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NUMERICAL INVESTIGATION OF THE FLUIDIC INJECTION
ANGLE EFFECTS ON THRUST VECTORING

A computational investigation of the fluidic injection angle effects on fluidic thrust vectoring
was conducted. Simulation of a two-dimensional convergent-divergent (2DCD) nozzle with
shock-vector control method of fluidic injection for pitch vector control was performed with the
computational fluid dynamics, using Spalart-Allmaras (S-A) one equation turbulence model.
Nozzle design included fluidic variables and injection angle. The secondary flow was injected
through a slot in the upper divergent wall. A nozzle pressure ratio (NPR) of 4.6.was assumed.
Variable secondary pressure ratios (SPR) from 0.7 to 1.6 were investigated at Moo=0.05; which
correspondeds to secondary mass flow rates of 4% to 10% of the primary mass flow rate. The
effect of variable fluidic injection angle from 60° to 120° on pitch thrust vector angle and thrust
vectoring efficiency were investigated. Computational results indicates that increasing SPR in
all cases, increased pitch thrust vector angle and decreased thrust vectoring efficiency; also the
greatest pitch thrust vector angle was achieved in the smaller fluidic injection angle.
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Introduction

Thrust vectoring is a candidate technology for the
next generation aircrafts that may help satisfy take-
off and landing requirements. Additionally, thrust
vectoring could augment conventional controls for
some control power to trim the aircraft and thus
reduce cruise trim drag. Thrust vectoring can be a
valuable control effector at low dynamic pressures,
where traditional aerodynamic control technologies
are less effective. There are two fundamental
methods to accomplish thrust vectoring, namely
mechanical and fluidic. Fluidic thrust vectoring
offers the potential for structurally fixed nozzles,
which have the potential for substantial weight
reductions compared to mechanical thrust vectoring
nozzles that require actuated hardware to force the
exhaust flow off axis. Fluidic thrust vectoring is
the control of the primary exhaust flow with use of
a secondary air source, which typically bleeds air
from the engine compressor or fan. Three primary
mechanisms of fluidic thrust vectoring that have
been studied over the last 15 years 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 vectoring
techniques are evaluated with some common
parameters such as: thrust vector angle and thrust
vectoring efficiency. Thrust vectoring efficiency ()
is an important parameter to evaluate and compare
the ability of different configurations to vector
the primary exhaust flow with a given amount of
secondary fluidic injection [1-14].
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The shock-vector control (SVC) method [2-9]
uses supersonic flow turning through shocks
created by fluidic injection in the divergent section
of a convergent-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. Throat shifting (TS) methods
[9-12] manipulate the subsonic flow upstream of the
throat more efficiently. This technique shifts and
skews the nozzle throat plane by fluidic injection
in nozzle throat and typically achieves higher
system thrust ratios than shock-vector control
methods, but usually generates smaller thrust vector
angles. Unlike the two previously described thrust-
vectoring techniques, the counterflow method
uses suction in a slot between a primary CD
nozzle and an aft collar [13-14]. The counterflow
technique can produce large thrust vector angles
with little secondary suction flow requirements,
but issues hysteresis effects such as suction supply
source and airframe integration. The current
investigation attempted to initiate a database of
secondary flow injection angle effects on fluidic
thrust vectoring. The nozzle under investigation 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
pressure ratio (NPR) of 4.6, secondary pressure
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ratios (SPR) from 0.7 to 1.6 and with M«=0.05 to
document the effect of the fluidic injection angle
on vectoring effectiveness and thrust vectoring
efficiency (corresponding to secondary mass flow
rates of 4% to 10% of the primary mass flow rate,
respectively) [15-17]. In addition, a comparison
between computational and experimental results
[15] was made to validate our computational
method as a viable tool for predicting nozzle flows
with injection streams. This study was meant to
produce optimal configurations of secondary flow
injection angle for fluidic thrust.

1. Computational Method

The CFD code PMB3D (Parallel Multi-Block,
three-dimensional) was developed and used to
predict thrust vectoring efficiency, internal nozzle
performance, and fluidic thrust vectoring by
convergent-divergent rectangular nozzle concept.
PMB3D requires a structured-mesh computational
domain and a multi-block feature to allow the
domain to be partitioned into different sections,
which is critical for modeling complex configurations
(like the 2DCD and for efficiently, running the
parallel version). Our Explicit, finite-volume
flow solver represents the three-dimensional
(3D), unsteady Reynolds-averaged Navier-Stokes
(URANS) equations. The URANS equations
were solved together with the Spalart-Allmaras
(S-A) one equation turbulence model for closure
of the URANS equations. AUSM+ flux splitting
scheme and 4th order Runge-Kutta scheme for
time integration were all implemented in each
block. MUSCL interpolation was used to provide
high order accuracy with the Van Albada limiter
to prevent spurious oscillations 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 injection port with total pressure
boundary condition and a fixed total temperature.
A no-slip adiabatic wall boundary conditions was
implemented on nozzle surfaces to obtain viscous
solutions.

The nozzle used in this study was an axisymmetric,
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?2, 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 coordinates, the secondary inlet
located at 104.14 mm and the length of slot was
2.032 mm (Fig’s. 1-2).
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The computational mesh was three-dimensional
with 8 blocks defining the internal nozzle, 1 block
representing the injection plenum, and 10 blocks
representing the external freestream domain. The
injection 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+<1.5 on the fine mesh spacing for adequate
modeling of the boundary layer flow and its
interaction with secondary 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 equation
turbulence model. Nozzle design included a variable
fluidic injection angle. Simulations were conducted
for nozzle pressure ratio (NPR) of 4.6 and variable
secondary pressure ratios (SPR) from 0.7 to 1.6 and
with M«=0.05, corresponding to secondary mass
flow rates of 4% to 10% of the primary mass flow
rate. The effect of variable fluidic injection angle
(from 60° to 120°) on pitch thrust vector angle and
thrust vectoring efficiency were investigated (Fig. 4).
The performance of fluidic thrust vectoring (FTV)
was evaluated by thrust vector angle and thrust
vectoring efficiency in the nozzle exit. The effect
of fluidic thrust vectoring parameters, such as
NPR, SPR, and fluidic injection angle on FTV
performance were 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. 5).

2.2. Effect of SPR

In all cases, increasing SPR, increases pitch
thrust vector angle and decreases thrust vectoring
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efficiency. The effect of the oblique shock or oblique
expansion waves becomes strong by increasing the
mass flow rate of the fluidic injection (increasing
2% of mass flow rate per increasing 0.3 of SPR).
Increasing secondary injection flow rate decreases
the effective minimum area in the nozzle, which
substantially decreases thrust vectoring efficiency
by total pressure losses due to shocks and separated
flow. Fig. 6, shows the Mach number shadowgraph
along the nozzle for NPR=4.6 and variable SPR.
As shown in this figure, the thrust vector angle
increases with percent injection, although the
thrust vectoring efficiency is much higher in lower
injection rates. Pressure distribution along the
nozzle, NPR=4.6, SPR=0.7 (4% of primary mass
flow rate), are shown in Fig. 7. Similar trends are
witnessed for SPR=1.0 (6% of primary mass flow
rate), SPR=1.3 (8% of primary mass flow rate),
and SPR=1.6 (10% of primary mass flow rate).
Increasing SPR increases the strength of the oblique
shock and moves the shock upstream, as shown in
upper surface (Fig. 8). The pressure distributions
by increasing SPR shown in Fig. 8 helps to explain
improvement to pitch thrust vector angle. The shock
and flow separation from the upper wall moves

further upstream, then, reattaches the upper wall
near, as injection total pressure increases.

The effect of increasing total pressure of the
secondary injection stream has positive impact
on thrust vector angle and negative impact on
thrust vectoring efficiency. The increased pressure
differential along the upper and lower wall, results
in improved pitch vector angle. Finally, the effect of
increasing total pressure of the secondary injection
stream has positive impact on thrust vector
angle and negative impact on thrust vectoring
efficiency.

2.3. Effect of Fluidic Injection Angle

The highest thrust vector angle in variable
SPR (which is achieved from 10.32° to 19.27° by
the fluidic injection angles) was varied from 110°
to 85° with improvement from 36.3% to 8.31%. In
addition, the greatest pitch thrust vector angle with
increasing SPR is achieved in the smaller fluidic
injection angle. The best thrust vectoring efficiency,
which was achieved from 3.446°/%- injection to
1.958°/%-injection by the fluidic injection angles
is varied from 120° to 85° with improvement from
44.1% to 9.03%, (Table 1 & Fig. 9).

Table 1
Effect of fluidic injection angles on internal performance improvement
Case 1 Fluidic injection angle (optimize) Fluidic injection angle (normal to boundary) Improvement
NPR M= PR | P (deg) | Ocldeg) |n) (deg/inj) | P (deg) Bp(deg) | n (deg/%in) [ Bp% n%
0.7 110 10.329 3.099 78.99 7.578 2.151 36.3 44.1
1 110 14.274 2.925 78.99 11.167 1.965 27.8 48.8
4.6 0.05
1.3 100 17.626 2.555 78.99 14.391 1.961 22.4 30.2
1.6 85 19.279 2.135 78.99 17.799 1.958 8.31 9.03
Coordinat
Point
X, mm Y, mm
Fluidic Injecti
ul ICSI(;\tJEC on \ A 0 0

| B ] -15.595

c 0 35.204

. D 23.291 29.541

E 50.495 15.519

F 57.785 13.741

X G 60.807 14.046

H 57.785 29.616

1 115.57 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 ainjection plenum (the injecton plenum has one-to-one
grid matching with the primary nozzle grid)
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Fig. 4. Diagram of fluidic injecton angle in two-dimensions (x-y plane)
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Fig. 5. Experimental and comptational centerline pressures along internal nozzle upper wall, NPR=4.6, SPR=0.7, static
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Fig. 6. Mach number shadowgraph inside and outside the nozzle at NPR=4.6 and (a) SPR=0.7, (b) SPR=1.0,
(c) SPR=1.3, (d) SPR=1.6
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Fig. 7. Pressure distribution along the nozzle at NPR = 4.6 and SPR = 0.7
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Fig. 8. Pressure distribution of upper surface along the nozzle at NPR = 4.6
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Fig. 8. Pressure distribution of upper surface along the nozzle at NPR = 4.6
12 4 -
1E -
= 53-5:
= P e ) = o
10: ././ g’—)- 3:_
g ok r e % [ o
= o / \°25; /
o 8F / o s
= 2 -
g 2 2F
ds .// S g
6 = 15k
57|||\|\\\ll\\\\l\\\\l\llll\\\\ll\\\l 1:\\\\lww\\l\ll\l\\\\ll\\\l\\\\l\\lll
50 60 70 80 90 100 110 120 50 60 70 80 90 100 110 120
¥, deg ¥, deg
a b
15 4:_
1a = o
= /./'/-\‘\' S %°F
13| 8 sf
2 o / £ B
2 =F L 25
> - e 25F
S 1 < - g
8 D 2F
10F < E
95 = 15F
sboo g e P S TN W I S NI DR |
50 60 70 80 90 100 110 120 50 60 70 80 90 100 110 120
¢, deg ¢, deg
c d
18 4 -
- e -
17:— \.\ 83-5:—
°F \\‘\' § 35_
2 °F = = B
< B e -
Lé:,;_14:— s 25F
B Ay -
13; é" 2 Kk
12F - - _
F = 15 "
11 -
obm— 1:\lwwlwwlwlww\ll\l\\l\\l\ll\\\l\\\\l
50 60 70 80 90 100 110 120 50 60 70 80 90 100 110 120
@, deg @, deg
e f

— 212 —



Teopna n paboyme npoLecchl

20
19
18
17
16
15
14

Op, deg

.

e

13

12 NI INRNEATE NAEETE SNANANANE INANETAE IVATATArE T |
50 60 70 80 90 100 110 120

@, deg

1, deg/ % - injection
N
|

|

-

100 110 120

a
=]
]
=]
~
(=]
o]
o
©
o

g
Fig. 9. Pitch thrust vector angle and thrust vectoring efficiency at NPR=4.6 and (a)(b) SPR=0.7, (c)(d) SPR=1.0,
(e)(f) SPR=1.3 and (g)(h) SPR=1.6

Conclusion

A computational investigation of the aerodynamic
effects on fluidic thrust vectoring has been
conducted. The effect of variable fluidic injection
angle (from 60° to 120°) on pitch thrust vector angle
and on thrust vectoring efficiency were investigated.
The performance of fluidic thrust vectoring (FTV)
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 fluidic injection angle on FTV
performance were studied. The data from the
current computational investigation indicate that:

1. In all cases, increasing SPR, increases pitch
thrust vector angle and decreases thrust vectoring
efficiency (the effect of the oblique shock or oblique
expansion waves become strong by increasing the
mass flow rate of the fluidic injection; increasing
2% of mass flow rate per increasing 0.3 of SPR).
Increasing secondary injection flow rate decreases
the effective minimum area in the nozzle, which
substantially increased pitch thrust vector angle and
decreases thrust vectoring efficiency. The effect of
increasing total pressure of the secondary injection
stream has positive impact on thrust vector angle and
negative impact on thrust vectoring efficiency,

2. The highest thrust vector angle in variable
SPR (which is achieved from 10.32° to 19.27° by the
fluidic injection angles) is varied from 110° to 85°
with improvement from 36.3% to 8.31%. Also, the
greatest pitch thrust vector angle with increasing
SPR is achieved in the smaller fluidic injection
angle, and

3. The best thrust vectoring efficiency is achieved
from 3.446°/%- injection to 2.135°/%-injection by
the fluidic injection angles varied from 120° to 85°
with improvement from 44.1% to 9.03%.
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F. Forghany, A. Asdollahi-Ghohieh, M. Taiebi-Rahni. YuceabHi n1ocjiaKeHHs BILIMBY
KyTa BAYBY CTPYMEHsI HA BiJXWJICHHSI BEKTOPA TATH

IIposedero uucenvri 0ocaionceHHss 6nAUY Kyma 60Y8Y 6MOPUHHO20 CIMPYMEHS HA GIOXUACHHS
eexmopa mseu. ModearoearHs 0808UMIPHO20 CONAA 3i 36YICEHHAM-POUUPEHHAM OY10 BUKOHAHO 3
BUKOPUCIAHHAM Memody KOHMPOA0 CMpUOKa YujinbHeHHs | Kepy8aHHs 60Y60M CIMPYMeHs 015l Ke-
DYBAHHSL 8eKMOPOM MAH2ANCA i3 3ACMOCYBAHHAM Memodié 004UCAI0BANbHOT 2a300UHAMIKU | 3 UKO-
PUCMAHHAM 00HOnapamempuunoi mooeni mypoyrenmuocmi Cnasapma-Aaimapaca. Po3paxynkoei
napamempu conaa 6 AKOCMi 3MIHHUX 6KAIO4AAU naApamempu NOMOKY i Kym 80Y8Y 8MOPUHHOZ0
cmpymens. Boye emopunnoeo nomoky 30ilicHI08a6Cs uepe3 8Y3bKull Omeip y 6epXHill cmiHyi,
wo posuuproemocs. Ilpuitnamo cmynins nideuueHHs mucky easy 6 conai pieHoro 4,6. Cmynino
nioGUWEeHHS MUCKY 6MOPUHHO20 NOMOKY, Wo 3minoembcs, y mexcax 0,7 - 1,6 docaioncysanacs
npu Mo = 0,05, wo sionogioac macositi sumpami 6mopuHHo20 nomoky pieHomy eid 4 do 10%
Macoeoi eumpamu nepeurHo2o nomoky. IIpoeedero 0ocrioxnceHHs naugy Kyma 60y8y CmpymeHs,
3MiHI08aH020 6i0 60 do 120°, na eekmopHull Kym marneaxca i KK0 6ekmopa mseu, uo @i0Xuise.
Pe3yasvmamu po3paxyHkie nokasyroms, w0 y 6Cix eunadxkax 30iabuleHUil cmyninb nioeulyeHHs
MUCKY 8MOPUHHO20 NOMOKY NPUBOOUMb 00 30iAbUIeHHS KYMa 6eKMOopa mseu, Wo Gi0XUASIEMbCA,
i KKO 6ekmopa mseu, wo 8i0XUAIEMbCS, A MAKONC MAKCUMAAbHUL KYm 8eKkmopa mseu, ujo
gioxunsemocs, 6y10 OMPUMAHO NPU MEHUOMY Kymi 60y8y cmpyMeHs.

Karouosi caoea: ioxuienns éekmopa mseu, KOHMPOAb HANPAMKY cmpudKa, onmumizayis

Kyma 60ygy cmpyMeHs..

F. Forghany, A. Asdollahi-Ghohieh, M. Taiebi-Rahni. Yucennble ucce1oBaHus BIAUSHUS
yIJia BIyBa CTPYM HA OTKJIOHEHHE BEKTOPA TATH

IIposedennl uucaentvie uccae008anUs 6AUAHUS Yeaa 60Y8aA BMOPUYHOL CIPYU HA OMKAOHEHUE
sexmopa mseu. Modeauposanue 08yMepHO20 CONAA C CYHCEHUEM-PACUUPEHUEM b0 BbINOAHEHO
C UCNOAB30BAHUEM MemOo0d KOHMPOAs CKAYKA YNAOMHEHUs U YNpaeieHus 80y8om cmpyu 0as
YAPABACHUS. 6eKMOPOM MAH2ANCA C NPUMEHEHUEM Memo008 GblYUCAUMENbHOU 2A300UHAMUKY U
¢ UChoab308aHUeM o0Honapamempuueckol modeau mypoysenmuocmu Cnasapma-Anrimapaca.
Pacuemnvie napamempol conaa 6 Kavecmee nepemMeHHsIX KAUAAU NAPAMEMPbL NOMOKA U Y20l
6dyea emopuuHoi cmpyu. Boye emopuunoeo nomoka ocywecmensacs uepe3 y3xoe omeepcmue 6
eepxHell pacuiupsiowetics cmenke. I[lpunama cmenenb nogoluieHus 0asaeHUs 2a3a 8 CONe paeHAs
4,6. Cmenerb noguleHs 0a8AeHUs UBMEHAIOWEe20Cs 6moputHo20 nomoka 6 npedeaax 0,7 — 1,6
uccnedosanace npu Mo = 0,05, umo coomeemcmeyem mMacco8oMy pacxo0y 6MopU4HO20 NOMOo-
Ka pasromy om 4 do 10% maccosoeo pacxooa nepsuuroeo nomoka. Ilposedero uccaedosanue
eaUsAHUA yena edyea cmpyu, uzmernsemoeo om 60 do 120°, Ha eéekmopHbiil yeon maueayca u Kno
OMKAOHAEMO20 6eKkmopa mseu. Pesyibmamol pacuemoe nokasviearom, 4mo 60 6cex CAYYAsX
Y8eaueHHas cmeneHb NOGbluleHUsl 0a8AeHUS BMOPUYHORO NOMOKA NPUGOOUM K YEeAUUEeHUI) Yead
OMKAOHAEMO20 6eKMOpa mseu U Kno OMKAOHAEM020 6eKmMopa mse, a makice MAKCUMAaAbHblli
Yeon OMKAOHSIeMO20 6eKmopa mseu Oblau NoAyHeHsl NPU MeHbleM yene 80yea cmpyu.

Karwuegvie caosa: omxaonenue 6eKmopa msecu, KOHmpo.ab HanpaeileHus ckayka, onmumu-

3ayus yeaa 60yea cmpyu.
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