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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-
jection 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 (η) 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 M∞=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 4th 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 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 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+<1.5 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 M∞ 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 

 
 

 
 

Fig. 1. Sketch of the geometric design for 2DCD rectangular fluidic thrust vectoring nozzle (x-y plane) 
 
 

 
 

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)    
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Fig. 4. Experimental and comptational centerline pressure along internal nozzle walls, NPR=4.6, SPR=0.7  
at static freestream conditions 

 
 

 
                                                                                           a    
                                                                                         

 
b                                                                                           c  

                                              d                                                                                         e   
                                                                                          

Fig. 5. Mach number shaowgraph inside and outside the nozzle at NPR=4.6 and SPR=0.7 for: (a) M∞=0.05,  
(b) M∞=0.3, (c) M∞=0.6, (d) M∞=0.9, and (e) M∞=1.2 
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           a 

 

 
                                                b                                                                                         c  
 

 
                                                 d                                                                                          e  
 

Fig. 6. Pressure distribution along the nozzle centerline at NPR=4.6 and SPR=0.7 for: (a) M∞=0.05, (b) M∞=0.3,  
(c) M∞=0.6, (d) M∞=0.9,  and (e) M∞=1.2 
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                                                  a                                                                                         b   
 
 

 
                                                  c                                                                                         d  

 
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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ЧИСЛЕННОЕ ИССЛЕДОВАНИЕ АЭРОДИНАМИЧЕСКИХ МЕТОДОВ  
УПРАВЛЕНИЯ ВЕКТОРОМ ТЯГИ 

Ф. Форгани, M. Таеби-Рани, A. Асадоллахи-Гохие 
Представлено выполненное с помощью вычислительных методов исследование аэродинамических ме-

тодов управления вектором тяги. Моделирование двумерного сужающегося-расширяющегося (2DCD) сопла 
с управлением направлением вектора тяги методом инжектирования потока выполнено с помощью CFD с 
использованием модели турбулентности Спаларта-Аллмараса (S-A). Рассмотрены условия отсутствия дви-
жения (M=0.05), а также полета в диапазоне чисел Маха от 0.3 до 1.2 при значениях отношения давлений в 
сопле 4.6 и отношении полных давлений в наружном и внутреннем потоках 0.7. Аэродинамические потери 
углового отклонения вектора тяги составили от 3.9 градусов при М=1.2 до 1.08 градусов при М=0.3 (по 
сравнению с положением вектора тяги при отсутствии движения). Полученные результаты показали, что 
набегающий поток уменьшает отклонение вектора тяги по сравнению с условиями, в которых находится 
неподвижный двигатель.  

Ключевые слова: управление вектором тяги, влияние скорости внешнего потока. 
1 

ЧИСЕЛЬНЕ ДОСЛІДЖЕННЯ АЕРОДИНАМІЧНИХ  
МЕТОДІВ КЕРУВННЯ ВЕКТОРОМ ТЯГИ 

Ф. Форгані, M. Таебі-Рані, A. Асадоллахі-Гохіе 
Представлено виконане за допомогою обчислювальних методів дослідження аеродинамічних методів 

керування вектором тяги. Моделювання двомірного звужувано-розширюючогося сопла з керуванням на-
прямком вектора тяги методом інжектування потоку виконано за допомогою CFD із використанням моделі 
турбулентності Спаларта-Аллмараса (S-A). Розглянуто умови відсутності руху (M=0.05), а також польоту в 
діапазоні чисел Маха від 0.3 до 1.2 при значеннях відношення тисків у соплі 4.6 і відношенні повних тисків 
у внутрішньому та зовнішньому потоках 0.7. Аеродинамічні втрати кутового відхилення вектора тяги скла-
ли від 3.9 градусів при М=1.2 до 1.08 градусів при М=0.3 ( порівняно з положенням вектора тяги за відсутні-
стю руху). Отримані результати показали, що набіжний потік зменшує відхилення вектора тяги у порівнянні 
з умовами, в яких знаходиться нерухомий двигун.  

Ключові слова: керування вектором тяги, вплив швидкості зовнішнього потоку. 
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