS) equations. The URANS equa-
tions were solved together with the Spalart-Allmaras
(S-A) one equation turbulence model for closure of
the URANS equations. AUSM+ flux splitting scheme
and 4™ order Runge-Kutta scheme for time integra-
tion were all implemented in each block. MUSCL
interpolation was used to provide high order accuracy
with the Van Albada limiter to prevent spurious os-
cillations across shock waves [18-25].

A first order extrapolation outflow condition was
used at downstream far field boundary. The stagnation
conditions were specified in nozzle inlet and the injec-
tion port with total pressure boundary condition and a
fixed total temperature. A no-slip adiabatic wall bound-
ary conditions was implemented on nozzle surfaces to
obtain viscous solutions.

The nozzle used in this study was an axisymmet-
ric, rectangular, two-dimensional CD nozzle from
NASA Langley Research Center [15]. The length of the
nozzle was 115.57 mm, while the nozzle width was
101.346 mm. In addition, the throat area of the nozzle
was 2785.19 mm?, half height of the throat was 13.741
mm, and 57.785 mm from throat to inlet. The area ratio
of the nozzle outlet to the throat (expansion ratio) was
1.796 and nozzle divergence angle was 11.01°. The
nozzle inlet center was set to be the origin of coordi-
nates, the secondary inlet located at 104.14 mm and the
length of slot was 2.032 mm (Fig’s. 1-2).

The computational mesh was three-dimensional
with 8 blocks defining the internal nozzle, 1 block
representing the injection plenum, and 10 blocks rep-
resenting the external freestream domain. The injec-
tion plenum (Fig. 3) had one-to-one grid matching
with the nozzle divergent section mesh. The far field
was located 2 nozzle lengths upstream and 8 nozzle
lengths downstream of the nozzle exit. The upper and
lower lateral far field was located 6 body lengths
above and below the nozzle. The first grid height in
the boundary layer was defined for y+<I1.5 on the
fine mesh spacing for adequate modeling of the
boundary layer flow and its interaction with secon-
dary flow injection.

2. Results

A computational investigation of the aerodynamic
effects on fluidic thrust vectoring has been conducted.
Simulation of a two-dimensional, convergent-divergent
(2DCD) nozzle with shock-vector control method of
fluidic injection for pitch vector control were performed

using URANS approach and Spalart-Allmaras one equa-
tion turbulence model. Simulations were conducted for
nozzle pressure ratio (NPR) of 4.6 and secondary pres-
sure ratios (SPR) of 0.7 at M=0.05 and free stream
Mach number from 0.3 to 1.2; which corresponded to
secondary mass flow rates of 4% of the primary mass
flow rate. The effect of the external freestrean Mach
number on pitch thrust vector angle and thrust vectoring
efficiency were investigated. The performance of fluidic
thrust vectoring (FTV) was evaluated by thrust vector
angle and thrust vectoring efficiency in nozzle exit. The
effect of fluidic thrust vectoring parameters, such as the
NPR, SPR, and Mo on FTV performance was studied.

2.1. Code Validation

Our computational results were compared with
experimental data of Ref. [15]. The centerline pressure
at, SPR=0.7 (4% of primary mass flow rate) is shown
in Fig. 1. Our PMB3D results for pitch thrust vector
angle and static pressures along the upper and lower
nozzle surfaces correlated well with experimental data
(with a few correlate well with experimental data (with
a few notable exceptional points near shock). The shock
location, at the upper surface was predicted to be
x/xt=1.56 (xt is axial location of throat), while it was
1.53 in the experiment. Our results at the lower surface
gave x/xt=1.91, compared to 1.89 found by the above
experimental (Fig. 4).

2.2. Effect of Freestream
Mach Number (M)

The thrust vector angle in variable freestream
Mach number, which achieved from 10.32° to 6.42° by
the optimize fluidic injection angle (110°) is decreased
(10.5% to 37.7%). Also from 7.57° to 4.33° by the nor-
mal to boundary fluidic injection angle (78.99°) is de-
creased (16.37% to 42.64%).

The thrust vectoring efficiency is achieved from
3.099°/%- injection to 1.933°/%-injection by the opti-
mize fluidic injection angle is decreased (10.5% to
37.6%). Also from 2.151°/%- injection to 1.107°/%-
injection by the normal to boundary fluidic injection
angle is decreased (24.73% to 48.53%).

On the other hand increasing freestream Mach
number, decreases pitch thrust vector angle in all cases.
In addition, it decreases thrust vectoring efficiency in
most cases. Mach number shadowgraph and pressure
distributions along the nozzle centerline for NPR=4.6
and variable freestream Mach number, (Fig’s. 5-6).

Also the effect of increasing freestream Mach
number has negative impact on thrust vector angle and
thrust vectoring efficiency, (Fig. 7).
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Table 1
Effect of freestream Mach number on internal performance decline
Case 1 Fluidic injection angle (normal to boundary) Decline
NPR SPR Moo Sp (deg) N (deg/%inj) Moo &p (deg) N (deg/%inj) Se % n%
0.3 6.337 1.619 16.37 24.73
0.6 5.84 1.506 22.93 29.98
4.6 0.7 0.05 7.578 2.151
0.9 4.119 1.052 45.64 51.09
1.2 4.332 1.107 42.64 48.53
Case 1 Optimize injection angle { ¢= 110°) Decline
NPR SPR Me= bp (deg) 1 (deg/%inj) Moo &p (deg) n (deg/%inj) Op% n%
0.3 9.242 2.773 10.5 10.5
0.6 8.129 2.438 213 21.3
4.6 0.7 0.05 10.329 3.099
0.9 6.192 1.858 40.1 40
1.2 6.426 1.933 37.7 37.6
Coordinat
Point
X, mm Y, mm
Fluidic Injection
Sinieeton \ » o o
M | B [} -15.595
G C (o] 35.204
. D 23.291 29.541
E 50.495 15.519
G F 57.785 13.741
I G 60.807 14.046
H 57.785 29.616
I 115.57 24.688

All positions measured from centerline of nozzle

Fig. 1. Sketch of the geometric design for 2DCD rectangular fluidic thrust vectoring nozzle (x-y plane)
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Fig. 2. Sketch of the design injection slot for 2DCD rectangular fluidic thrust vectoring nozzle (x-z plane)
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Fig. 3. The computational domain representing the 2DCD nozzle with a injection plenum (the injecton plenum

has one-to-one grid matching with the primary nozzle grid)
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Fig. 7. Pitch thrust vector angle & thrust vectoring efficiency at NPR=4.6 and SPR=0.7 for (a)(b) normal
to boundary injection angle and (c)(d) optimize injection angle

Conclusion

A computational investigation of the aerodynamic
effects on fluidic thrust vectoring has been conducted.
The effect of external freestream flow on pitch thrust
vector angle on thrust vectoring efficiency was investi-
gated. The performance of fluidic thrust vectoring was
evaluated by studying thrust vector angle and thrust
vectoring efficiency in nozzle exit. The effects of fluidic
thrust vectoring parameters, such as NPR, SPR, and
external freestream Mach number on FTV performance
were studied. The data from the current computational
investigation indicate that:

1) increasing the freestream Mach number, has
negative impact on thrust vector angle and on thrust
vectoring efficiency,

2) increasing freestream Mach number, decreases
pitch thrust vector angle in all cases. Also decreases

thrust vectoring efficiency in most cases,

3) the thrust vector angle in increasing freestream
Mach number, which is achieved from 10.32° to 6.42°
by the optimized fluidic injection angle, is decrease
(10.5% to 37.7%); also from 7.57° to 4.33° by the nor-
mal to boundary fluidic injection angle is decrease
(16.37% to 42.64%), and

4) the thrust vectoring efficiency is achieved from
3.099°/%- injection to 1.933°/%-injection by the opti-
mized fluidic injection angle is decrease (10.5% to
37.6%). Also from 2.151°/%-injection to 1.107°/%-
injection by the normal to boundary fluidic injection
angle is decrease (24.73% to 48.53%).
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YUCJIEHHOE UCCIIEJOBAHUE ADPOIJUHAMUYECKUX METO/OB
YIIPABJIEHUSI BEKTOPOM TAI'

@. Dopzanu, M. Taeou-Panu, A. Acaoonnaxu-Ioxue

[IpencTaBneHO BBHIIOIHEHHOE C IIOMOIIBIO BEIYUCIUTEIBHBIX METOIOB HCCIIEAOBAaHNE a3POANHAMUYECKUX Me-
TOJIOB YIIPABJICHHUS BEKTOPOM TATH. MoJenupoBaHUe IBYMEPHOTO CyKaromerocs-pacimpstoierocs (2DCD) comia
C yIpaBJICHHEM HaIpaBJIEHHEM BEKTOpa TSTH METOIOM WH)KEKTHPOBAHUS MOTOKA BbINoiIHEHO ¢ noMomnisio CFD ¢
UCIIONIb30BaHUEM Mojienu TypOynentHoctn Crnanapra-AmiMapaca (S-A). PaccMoTpeHbl yCIOBUSI OTCYTCTBHS JBH-
xernnst (M=0.05), a Taxke mojera B quana3one yucen Maxa ot 0.3 1o 1.2 npu 3HaYEHUSX OTHOIICHUS JTaBJICHUN B
corie 4.6 ¥ OTHOILLIEHUHU TOJIHBIX JaBJIE€HUH B HAPY)KHOM U BHYTpeHHeM notokax 0.7. A3poauHaMUYecKue MoTepu
YIJI0BOTO OTKJIOHEHMsI BEKTOpa TATH cocTaBmwiu oT 3.9 rpanycoB npu M=1.2 no 1.08 rpaxycoB mpu M=0.3 (mo
CPaBHEHHUIO C MOJIOKEHUEM BEKTOpa TATH MPU OTCYTCTBUH ABMXKeHHs). IlomydeHHBIE pe3yNbTaThl [TOKA3aH, YTO
HaOeraroluii MOTOK yMEHBIIAeT OTKIOHEHHE BEKTOpa TATH 10 CPAaBHEHHUIO C YCIIOBHSIMH, B KOTOPBIX HAXOIHMTCS
HETIO/IBYKHBIHA JBUTIATENb.

KnaroueBsie ciioBa: ynpaBiieHHe BEKTOPOM TSTH, BIHSHHE CKOPOCTH BHEITHETO ITOTOKA.

YUCEJIBHE JOCIIKEHHA AEPOANHAMIYHUX
METOJIB KEPYBHHSA BEKTOPOM TAI'U

@. Dopzani, M. Taepi-Pani, A. Acadonnaxi-I oxie

[IpencraBneHo BUKOHAHE 3a JOMOMOTOI OOYMCIIOBAIBHUX METONIB JOCIIKEHHsS aepOAMHAMIYHAX METOIIB
KEpYBaHHsI BEKTOPOM TSTH. MOJEIIOBaHHs ABOMIPHOTO 3BY)KYBaHO-PO3LIMPIOIOUOrOCS COIIa 3 KEpyBaHHSAM Ha-
MIPSIMKOM BEKTOpA TATH METOIOM 1HXKEKTYBaHHS IOTOKY BHKOHaHO 3a gornomoror CFD i3 BUKOpHCTaHHSIM MOAEi
TypOynenTHocTi Cniaapta-Asmapaca (S-A). Po3misHyTo yMOBH BiacyTHOCTI pyxy (M=0.05), a Takox MONBOTY B
niamasoHi yrcen Maxa Bix 0.3 o 1.2 npu 3Ha4YEHHSX BiTHOIIEHHS THCKIB Y COILTI 4.6 1 BiTHOIIEHH] TTOBHUX THUCKIB
y BHYTPIIIHBOMY Ta 30BHIIIHbOMY MoTOKax 0.7. AepoanHaMi4yHi BTpaTH KYTOBOTO BiJIXHMJIEHHS BEKTOpa TSATH CKIIa-
mm Bix 3.9 rpagyciB npu M=1.2 no 1.08 rpanycis npu M=0.3 ( HOpiBHSIHO 3 MOJOKEHHSIM BEKTOpa TATH 32 BiACYTHI-
cTIO pyXy). OTprMaHi pe3yabTaTH MOKAa3aJIH, 10 HAOKHU MOTIK 3MEHIIYE BiAXMICHHS BEKTOpa TSATH Y TOPIBHIHHI
3 YMOBaMH, B SIKUX 3HAXO/UTHCS HEPYXOMHM JIBUTYH.

Karo4osi ciioBa: kepyBaHHS BEKTOPOM TSITH, BIUTHB HMIBUAKOCTI 30BHILITHBOTO MOTOKY.
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