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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 f low 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 counterf low 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 f luidic 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 
f low 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 mm2, 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). 

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 f low and its 
interaction with secondary flow injection. 

2. Results

A computational investigation of the aerodynamic 
effects on f luidic 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 f luidic 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 



Òåîðèÿ è  ðàáî÷èå ïðîöåññû

               ISSN 1727-0219     Âåñòíèê äâèãàòåëåñòðîåíèÿ ¹ 2/2015 – 209 –

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

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)

              

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)

Fig. 4. Diagram of fluidic injecton angle in two-dimensions (x-y plane)

Fig. 5. Experimental and comptational centerline pressures along internal nozzle upper wall, NPR=4.6, SPR=0.7, static 
freestream conditions 
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                                       a                                                                                           b 

                                       c                                                                                           d 
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

Fig. 7. Pressure distribution along the nozzle at NPR = 4.6 and SPR = 0.7

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

                                                 a                                                                                              b 

                                                c                                                                                               d 

                                                e                                                                                               f 
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                                               g                                                                                               h 
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 f luidic 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. ×èñåëüíi äîñë³äæåííÿ âïëèâó 
êóòà âäóâó ñòðóìåíÿ íà â³äõèëåííÿ âåêòîðà òÿãè

Ïðîâåäåíî ÷èñåëüí³ äîñë³äæåííÿ âïëèâó êóòà âäóâó âòîðèííîãî ñòðóìåíÿ íà â³äõèëåííÿ 
âåêòîðà òÿãè. Ìîäåëþâàííÿ äâîâèì³ðíîãî ñîïëà ç³ çâóæåííÿì-ðîçøèðåííÿì áóëî âèêîíàíî ç 
âèêîðèñòàííÿì ìåòîäó êîíòðîëþ ñòðèáêà óù³ëüíåííÿ ³ êåðóâàííÿ âäóâîì ñòðóìåíÿ äëÿ êå-
ðóâàííÿ âåêòîðîì òàíãàæà ³ç çàñòîñóâàííÿì ìåòîä³â îá÷èñëþâàëüíî¿ ãàçîäèíàì³êè ³ ç âèêî-
ðèñòàííÿì îäíîïàðàìåòðè÷íî¿ ìîäåë³ òóðáóëåíòíîñò³ Ñïàëàðòà-Àëëìàðàñà. Ðîçðàõóíêîâ³ 
ïàðàìåòðè ñîïëà â ÿêîñò³ çì³ííèõ âêëþ÷àëè ïàðàìåòðè ïîòîêó ³ êóò âäóâó âòîðèííîãî 
ñòðóìåíÿ. Âäóâ âòîðèííîãî ïîòîêó çä³éñíþâàâñÿ ÷åðåç âóçüêèé îòâ³ð ó âåðõí³é ñò³íö³, 
ùî ðîçøèðþºòüñÿ. Ïðèéíÿòî ñòóï³íü ï³äâèùåííÿ òèñêó ãàçó â ñîïë³ ð³âíîþ 4,6. Ñòóï³íü 
ï³äâèùåííÿ òèñêó âòîðèííîãî ïîòîêó, ùî çì³íþºòüñÿ, ó ìåæàõ 0,7 - 1,6 äîñë³äæóâàëàñÿ 
ïðè M∞ = 0,05, ùî â³äïîâ³äàº ìàñîâ³é âèòðàò³ âòîðèííîãî ïîòîêó ð³âíîìó â³ä 4  äî 10% 
ìàñîâî¿ âèòðàòè ïåðâèííîãî ïîòîêó. Ïðîâåäåíî äîñë³äæåííÿ âïëèâó êóòà âäóâó ñòðóìåíÿ, 
çì³íþâàíîãî â³ä 60 äî 120°, íà âåêòîðíèé êóò òàíãàæà ³ êêä âåêòîðà òÿãè, ùî â³äõèëÿº. 
Ðåçóëüòàòè ðîçðàõóíê³â ïîêàçóþòü, ùî ó âñ³õ âèïàäêàõ çá³ëüøåíèé ñòóï³íü ï³äâèùåííÿ 
òèñêó âòîðèííîãî ïîòîêó ïðèâîäèòü äî çá³ëüøåííÿ êóòà âåêòîðà òÿãè, ùî â³äõèëÿºòüñÿ, 
³ êêä âåêòîðà òÿãè, ùî â³äõèëÿºòüñÿ, à òàêîæ ìàêñèìàëüíèé êóò âåêòîðà òÿãè, ùî 
â³äõèëÿºòüñÿ, áóëî îòðèìàíî ïðè ìåíøîìó êóò³ âäóâó ñòðóìåíÿ.

Êëþ÷îâ³ ñëîâà: â³äõèëåííÿ âåêòîðà òÿãè, êîíòðîëü íàïðÿìêó ñòðèáêà, îïòèì³çàö³ÿ 
êóòà âäóâó ñòðóìåíÿ.

F. Forghany, A. Asdollahi-Ghohieh, M. Taiebi-Rahni. ×èñëåííûå èññëåäîâàíèÿ âëèÿíèÿ 
óãëà âäóâà ñòðóè íà îòêëîíåíèå âåêòîðà òÿãè

Ïðîâåäåíû ÷èñëåííûå èññëåäîâàíèÿ âëèÿíèÿ óãëà âäóâà âòîðè÷íîé ñòðóè íà îòêëîíåíèå 
âåêòîðà òÿãè. Ìîäåëèðîâàíèå äâóìåðíîãî ñîïëà ñ ñóæåíèåì-ðàñøèðåíèåì áûëî âûïîëíåíî 
ñ èñïîëüçîâàíèåì ìåòîäà êîíòðîëÿ ñêà÷êà óïëîòíåíèÿ è óïðàâëåíèÿ âäóâîì ñòðóè äëÿ 
óïðàâëåíèÿ âåêòîðîì òàíãàæà ñ ïðèìåíåíèåì ìåòîäîâ âû÷èñëèòåëüíîé ãàçîäèíàìèêè è 
ñ èñïîëüçîâàíèåì îäíîïàðàìåòðè÷åñêîé ìîäåëè òóðáóëåíòíîñòè Ñïàëàðòà-Àëëìàðàñà. 
Ðàñ÷åòíûå ïàðàìåòðû ñîïëà â êà÷åñòâå ïåðåìåííûõ âêëþ÷àëè ïàðàìåòðû ïîòîêà è óãîë 
âäóâà âòîðè÷íîé ñòðóè. Âäóâ âòîðè÷íîãî ïîòîêà îñóùåñòâëÿëñÿ ÷åðåç óçêîå îòâåðñòèå â 
âåðõíåé ðàñøèðÿþùåéñÿ ñòåíêå. Ïðèíÿòà ñòåïåíü ïîâûøåíèÿ äàâëåíèÿ ãàçà â ñîïëå ðàâíàÿ 
4,6. Ñòåïåíü ïîâûøåíèÿ äàâëåíèÿ èçìåíÿþùåãîñÿ âòîðè÷íîãî ïîòîêà â ïðåäåëàõ 0,7 – 1,6 
èññëåäîâàëàñü ïðè M∞ = 0,05, ÷òî ñîîòâåòñòâóåò ìàññîâîìó ðàñõîäó âòîðè÷íîãî ïîòî-
êà ðàâíîìó îò 4 äî 10% ìàññîâîãî ðàñõîäà ïåðâè÷íîãî ïîòîêà. Ïðîâåäåíî èññëåäîâàíèå 
âëèÿíèÿ óãëà âäóâà ñòðóè, èçìåíÿåìîãî îò 60 äî 120°, íà âåêòîðíûé óãîë òàíãàæà è êïä 
îòêëîíÿåìîãî âåêòîðà òÿãè. Ðåçóëüòàòû ðàñ÷åòîâ ïîêàçûâàþò, ÷òî âî âñåõ ñëó÷àÿõ 
óâåëè÷åííàÿ ñòåïåíü ïîâûøåíèÿ äàâëåíèÿ âòîðè÷íîãî ïîòîêà ïðèâîäèò ê óâåëè÷åíèþ óãëà 
îòêëîíÿåìîãî âåêòîðà òÿãè è êïä îòêëîíÿåìîãî âåêòîðà òÿãè, à òàêæå ìàêñèìàëüíûé 
óãîë îòêëîíÿåìîãî âåêòîðà òÿãè áûëè ïîëó÷åíû ïðè ìåíüøåì óãëå âäóâà ñòðóè.

Êëþ÷åâûå ñëîâà: îòêëîíåíèå âåêòîðà òÿãè, êîíòðîëü íàïðàâëåíèÿ ñêà÷êà, îïòèìè-
çàöèÿ óãëà âäóâà ñòðóè.




