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The application of fluid injection into the divergent portion of a supersonic nozzle to 
release the pushed vector is an attractive alternate to conventional thrust vectoring 
systems. Indeed, it can replace mechanical complexes. In recent years, this new thrust 
vectoring technology is the subject of numerous experimental and numerical 
researches, and has allowed countless applications due to its many advantages. A 
thrust vectoring concept is currently being applied to new-generation fighter aircraft 
equipped with jet engine. Fluidic thrust vectoring also finds application in satellite 
altitude control systems; this principle reduces the number of nozzles used. This study 
is based on ANSYS-FLUENT and analyzes the different phenomena involved. The results 
of thrust vectoring performances (angle of deviation, efficiency, lateral forces, etc.) are 
compared to those in the bibliography. 
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1. Introduction 
 

In the atmospheric layers where the use of the aerodynamic response of the system to control of 
the vehicle proves to be ineffective, the control using the thrust becomes a necessity. In these 
conditions, several systems can be envisaged for thrust control. Conventional methods are generally 
based on the use of mechanical or electromechanical actuators for thrust orientation, such as 
hydraulic cylinders, or retractable flaps in the case of fighter planes for pivoting the engine nacelle. 
An interesting alternative to mechanical thrust control systems is possible by fluidic control of the 
flow inside the nozzle. Indeed, it provides simplicity of use, a substantial gain in weight, a better 
dynamic response and smaller loss in the thrust specific impulse. Several studies of fluid injection to 
deflect the thrust have been undertaken around the world. By contrast, experimental studies are 
mainly conducted in the United States (NASA) and France (ONERA). All this research and studies have 
been carried out to study and understand the impact of thrust vectoring on the performance of 
axisymmetric nozzles. In 1977, Masuya et al., [1] performed experimental tests of a 2.4% injection by 
a circular orifice of 4 mm diameter in an axisymmetric nozzle. The study focused mainly on the flow 
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structure and the distribution of the internal pressure at the level of the injector. Also, during the 
same year, Wing and Giuliano [2] conducted an experimental study on secondary injection in an 
axisymmetric nozzle with a 60° annular slot. This study conducted in the Langley center (NASA), 
showed that an axisymmetric nozzle can be vectorized in the same proportions as a plane nozzle. 
Wing and Giuliano [2] obtained a maximum vector angle of 18° for a SPR = 1.5 (injection rate of 12%), 
with a deviation of 1.5% of the injected flow rate. In 1997, Abeyounis and Bennet Jr. [3] studied the 
influence of the position of the injection on the deflection angle and showed that this angle increases 
with the total pressure ratio SPR up to a maximum value to then decrease, because of the impact of 
the shock on the opposite wall of the injector. In 1998, Flamm [4] developed an experiment based 
on a counter flow model that was tested on a dual flow propulsion system. This concept has shown 
many advantages in addition to a reduction in weight, a reduction of noise is observed. The tests 
were performed under static conditions with an NPR ranging from 3.5 to 10 and secondary suction 
pressures ΔPslot = 0.5 to 0.78 psi. The design condition of the primary nozzle is NPRd = 7.82. However, 
the potential disadvantage of the counter flow method is the attachment of the primary jet to the 
suction collar under certain conditions and geometrical configurations. The problem is not easily 
controllable, but the method has enormous promise if the attachment of the jet can be completely 
avoided through the design of an adapted nozzle. For example, the results obtained for a vector angle 
and thrust coefficient for an NPR = 8 are respectively 12° and 0.945 with a secondary flow less than 
1% of the primary weight rate. A maximum thrust vector angle of 15° is obtained at an NPR = 5 and 
the thrust coefficient becomes 0.92. The main objective of the numerical study by Hunter and Deere 
[5] was to understand the physics of counter-flow shear layers and to make the first CFD simulations 
of thrust vectoring using 2D two-dimensional computation. The design condition of the primary 
nozzle is NPRd = 7.82. Simulation was done for NPR = 8 and slit pressures between 1 and 6 psi at 
ambient temperature. The suction parameter λ is defined as follows: 
 

𝜆 =  
(𝑃3−𝑃2 )𝐿

(𝜌1𝑈1
2)𝐻

              (1) 

 
This variable is used to represent experimental and numerical data. For the same configuration, 

the jet attachment occurs respectively in simulation and experimental for values of λ greater than 
0.4 and 0.22. The very small difference between these results shows the difficulty that is encountered 
for the jet control. On the other hand, a good correlation between the experimental and numerical 
computation is observed for the vector angle for λ = 0.22. 2D simulations that do not include viscous 
side walls effects predict thrust efficiency with a high rate of between 0.5% - 0.7% compared to 
experimental data. The simulation also revealed that in addition to the thrust generated, a counter 
flow shear layer was developed at the suction zone, which proves that counter flow thrust vectoring 
does not depend on primary and secondary flows but, on the control of the asymmetrical separation 
that is modified by the applied suction. In 2003, an experimental and numerical study in a convergent 
divergent nozzle plane CD-2D was conducted by Waithe and Deere [6], these works have highlighted 
the effects of the number of injections on the thrust vectoring (one or two injectors). For an injector 
(at an NPR = 4.6 and a SPR = 0.7), the results obtained show a strong influence of the ambient 
pressure prevailing downstream of the injector and the thrust vector angle obtained is around 7°. In 
2014, Deng et al., [7] proposed an analytical model to study the depth penetration and the pressure 
distribution for the injector. The results obtained were adequate with experimental data. Spaid and 
Zukoski [8] proposed a mathematical model based on the calculation of the effective height of the 
obstacle equivalent to the injected jet. Shi et al., [9] studied the jet attachment and control method 
numerically, and conclude that a hysteresis phenomenon existed in the control course. In 2014, Zhao-
miao et al., [10] demonstrated that the Ma number has a great influence on the performance vector. 
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Later, Mnafeg et al., [11] investigated the fluidic thrust vectoring by SVC using orifice injector. Hunter 
[12] concluded that for higher NPR (NPR≥2), the separation is not the result of a stronger 
shock/boundary layer interaction, but it comes through the natural tendency of an over-expanded 
nozzle flow. Other studies have shown that the best performance of thrust vectoring was obtained 
when the injection position is moved afterward [13-15]. They concluded that, at a low pressure ratio, 
an SVC nozzle with a two injection slots was more efficient compared to SVC nozzle with a single slot, 
also it was noted that, the angle vector increases by 50% with the reduction of the injection angle. In 
2018, Jingwei et al., [16] studied the flow characteristics and vector performances, in 2D and 
axisymmetric SVC nozzle, were investigated numerically. The affecting factors including nozzle 
pressure (NPR), secondary pressure ration (SPR) and free stream Ma numbers were considered. 
Ferlauto and Marsilio [17] studied the numerically the dynamic response of the dual throat nozzle in 
the open and closed-loop control. The effect of chemical reactions on fluidic thrust vectoring of an 
axisymmetric nozzle was studied by Chouicha et al., [18]. 
 
2. Analysis of Fluidic Thrust Vectoring 
2.1 Parameters of Fluid Thrust Vectoring 
 

To improve the performance of the fluidic thrust vectoring, it is necessary to know the properties 
of the transverse injection. SVC (shock control vector) is one of the approaches that use the shock 
wave to control the thrust direction. The flow region of the rocket nozzle would be divided into main 
supersonic flow and secondary injection flow as shown in Figure 1. The vector angle which represents 
the deflection angle between the longitudinal axis of the nozzle and the thrust vector that is given, 
 

𝛿 = arctan  
𝐹𝑦

𝐹𝑥
              (2) 

 

 
Fig. 1. Simplified scheme of SITVC in axisymmetric C-D nozzle 

 
The thrust vectoring efficiency is defined by the ratio between the deflection angle and the 

injection rate, 
 

η =  
δ

100∗
mj

mi

              (3) 

 
Amplification factor which makes it possible to compare the different efforts involved 
 

𝐾 =  
𝐹𝑦

𝐹𝑥𝑗
0               (4) 
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The ideal thrust is obtained when the flow expands to ambient pressure Pa. After an isentropic 
expansion, its speed is given by 
 

𝑉𝑖 =  [
2𝛾𝑟𝑇𝑖0

𝛾−1
 (1 − (

𝑃𝑎

𝑃𝑖0
)

𝛾−1/𝛾
)]

1/2

           (5) 

 
This allows calculating the thrust by the equation below 
 

𝐹𝑖𝑑é𝑎𝑙 =  𝑚𝑖 𝑉𝑖
̇ =  𝑚𝑖  [

2𝛾𝑟𝑇𝑖0

𝛾−1
 (1 − (

𝑃𝑎

𝑃𝑖0
)

𝛾−1/𝛾
)]

1/2

 
̇

         (6) 

 
In this case the thrust coefficient is given as follows 
 

 𝐶𝑓 =  
√𝐹𝑥

2+ 𝐹𝑦
2

𝐹𝑖𝑑é𝑎𝑙
              (7) 

 
2.2 Analytical Modeling 
 

The analytical model used in this study is inspired by the Spaid and Zukoski approach [8]. This is 
based on the calculation of the effective height of the obstacle equivalent to the injected jet and the 
separation distance. The flow field is mainly divided into two parts by the bow shock. The flow field 
is simplified as shown in Figure 2. 
 

  
Fig. 2. Sketch of simplified flow field used in the present study 

 
The balance of forces given by the following equation on x 

 

∑ 𝐹𝑥 =  
𝑑

𝑑𝑡
 ∫ 𝜌. 𝑣. 𝑑𝑦             (8) 

 
where 
 
∑ 𝐹𝑥 = 𝐹𝑥1 + 𝐹𝑥2             (9) 
 
Fx1 is calculated from the following relation, 
 
𝐹𝑥1 =  ∫ 𝑑𝐹𝑥1 =  ∫ 𝑃 𝑠𝑖𝑛𝛼 . 𝑑𝐴                     (10) 
where Cp is defined by 
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𝐶𝑝 =  
𝑃− 𝑝0

𝑞0
 ⇒  𝑃 =  𝑝0 +  𝐶𝑝 𝑞0                     (11) 

 
q0 is the dynamic pressure of the primary flow given by, 
 

𝑞0 =  
𝛾0 𝑃0  𝑀0

2

2
                        (12) 

 
The pressure coefficient is written 
 
𝐶𝑝 = 2 𝑠𝑖𝑛2 𝛼                        (13)  

 
Its maximum value is given by, 
 
𝐶𝑃𝑚𝑎𝑥 = 2 𝑠𝑖𝑛2𝛼𝑚𝑎𝑥                       (14) 
 
Dividing relations 13 and 14, 
 

𝐶𝑝

𝐶𝑃𝑚𝑎𝑥
=  

𝑠𝑖𝑛2𝛼

𝑠𝑖𝑛2 𝛼𝑚𝑎𝑥
                       (15) 

 
α max = π / 2 and Cp becomes 
 
𝐶𝑝 =  𝐶𝑃𝑚𝑎𝑥 𝑠𝑖𝑛2 𝛼                       (16) 

 
In that case, Eq. (10) can be written as follows 
 
𝐹𝑥1 =  ∫( 𝑃0 𝑠𝑖𝑛𝛼 +  𝑞0 𝐶𝑝𝑚𝑎𝑥 𝑠𝑖𝑛3 𝛼)𝑑𝐴                    (17) 

 
Knowing that:      𝑑𝐴 = ℎ. 𝑑𝜃   𝑒𝑡     𝑠𝑖𝑛𝛼 = 𝑐𝑜𝑠𝜃       we'll have 
 

𝐹𝑥1 = ∫ ( 𝑃0 𝑐𝑜𝑠𝜃 + 𝑞0 𝐶𝑝𝑚𝑎𝑥 cos 𝜃3 ) ℎ. 1. 𝑑𝜃
π / 2

0
                   (18) 

 
Finally, 
 

𝐹𝑥1 = ( 𝑃0 +  
2

3
 𝑞0 𝐶𝑃𝑚𝑎𝑥) ℎ                      (19) 

 
To calculate Fx2, we assume that the downstream pressure of the control volume pav then, 
 
𝐹𝑥2 = 𝑃. 𝐴 =  −𝑝𝑎𝑣𝐴 =  −𝑝𝑎𝑣 ℎ. 1                     (20) 
 
Eq. (11) can be written, 
 

∑ 𝐹𝑥 = ( 𝑃0 −  𝑃𝑎𝑣 +  
2

3
 𝑞0 𝐶𝑃𝑚𝑎𝑥 )ℎ                     (21)  

 
The secondary jet is injected perpendicular to the flow, its momentum after deflection is 
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𝑑

𝑑𝑡
 ∫ 𝜌. 𝑣. 𝑑𝑦 =  𝑚𝑗 𝑣𝑗̇                        (22) 

 
The one-dimensional isentropic expansion leads to the following relation for the speed Vj 
 

𝑉𝑖 =  [
2𝛾𝑟𝑇𝑖0

𝛾−1
 (1 − (

𝑃𝑎

𝑃𝑖0
)

𝛾−1/𝛾
)]

1/2

                     (23) 

 
where mj=mc is defined as follows 
 

𝑚𝑗 =  𝑚𝑐 =  𝜌𝑐  𝑣𝑐 𝐴𝑐 =  𝜌𝑐  𝑣𝑐 𝐶𝑑  𝑏. 1̇̇                     (24) 

 
The critical properties of the gas are, 
 
𝑻𝒄

𝑻𝟎𝒋
=

𝟐

𝜸𝒋+𝟏
                    

𝑷𝒄

𝑷𝟎𝒋
= (

𝟐

𝜸𝒋+𝟏
)

𝜸
𝜸−𝟏⁄

                
𝝆𝒄

      𝝆𝟎𝒋
= (

𝟐

𝜸𝒋+𝟏
)

𝟏
𝜸−𝟏⁄

 

 
From which we obtain the equation of the momentum of the injected fluid           
 

𝑚𝑗𝑣𝑗 =  𝐶𝑑𝑏2𝛾𝑗𝑃0𝑗 (
2

𝛾𝑗+1
 )

1

𝛾𝑗−1  [
1

𝛾𝑗+1
 

1

𝛾𝑗−1
 (1 − (

𝑃𝑗

𝑃0𝑗
)

𝛾𝑗

𝛾𝑗−1)] 
1

2⁄                  (25) 

 
By substituting Eq. (25) and Eq. (21) in Eq. (8) we obtain 
 

ℎ =  
2 𝐶𝑑 𝑏 𝑃0𝑗 𝛾𝑗

𝑃0−𝑃𝑎𝑣+
1

3
 𝑃0 𝛾0 𝑀0

2 𝐶𝑃𝑚𝑎𝑥
 (

2

𝛾𝑗+1
 )

1

𝛾𝑗−1 
 [

1

𝛾𝑗
2−1

 (1 −  (
𝑃𝑗

𝑃0𝑗
)

𝛾𝑗

𝛾𝑗−1
)] 

1
2⁄                 (26) 

 
The above equation provides an evaluation of the equivalent step height which depends on the 

main parameters of the phenomenon and takes into account the expansion effect in the nozzle. To 
calculate Coma we will use the maximum pressure coefficient. 
 

𝐶𝑃𝑚𝑎𝑥 =  
𝑃01− 𝑝0
1

2
 𝜌0 𝑣0

2
                       (27) 

 
Using the normal shock theory, we calculate 
 

𝑃01

𝑃0
=  [

(𝛾+1)2 𝑀0
2

4𝛾 𝑀0
2−2(𝛾−1)

]

𝛾

(𝛾−1)
 [

1−𝛾+2𝛾𝑀0
2

𝛾+1
]                     (28) 

 
And Cpmax is defined as follows 
 

𝐶𝑃𝑚𝑎𝑥 =  
2

𝛾 𝑀0
2 

 {[
(𝛾+1)2 𝑀0

2

4𝛾𝑀0
2− 2(𝛾−1)

]

𝛾

(𝛾−1)
 [

1−𝛾+2𝛾𝑀0
2

𝛾+1
] − 1}                  (29) 

 
The presence of the secondary injection through a slit in a nozzle causes an oblique shock and 

consequently a separation of the boundary layer. Assuming that the line of the primary jet 
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downstream of the shock is tangent to the circle of radius h established by the injected jet Figure 3. 
This line is characterized by the angle ε, assimilated to the deflection angle, behind an oblique shock 
wave on the wall of the nozzle. The classic oblique shock equations are used to calculate the flow 
deflection angle and the separation shock angle respectively. 
 

𝑃𝑝

𝑃𝑠 (𝑥)
=  

2𝛾𝑀𝑠(𝑥) 
2  𝑠𝑖𝑛2 𝛽−(𝛾−1)

𝛾+1
                      (30) 

 

𝑡𝑎𝑛 휀 =  
𝑀𝑠(𝑥)

2  𝑠𝑖𝑛2𝛽−2𝑐𝑜𝑡𝛽

2+𝑀𝑠(𝑥)
2  (𝛾+𝑐𝑜𝑠2𝛽)

                      (31) 

 

 
Fig. 3. Separation point calculation method 

 
The abscissa of the separation point s is obtained by iterative calculation starting from point m 

(abscissa from the start of the injector). 
In the absence of back pressure at the rear of the nozzle, the secondary jet tends to reattach to 

the wall. The reattachment jet is characterized by the angle ψr. The flow passes from state (1) to 
state (2) after series of detents by modifying its trajectory by an angle υ = ε, Figure 4. Using the 
Prandtl-Mayer relation, we can easily determine the Mach M2 number of the flow above the step. 
 

𝜈 =  휀 =  −√
𝛾+1

𝛾−1
  𝑡𝑎𝑛−1 √

𝛾+1

𝛾−1
(𝑀2

2 − 1) +  𝑡𝑎𝑛−1 √𝑀2
2 − 1                 (32) 

 

 
Fig. 4. Representation of the flow above and downstream of the equivalent step 
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The flow then passes to state (3) after another series of expansion and a second modification of 
its trajectory characterized by the angle ψr. Two main parameters are to be determined in this case. 
The reattachment angle ψr, this angle is evaluated by a supersonic reattachment criterion, developed 
by ONERA, as a function of the Mach number M1 of the flow separation and given by the following 
relation: 
 

𝜓𝑟 = 32.6 −  
29.2

𝑀1
                       (33) 

 
The Mach number M3 can be estimated using the Prandtl-Mayer relation as a function of ψr. 
 

𝜈 =  𝜓𝑟 =  −√
𝛾+1

𝛾−1
  𝑡𝑎𝑛−1 √

𝛾+1

𝛾−1
(𝑀2

2 − 1) +  𝑡𝑎𝑛−1 √𝑀3
2 − 1                 (34) 

 
3. Results and Discussion 
 

The study was conducted on a convergent divergent nozzle plane CD-2D [12], with a section ratio 
of 1.8 and a divergence half-angle of 11.01°. The length of the diverging portion L is equal to 0.0577 
m. Two types of structured meshes were used during all regions, a mesh A consisting of 182,440 cells 
and a mesh B composed of 141,600 cells. It has been found that the number of nodes does not really 
affect the solution. Another C mesh has been created, with the same number of cells as the mesh A 
but more refined at the walls. For the choice of turbulence model, there isn't a general rule to choose 
such or such model. The choice is related to the nature of the problem: low or high Reynolds number, 
the behaviour of each model in the near of wall, the ability of each model to predict effectively the 
separation phenomenon and the desired precision [20]. In our case of study, the k-ωSST model is 
justified in the sense that we want more precision in the near of wall and well the separation region 
is better captured with the k-ɛ standard model. To note, also, that the k-ωSST model includes both 
the advantages of the model k-ɛ in regions with high Reynolds number (outside area) and advantages 
of k-ω model that performs well in the near of wall (regions with low Reynolds number). The only 
disadvantage, it requires a more refined mesh that the k-ɛ model and it requires Y+ close to 1 at the 
wall.  

Figure 5 shows the wall pressure distribution for both meshes for NPR=4.6. The results obtained 
are quite close to each other; however, we opted for mesh A for in order to gain in time. On the other 
hand, Figure 6 shows the influence of the turbulence model; indeed, two modes were tested (k-ε and 
k- ωSSt), for an NPR = 3. We noticed that the k-ωSST model faithfully reproduces the separation zone. 
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Fig. 5. Distribution of the pressure along the nozzle 
for different meshes at NPR = 4.6 

 

  
Fig. 6. Influence of the turbulence model NPR = 3, (a): [12]. (b): Our calculations 

 
3.1 Two-Dimensional Nozzle (2D) Without Secondary Injection 
 

Figure 7 below shows the distribution of the wall pressure at different NPRs. Note that when the 
NPR expansion ratio is increased, the point of separation and the position of the right shock move 
downstream of the nozzle. In addition, we also note that the results of simulations that we obtained 
are in agreement with those obtained experimentally by Hunter [12]. 
 

(b) (a) 
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Fig. 7. Distribution of parietal pressure at different NPRs; (a): [12], (b): our numerical calculations 

 
Figure 8 to Figure 10 below represents iso-Mach contours expressed as a function of the ratio of 

NPR pressures between 1.8 and 12 compared to those obtained by Hunter [12] for NPR (1.8 and 3). 
The exit Mach number obtained is 1.69 which is close to 1.84 obtained experimentally [12]. 

 

 
Fig. 8. Experimental stereoscopy [12] and Mach number evolution contour, our calculations for NPR = 1.8 

 

 
Fig. 9. Experimental stereoscopy [12] and Mach number evolution contour, our calculations for NPR = 3 

 

(a) (b) 
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Fig. 10. Mach number evolution for different NPR 

 
For experimental stereoscopy Figure 9 and Figure 10, the shock is channelled at the exit of the 

nozzle, on the other hand for our results the shock is downstream of it. A slight difference was found 
for both results. By increasing the rate of pressure NPR, the position of Mach's disc moves along the 
axis of symmetry of the nozzle. The detachment obtained for each pressure ratio is a free 
detachment. This remark is translated by plateaus pressures which remain constant until the exit of 
the nozzle. For pressure rates ranging from 1.6 to less than 8.78 Figure 8 to Figure 10, the ambient 
pressure is greater than the outlet pressure of the nozzle. In this case, the flow is over-expanded with 
separation to the value of NPR = 8.78, where the flow becomes adapted (Pe = Pa). Above this value, 
the flow regime is under- expanded, and the outlet pressure is higher than that of the atmosphere. 
 
3.2 Two-Dimensional Nozzle (2D) with Secondary Injection 
 

The simulated nozzle is of the convergent-divergent 2D type previously described and owned by 
NASA. The injection is located at a distance of 0.04 m from the throat the injection width slot "b" is 
0.002 m. Numerical calculations are performed for turbulent and stationary flow. The inlet conditions 
of the nozzle and of the injection chamber are subsonic with M = 0.1, while the exit conditions are 
set at Pa = 1 bar and T = 300 k. Figure 11 shows the nozzle profile of the nozzle used in 2D calculations. 
 

NPR=4.6 NPR=8.7 

NPR=12 
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Fig. 11. Nozzle’s profile  

 
The simulation is carried out for the case NPR = 4.6 and SPR = 0.7 with a turbulence model k-

ωSST. Our numerical calculations are then compared with the experimental work of Waithe and 
Deere [6]. Figure 12(a) represents experimental stereoscopy compared with that obtained 
numerically in the form of pressure contours. The presence of an oblique shock upstream of the 
injection slot is noted on the upper wall. Another shock on the lower wall near the lip of the nozzle 
is due to the phenomenon of detachment caused by over-expansion. In Figure 12(b), we note the 
location of the shock which is positioned at x/xt = 1.55 and x/xt = 1.543 respectively for the numerical 
and experimental computations, the relative error is of the order 0.7% which reinforces our results. 
 

 
Fig. 12. Pressure evolution, at NPR = 4.6 and SPR = 0.7, (a): [6]: (b): Our simulation 

 
3.2.1 Variation of SPR total pressure ratio 
 

Figure 13 shows the parietal pressure evolution for injection rates of 0; 2; 4 and 6% respectively 
corresponding to SPR=0; 0.4; 0.7, 1 and a constant NPR equal to 4.6. The over-expansion regime does 
not allow the injected jet in the four configurations to reattach to the wall. There is thus an extension 
of the upstream detachment zone and an increase in the overpressure which prevails, but also the 
displacement of the shock further upstream by increasing the SPR. A free detachment of the 
boundary layer was noticed just near the injection slot. 
 

(a) (b) 
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Fig. 13. Wall pressure distribution at NPR = 4.6 and different NPR (a): [6], (b): our calculations 

 
Figure 14 shows that the flow regime at the inlet of the injector of the fluid injected into the 

divergent nozzle is sonic (M = 1) for an SPR = 1. This value makes it possible to say that this input is 
assimilated to a sonic throat of a nozzle. 
 

  

  
Fig. 14. Mach numbers for different SPRs for NPR = 4.6 

 

   SPR=1 

(a) (b) 

SPR=0.7 

SPR=0.4 
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Figure 15 gives us the vector angle evolution as a function of SPR. It can be seen that the growth 
of the angle is proportional to the variation of the SPR, its maximum value is 10.7 ° and it is obtained 
for a SPR equal to 1. 
 

 
Fig. 15. Vector angle for NPR = 4 

 
Table 1 shows, for different SPR values, the comparison between the thrust vectoring 

performances obtained by our calculations and those of the experimental one [6]; we notice that the 
results are quite close and the relative error is less than 0.5%. Figure 16 represents the wall pressure 
evolution as a function of the ratio of pressures at NPR = 7 to SPR = 0.7. The pressure along the upper 
and lower walls correlated well with experimental data. The shock is positioned at x / xt = 1.57 on the 
upper side which is close to 1.59 obtained experimentally. This slight difference is due to the 
difference in the processes followed to obtain these results. 
 

Table 1 
Summary of our results and experimental results for NPR = 4.6 and 
different SPRs 
 Our results Results [6] Errors 

 
SPR = 0.4 

x/xt 1.6 1.63 0.018% 
δ 5° 4.5° 0.11% 

 
SPR = 0.7 

x/xt 1.57 1.55 0.012% 
δ 6.5° 7° 0.071% 

 
SPR = 1 

x/xt 1.5 1.56 0.038% 
δ 10.7° 9.4° 0.013% 

 
 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 73, Issue 2 (2020) 88-105 

102 
 

    
 

     
Fig. 16. Wall pressure distribution for different NPR and SPR = 0.7 (a): [6] 

 

It is noted that the adapted and under expanded flow is obtained respectively for NPR equal to 
7.78 and 10. 

In the Figure 17 above, we note a jet reattachment increasingly accentuated to the wall when we 
increase the NPR. When the expansion rate increases the main jet pushes the secondary jet up, this 
leads to decrease its height h. When the NPR is low, the secondary jet penetrates deeper the middle 
of the main jet is led to a higher height h. 

The maximum deviation value of the main jet is recorded at NPR = 4.6, which corresponds to a 
sharp deviation of the flow in the direction of the injected jet. As the NPR expansion ratio decreases, 
the deflection angle gradually increases Figure 18. 

Table 2 shows the thrust vectoring performances for different NPRs, with an SPR = 0.7 compared 
to those obtained experimentally in reference [6]. The consistency of these results has been noted. 

 
 

 

A NPR=7 

NPR=10 NPR=8.78 
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Fig. 17. Mach numbers for different NPRs at SPR = 0.7 

 

 
Fig. 18. Vector angle for SPR = 0.7 

 
Table 2 
Summary of our results and experimental results for SPR = 0.7 and 
different NPRs 
 Our results Results [6] Errors 

 
NPR =4.6 

x/xt 1.5 1.56 0.038% 
 δ 10.7° 9.4° 0.013% 

 
NPR = 7 

x/xt 1.57 1.59 0.0125% 
 δ 5° 4.6° 0.086% 

 
NPR = 8.78 

x/xt 1.57 1.6 0.01875% 
δ 4.2° 4° 0.05% 

 
NPR = 10 

x/xt 1.57 1.61 0.025% 
δ 4° 3.8° 0.052% 

NPR=8.78 NPR=7 

NPR=10 
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4. Conclusion 
 
The main aim of this work is to make a numerical analysis of the fluidic thrust vectoring by 

secondary injection in the divergent of a conical nozzle, in order to orient the thrust vector of rocket 
engines and fighter planes. This principle consists of modifying the pressure field in the divergent so 
as to produce asymmetrical lateral forces affecting the general deflection of the thrust. The numerical 
simulations, presented in this study, were carried out with the Ansys-Fluent commercial code based 
on the resolution of the Navier-Stocks equations of a turbulent and viscous compressible flow, using 
the k-ωSST model as turbulence model. The shock wave interactions in a two-dimensional nozzle 
were treated in two steps: The first step is done by a calculation based on the variation of the 
relaxation rates for a case without secondary injection. The second step is performed by the presence 
of a single injection located at a constant distance from the throat in the divergent part. The results 
of the modelling of the secondary injection in the divergent were compared with the experimental 
results obtained in the specialized literature [6,12]. The efficiency of the secondary injection has been 
clearly demonstrated. The results show that the angle vectors obtained are quite close to those 
obtained with the classical (mechanical) method. The regimes of over-expanded at relatively large 
total pressure ratios are those for which the thrust vectoring efficiency is the most important. For an 
over-expanded regime characterized by NPR = 4.6 and SPR = 0.7, we obtained 2.1% efficiency. 
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