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Abstract: Modern aircraft and missiles are gradually integrating thrust vector control systems to
enhance their military capabilities. Bypass Dual-Throat Nozzle (BDTN) control is a new fluidic thrust
vectoring technique capable of achieving superior performance with large vector angles and low
thrust loss. In this study, we analyzed the flow characteristics and performance parameters of BDTN
by varying the bypass angle, nozzle convergence angle, and bypass width. The flow governing
equations are solved according to a finite volume discretization technique of the compressible RANS
equations coupled with the Renormalization Group (RNG) k-ε turbulence model for Nozzle Pressure
Ratio (NPR = 2~10) to capture the significance of under-expanded and over-expanded jets. Results
show that by decreasing the bypass angle from 90◦ to 35◦, there is a 6% increase in vectoring angle
while the vectoring efficiency is enhanced by 18%. However, a decrease of 3% in the thrust and
discharge coefficients is also observed. When the convergence angle was increased from 22◦ to
37◦, vectoring angle, discharge coefficient, and thrust coefficient increased by 2%, 1%, and 0.26%,
respectively. Moreover, vectoring efficiency is also enhanced by 8% by reducing the convergence
angle from 37◦ to 22◦. Based on the investigated parameters, it is determined that nozzle convergence
angle does not significantly influence thrust vectoring performance, however, bypass width and
bypass angle have a significant effect on thrust vectoring performance.

Keywords: bypass dual throat nozzle; thrust vectoring; vectoring performance; nozzle configurations

1. Introduction

The aircraft’s propulsion system has become progressively complex due to the recent
emphasis on the maneuverability of future fighter aircraft. These systems are potential
sources for providing additional maneuverability to the aircraft. The main challenge in
developing a next-generation aircraft is to develop an efficient, lightweight, yet powerful
propulsion system. In addition, these systems must also provide economical operation,
reliability, and short response time. Additionally, to be able to withstand high tempera-
tures and pressures generated by modern engines, the systems are also designed to meet
the thrust vectoring requirements of various military aircraft [1]. Thrust vectoring (TV)
technology allows the nozzle to deflect the primary flow direction to improve the aircraft’s
maneuverability. The benefits of thrust vectoring can include maneuverability, control
effectiveness, survivability, performance, and stealth characteristics. Thrust-vectoring noz-
zles fall into two main categories: mechanical and fluidic. Traditional methods change the
primary flow direction of the nozzle using mechanical means; recent methods alter the
thrust direction by using fluidic injections. The mechanical thrust vectoring (MTV) tech-
nique uses actuators and gimbal mechanisms to deflect the nozzle of an engine, changing

Energies 2023, 16, 594. https://doi.org/10.3390/en16020594 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16020594
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-7702-3444
https://orcid.org/0000-0003-4557-852X
https://orcid.org/0000-0002-0051-0225
https://orcid.org/0000-0001-9597-8527
https://orcid.org/0000-0002-7241-497X
https://doi.org/10.3390/en16020594
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16020594?type=check_update&version=2


Energies 2023, 16, 594 2 of 20

the direction of the primary flow. It has been calculated that a vectoring angle of about
10–20◦ is required to improve thrust vector characteristics [2]. This guidance was achieved
using mechanical devices that deflect the flow in the longitudinal and lateral directions [3].
While MTV provides effective TV, it does have several potential disadvantages, including
weight, complexity, reliability, response time, manufacturing, and maintenance issues. FTV
is investigated and developed to improve the MTV system’s inefficiency. FTV involves a
secondary fluidic injection to alter the direction of primary flow at the exit of the nozzle.
The advantages of FTV over MTV include reduced weight, improved reliability, and easy
integration with existing systems. In the last few decades, FTV nozzles have evolved into
six types: Shock Vector control (SV), Counter Flow (CF), Co-Flow, Throat Skewing (TS),
Dual Throat Nozzle (DTN), and Bypass Dual Throat Nozzle (BDTN). The following is a
summary of the main findings.

SVC demonstrated a vectoring angle of 17.2◦ and 17.6◦ at NPR = 3 and 4.6. It was
reported that the deflection angle increased with moving the injection location upstream and
decreased with moving the injection location downstream of the nozzle [4]. At NPR = 4–10
and Secondary Pressure Ratio (SPR) = 1–2, with two different injection locations, the results
showed that SPR positively influenced thrust vectoring parameters [5]. The SPR is the
total pressure of the secondary injection to the total pressure of the nozzle. The effect of
secondary injection on SVC performance was investigated for SPR = 0.4 to 1. For NPR = 4.6
and SPR = 0.7 and 1, the vectoring angle reported was 7.5◦. An NPR value of over 2.5
indicated good agreement between numerical and experimental data, whereas one below
2.5 (overflow) was indicative of discrepancy [6]. Interaction between the oblique shock
wave at the divergent section and primary flow led to thrust losses in the SVC. A transverse
injection design was adapted to minimize these thrust losses [7,8]. According to some
research, the highest number of orifice configurations results in a higher vectoring angle
and thrust coefficient. However, the vectoring angle reported for multiple injection port
configurations was still lower than a single injection slot [9]. To minimize the influence
of a secondary flow injection in SVC, a bypass passage flow was conceived to control
the deflection angle [10–12]. SVC can provide a high thrust vectoring angle and can be
optimized for better performance but often at the expense of high thrust losses [13,14].

Similarly, increasing NPR resulted in decreased vectoring angle for CFTV. With
NPR = 8, CFTV achieved a vector angle of 12◦ with a thrust coefficient of 0.945 [15].
An investigation on a 3D CFTV reported that secondary gap height had a negative impact
on the thrust vectoring angle [16]. Increasing collar radius resulted in increased vectoring
angle for NPR = 17 and SPR = 0.8 [17]. For NPR = 15–20, at a constant SPR of 0.8, vectoring
angle increased with decreasing NPR and Subsonic Mach numbers had no significant
impact on vectoring angle [18,19].

For Co-flow, experiments suggested that an increase in the primary and secondary flow
increases the vectoring angle [20]. A 3D investigation for secondary gap height = 0.0296–0.1176
and Coanda diameter = 1.176–3.529 reported an increase in vectoring angle with decreasing
the gap height [21]. The maximum vectoring angle reported for co-flow was 23◦ at collar
radius = 57 mm and secondary flow height = 1.4 mm [20]. Co-flow provides moderate and
efficient thrust vectoring at the subsonic speed [22,23]. Both CFTV and Co-flow suffered from
hysteresis effect, suction/blowing source, and airframe integration problems [19,24,25].

According to TSC, at NPR = 5.5, the vectoring angle was reported to be 8.5◦, whereas
NPR less than 5.5 was reported to achieve 13.66◦ [26]. According to [27], a multi-axis nozzle
could deliver a 35◦ pitch vectoring angle and a 31◦ yaw vectoring angle at NPR = 2–11.5. More-
over, the injection angle greatly influences thrust modulation [28]. In the TSC technique,
shock formation is avoided in the supersonic area of the nozzle. Due to turning the flow
subsonically, the thrust losses are often low with high thrust vectoring efficiency [27,29,30].

Dual Throat Nozzle (DTN) was developed and investigated to improve the concept
of TSC. A 3D nozzle investigation for NPR = 2–5 and SPR = 7.6 was reported to have
a negative impact on vectoring angle with increasing NPR [31]. At NPR = 2, 7, and 10,
vectoring angles of 16.8◦, 12◦, and 11.2◦ along with decreasing trend of thrust coefficient
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were reported [32]. At NPR = 3.858 with increasing the injection angle from 50◦ to 150◦,
the thrust vectoring efficiency increased from 0.84◦% to 2.15◦% [33]. Another experiment
indicated a thrust efficiency of 7.7% for NPR = 2. At NPR = 5, a thrust efficiency of 5.8%
was reported along with a thrust ratio of 0.962 [34]. The DTN analysis at NPR = 3 achieved
a thrust ratio of 0.975–0.980 and a vectoring angle of 15◦ at NPR = 4 [35]. Two-dimensional
DTN investigated the effect of secondary mass flow ratio on vectoring angle [36]. According
to reports, DTN has a higher vectoring angle, higher vectoring efficiency, minimal thrust
penalty, and good integration capabilities [37–39].

In order to minimize thrust losses, a new design, bypass dual throat nozzle (BDTN)
has been investigated. In BDTN, thrust vectoring is achieved by introducing a bypass
passage in DTN. Investigation on 2D and 3D BDTN was carried out for NPR = 3, 5, and 10.
This actively demonstrated that an increased value of NPR resulted in decreased vectoring
angle [40]. It has demonstrated that the thrust coefficient increases from 0.76 to 0.93 with
increasing NPR from 1 to 4. A vectoring angle of 23◦, with a thrust coefficient of 0.86
along with a discharge coefficient of 0.92 was obtained for NPR = 2 [41,42]. Two improved
configurations of axisymmetric divergent BDTN were investigated. The highest thrust
coefficient of 0.94 along with the vectoring angle of 19.52◦ was obtained for NPR = 4 [43,44].
The shape of a bypass passage has been investigated in a recent study. The new arc shape
bypass passage indicated improved thrust vectoring efficiency and thrust coefficient with
increased pressure loss [45]. Recently, a study based on developing a new BDTN with an
additional function of short/vertical takeoff and landing has been investigated. The results
indicated increased capability in the aircraft’s maneuverability during normal flight [46].
Although, the bypass dual throat nozzle has proved to be much more effective for thrust
vectoring compared to other techniques, the work on this technique is still limited. This
paper provides a numerical study by varying the nozzle convergence angle, bypass angle,
and bypass width of the nozzle. A thorough analysis was performed to understand the
impact of these parameters on the overall performance of the BDTN. CFD is a feasible
technique to investigate flow characteristics in all engineering devices [47,48].

2. Proposed Nozzle Configuration

The geometry employed in this study is presented in Figure 1 and the baseline geomet-
ric parameters are presented in Table 1. The range for varied parameters is also mentioned
in Table 2 where the nozzle convergence angle is varied from 30◦ to 37◦, the bypass angle
from 45◦ to 90◦, and the ratio of bypass width to throat height (hb/ht) from 0.13 to 0.25.
For NPR = 2–10, all these configurations are studied to investigate the thrust vectoring
performance for under-expanded and over-expanded jets. A total of 160 simulation cases
were conducted to analyze how these selected variables affected BDTN’s performance.

Energies 2023, 16, x FOR PEER REVIEW 4 of 22 
 

 

 
Figure 1. Configuration of BDTN. 

Table 1. The constant geometric dimensions and parameters adopted from Rui Gu [40]. 

Parameters Dimensions 
Cavity divergence angle θଷ 15° 

Cavity convergence angle θସ 50° 
Inlet height h୧ 60 mm 

Throat height h୲ 20 mm 
Exit height hୣ 24 mm 

Radius rଵ 0.8 mm 
Radius rଶ 1 mm 
Radius rଷ 0.3 mm 

Length of cavity L 66.8 mm 

Table 2. Models are based on the variation in bypass width. 

Model 𝛉𝟏 𝛉𝟐 h 𝐛/h 𝐭 
1 30° 35° 0.13–0.25 
2 30° 50° 0.13–0.25 
3 30° 60° 0.13–0.25 
4 30° 70° 0.13–0.25 
5 30° 80° 0.13–0.25 
6 30° 90° 0.13–0.25 
7 22° 45° 0.13–0.25 
8 25° 45° 0.13–0.25 
9 27° 45° 0.13–0.25 

10 32° 45° 0.13–0.25 
11 37° 45° 0.13–0.25 

2.1. FTV Performance Parameters Considered 
The performance parameters considered are thrust, discharge coefficients, vectoring 

angle and efficiency. Thrust vectoring parameter is calculated as [49], 

𝛿 =  𝑡𝑎𝑛ିଵ
𝐹ே

𝐹஺
 (1) 

𝐹ே and 𝐹஺ represents the normal and axial force, these forces are calculated as, 

Figure 1. Configuration of BDTN.



Energies 2023, 16, 594 4 of 20

Table 1. The constant geometric dimensions and parameters adopted from Rui Gu [40].

Parameters Dimensions

Cavity divergence angle θ3 15◦

Cavity convergence angle θ4 50◦

Inlet height hi 60 mm

Throat height ht 20 mm

Exit height he 24 mm

Radius r1 0.8 mm

Radius r2 1 mm

Radius r3 0.3 mm

Length of cavity L 66.8 mm

Table 2. Models are based on the variation in bypass width.

Model θ1 θ2 hb/ht

1 30◦ 35◦ 0.13–0.25

2 30◦ 50◦ 0.13–0.25

3 30◦ 60◦ 0.13–0.25

4 30◦ 70◦ 0.13–0.25

5 30◦ 80◦ 0.13–0.25

6 30◦ 90◦ 0.13–0.25

7 22◦ 45◦ 0.13–0.25

8 25◦ 45◦ 0.13–0.25

9 27◦ 45◦ 0.13–0.25

10 32◦ 45◦ 0.13–0.25

11 37◦ 45◦ 0.13–0.25

FTV Performance Parameters Considered

The performance parameters considered are thrust, discharge coefficients, vectoring
angle and efficiency. Thrust vectoring parameter is calculated as [49],

δ = tan−1 FN
FA

(1)

FN and FA represents the normal and axial force, these forces are calculated as,

FA =
((

ρV2
x

)
+ (Pe − Pb)

)
A2, FN =

(
ρVxVy

)
A2 (2)

Vx and Vy are the velocity in x and y direction. Pb and Pe are the back pressure and
the exit pressure. The thrust coefficient parameter is calculated from the ratio of resultant
thrust to the ideal thrust,

C f =

√
F2

A + F2
N + F2

S

.
ma

√
RT0

2γ
γ−1 (1−

(
( Pb

P0
)

γ−1
γ

) (3)
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Pb/P0 is the NPR of the nozzle and FS represents the side force and is calculated as,

Fs = (ρVxVz)A2 (4)

Discharge coefficient is calculated from the equation,

Cd =

.
ma

P0 At√
RT0

√
γ( 2

γ+1 )
γ+1

2(γ−1)

(5)

where
.

ma is the actual mass flow rate and the vectoring efficiency is calculated as,

η =
δ

.
mp

100
.

mb
(6)

Here,
.

mp and
.

ms are the primary and secondary flow of the nozzle

.
mp =

.
mb +

.
mn (7)

The primary flow of the nozzle is divided into a bypass and nozzle flow at the bypass
entrance. The primary flow that passes through the bypass channel is denoted as

.
mb while

the rest of the air (
.

mn) flows through the core nozzle.

3. Computational Method
3.1. Governing Equation

The present work involves solving 3D, steady, and compressible flow Navier–Stokes
equations. We have ignored gravity effects. Turbulence modeling significantly affects the
capture of shock boundary layers in nozzle flows [50–52]. A number of numerical models
have been investigated for BDTN, which include Spalart–Allmaras, SST k-ω, and realizable
k-ε turbulence models. As part of this study, RNG k-ε turbulence modeling was employed
with standard wall functions. In addition, swirling flow parameters are incorporated into
the RNG model, enhancing its accuracy. Due to the additional term in the ε equation,
RNG k-ε improves the accuracy of the numerical model for strained flows. The coupled
scheme with second-order upwind has been selected with a pseudo transient in this study.
Numerical results indicate that the model is capable of resolving the detailed flow field,
with the experimental results correlating well with the numerical results [40–44]. Hence, in
this work, the governing equations are solved using ANSYS FLUENT along with the RNG
k-ε turbulence model. The governing equations are:

Continuity Equation,
∂ρ

∂t
+

∂

∂xi
(ρui) = 0 (8)

Momentum Equation,

∂
∂t (ρui) +

∂
∂xj

(
ρuiuj

)
= − ∂p

∂xi
+ ∂

∂xi

[
µ
(

∂ui
∂xj

+
∂uj
∂xi
− 2

3 δij
∂uk
∂xk

)]
+ ∂

∂xj

(
−ρu′iu

′
j

)
(9)

Energy Equation,

∂
∂t (ρE) + ∂

∂xi
[ui(ρE + p)] = ∂

∂xj

[(
k + Cpµt

Prt

)
+ ui

(
−ρu′iu

′
j

)]
(10)

u′j and −ρu′iu
′
j represents the fluctuating quantity and Reynolds stress tensor. The

turbulence viscosity µt is defined as:

µt = ρCµ
k2

ε
(11)
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The transport equations are defined as:

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xi

(
αkµ

∂k
∂xj

)
+ Gk + Gb − ρε− γm + Sk (12)

And

∂
∂t (ρε) + ∂

∂xi
(ρεui) =

∂
∂ui

(
αkµ ∂ε

∂xj

)
+ C1e

ε
k (Gk + C3εGb)− C2ερ ε2

k − Rε + Sε (13)

Ym is the dilation dissipation term and is defined as:

Ym = 2ρεM2
t (14)

Se and Sk are the user defined source terms. Where the values of C1ε, C2ε, Cµ are

C1ε = 1.42, C2ε = 1.68, Cµ = 0.0845

σk and σε are the inverse effective Prandtl number for kinetic energy and dissipation rate.

3.2. Boundary Conditions

In the current study, ICEM is used to generate meshes for the BDTN computational
domain presented in Figure 2 which is also discussed in the literature [49]. To ensure the
accuracy of the results, the extended domain is created at the exit of the nozzle. The bound-
aries of the extended domain are represented as upstream, outlet, and side boundaries. The
outlet and side boundaries are stretched by 16, 25, and 10 times the nozzle exit height in
the x, y, and z axes, respectively. Pressure inlet boundary condition is applied at the nozzle
inlet and pressure outlet is imposed on the downstream boundary of the domain. Similarly,
far-field pressure is applied on the upstream boundary of the external domain. The no-slip
and adiabatic boundary conditions are applied at the nozzle walls. Figure 2b illustrates the
grid on the main nozzle. Depending on the design NPR, the total pressure varies as well,
as Pt = Pb × NPR. Pressure Pb refers to atmospheric pressure.

3.3. Grid Independence Test

Grid independence analysis is conducted to achieve higher accuracy results using high-
density and high-resolution mesh. Three grids were generated: coarse, medium, and fine
mesh, each containing 1,394,042, 2,897,622, and 4,837,092 quadrilateral cells, respectively. A
minimum y+ = 5 value is selected for the meshes using grid stretching with 0.3 mm as the
initial spacing. As per the Quality Metric Criteria, the minimum quality of mesh obtained
is greater than 0.95. On all three grids, the static pressure distribution is monitored. The
static pressure distribution for all three grids on the lower wall of the nozzle is presented in
Figure 3a. In Figure 3a, the “0” location is the throat of the nozzle and the location after
“0” provides the description of the shock position in the bottom wall of the nozzle to the
nozzle’s exit. The results indicate the differential values in static pressure distribution for
the coarse grid and the other two grids. However, static pressure distributions for medium
and fine grids demonstrated a difference of 1%. As a result, the medium mesh was selected
to conduct this study.
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3.4. Computational Validation

This work compares computational with experimental data to validate the numerical
method and the turbulence model. Our current study uses ANSYS ICEM CFD generated
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3D computational domain at NPR = 3. The total pressure and temperature applied were
303,975 Pa and 300 K. Likewise, the inlet and back pressures were 303,975 Pa and 101,325 Pa.
The static pressure distribution for the experimental and computational calculations on the
nozzle wall is presented in Figure 3b. Based on the simulation results, the values match the
experimental data with a maximum difference of 4.3%. The thrust vectoring angles and
thrust coefficients for 2D and 3D models are also compared. The percentage error between
the 2D models for thrust vectoring angle and thrust coefficient is presented in Table 3a.
Similarly, the 3D model validation percentage error for NPR = 3, 5, and 10 are reported in
Table 3b. All values are found to be in good agreement with the data of Rui Gu [40].

Table 3. (a) 2D model validation percentage error for various NPR values. (b) 3D model validation
percentage error for NPR = 3, 5, and 10.

(a)

NPR
Rui Gu [40] Present Data Percentage Error

δ Cf δ Cf δ Cf

2 32.02◦ 0.933 31.8◦ 0.912 0.68% 2.25%

3 27.21◦ 0.959 27.15◦ 0.94 0.22% 1.98%

4 24.52◦ 0.965 24.3◦ 0.95 0.90% 1.55%

5 23.12◦ 0.963 22.9◦ 0.951 0.95% 1.25%

6 22.54◦ 0.96 2 2.13◦ 0.948 1.82% 1.25%

7 22.09◦ 0.955 21.6◦ 0.946 2.22% 0.94%

8 21.71◦ 0.95 21.2◦ 0.942 2.35% 0.84%

(b)

NPR
Rui Gu [40] Present Data Percentage Error

δ Cf δ Cf δ Cf

3 26.95◦ 0.949 25.78◦ 0.934 4.32% 1.61%

5 21.08◦ 0.956 21.02◦ 0.946 0.28% 1.01%

10 20.27◦ 0.934 19.52◦ 0.923 3.70% 1.17%

4. Results and Discussion

Three-dimensional numerical analysis is carried out to study the effect of nozzle
convergence angle, bypass angle, and bypass width on the BDTN performance in the
present study. Computational modeling and simulation of different configurations of
BDTN were performed at NPR = 2–10 to predict the TV performance parameters.

4.1. Effect of Bypass Angle and Bypass Width

In this section, the effect of bypass angle under different NPRs, the effect of bypass
width, and the combined effect of bypass angle and bypass width on BDTN performance
is discussed.

4.1.1. BDTN Performance under Different NPR

We investigated the effect of NPR on the performance of BDTN using simulations
for θ2 = 35–90◦ at NPR = 2–10. Figure 4 indicates the thrust vectoring performances for
different configurations. The vectoring angle is decreased by increasing the NPR from 2
to 10 as shown in Figure 4a. The vectoring angle obtained for all models with NPR = 2 is
greater than that obtained at NPR = 3–10. As NPR increases, the high-pressure flow behind
the shock compresses the separation region in the cavity. The vortex in the separation
region becomes smaller, leading to a weakening of jet deflection. In this way, the thrust
vectoring angle decreases quickly for overexpanded conditions, while it decreases slowly
for under expanded conditions. For selected NPRs, model 1 achieved the highest vectoring
angle, while model 6 achieved the lowest values. Model 1 reported the maximum angle of
29.29◦ with NPR = 2. Figure 4b shows the trend for the thrust coefficient. Thrust coefficient
increases for NPR < 5 and then decreases for NPR > 5. With increasing NPR, the supersonic
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region within the cavity expands due to the increase in the induced shock wave. The
under-expanded state of the nozzle causes the supersonic region to increase, resulting in
a decrease in the thrust coefficient. The thrust coefficient values of Model 6 are reported
to be the highest. By increasing the bypass angle from 35◦ to 90◦, the thrust coefficient is
increased by about 1.5%. Figure 4c shows the predicted results of the effect of the bypass
angle on the discharge coefficient. The discharge coefficient is independent of NPR as
the flow in the nozzle is choked. The Cd increases with increasing bypass angle from
35◦ to 90◦. The discharge coefficient ranges from 0.88 to 0.91 for all configurations and
is almost linear with NPR. A decreasing trend for vectoring efficiency was reported in
Figure 4d as the NPR increases from 2 to 10. Among the 6 models, model 6 has the highest
thrust efficiency of η = 3.72 at NPR = 2 and then drops to η = 2.39 at NPR = 10. Figure 5
represents the Mach contours for different NPR configurations. Due to the secondary flow
interaction with the primary flow, normal and oblique shocks are formed in the cavity of the
nozzle. The supersonic flow changes properties across normal shock and becomes subsonic.
The vortex zone in the cavity reduces as the induced shock diminishes with increasing
NPR. The vortex zone near the nozzle exit increases with initial NPR and decreases with
increasing NPR. By expanding and deflecting the primary flow, the subsonic flow generates
thrust vectoring angles. Figure 6 represents the 3D streak lines at NPR = 3, 5, 7, and 9. A
vortex forms at the upper cavity wall. At NPR = 2, the highest efficiency of the vortex is
produced, which results in a higher vectoring angle. By increasing the NPR, the efficiency
of the vortex decreases, thereby reducing the vectoring angle. Figure 7 shows the Mach
contours on different X/L planes for NPR = 9. The left side plane contours in the nozzle
indicate the subsonic flow in the convergent region. The planes in the cavity region of the
nozzle indicate that the supersonic flow is established as the flow accelerates. As the flow
predominantly remains symmetric, hence, the 3D effect is not significant.
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4.1.2. BDTN Performance under Different Bypass Width

Figure 8 indicates the thrust vectoring performances for different bypass width config-
urations. According to Figure 8a, the thrust vectoring angle increased as the bypass width
increased. The bypass flow becomes stronger with a higher bypass width, resulting in a
higher vectoring angle. In this study, the maximum value of vectoring angle at hb = 5 mm
for bypass flow of 8.59% over the primary mass flow is recorded for model 1. Model 1
has the highest vectoring angle, whereas model 6 achieved the lowest vectoring angle for
each bypass width. A total decrease of 7% in vectoring angle is reported from model 1 to
model 6. Flow separation is enhanced when the bypass outlet increases with increasing
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bypass width. This enhanced separation flow region results in a smaller local supersonic
region within the cavity. Therefore, as shown in Figure 8b, the thrust coefficient decreases
with increasing bypass width. The discharge coefficient starts to decrease with increasing
bypass width, as shown in Figure 8c. Thrust vectoring efficiency follows a similar trend in
Figure 8d. The efficiency decreases with increasing bypass width for each configuration.
The efficiency is decreased by about 17%, 14%, 16%, 15%, and 20% from model 1 to model 6
for the selected bypass width. Figure 9 represents the Mach contours on different bypass
widths for model 3. At the nozzle exit, lower bypass widths result in higher static pressure,
while higher bypass widths result in lower static pressure. Higher static pressure and lower
bypass width tend to cause the thrust vectoring angle to decrease while vectoring efficiency,
discharge, and thrust coefficient increase is increased.
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Figure 9. Mach contours on the center-plane at NPR = 3, θ2 = 70◦ and θ1 = 30◦ for bypass width of
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As shown in Figure 9a, due to the decrease in the bypass cross-sectional area (hb = 2.6 mm)
lower vectoring angle is achieved. Higher vectoring angles were reported for increasing by-
pass width. Moreover, for a particular bypass width, increasing the bypass angle decreases
thrust vectoring angle but the thrust coefficient increases. In addition to a 4% increase in
vectoring angle, a 19%, 0.9%, and 0.1% decrease in vectoring efficiency, discharge, and
thrust coefficient were observed with an increase in bypass width.

4.1.3. Combined Effect of Bypass Width and Bypass Angle

The effect of bypass width and bypass angle on the vectoring performance of BDTN
is investigated. Figure 10a represents the vectoring angle and efficiency obtained for
θ2 = 35–90◦and hb = 2–5 mm. Increasing the bypass angle and decreasing the bypass width
resulted in a decrease in vectoring angle. At hb = 5 mm, Model 1 had the highest vectoring
angle. With hb = 2.6 mm, model 6 showed the lowest vectoring angle. Vectoring efficiency,
on the other hand, revealed a decreasing trend. Model 6 with hb = 5 mm showed the lowest
vectoring efficiency, while model 1 with hb = 2.6 mm showed the highest. The thrust and
discharge coefficients for θ2 = 35–90◦ and hb = 2–5 mm are presented in Figure 10b. As
the bypass angle and width increase the thrust coefficient decreases. Among the models
analyzed, model 6 achieved the highest thrust coefficient with hb = 2.6 mm, while model 1
with hb = 5 mm achieved the lowest thrust coefficient value. The discharge coefficient
shows a similar trend. Increasing the bypass width along with bypass angle resulted in
decreasing discharge coefficient with highest values found at 2.6 mm, while minimum
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values at the bypass width of 5 mm. Among all the investigated models, model 6 achieved
the highest discharge coefficient at hb = 2.6 mm, and model 1 reported the lowest discharge
coefficient with hb = 5 mm.
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4.2. Effect of Nozzle Convergence Angle and Bypass Width

In this section, the effect of nozzle convergence angle under different NPRs, the effect
of bypass width, and the combined effect of convergence angle and bypass width on BDTN
performance is discussed.

4.2.1. BDTN Performance under Different NPR

To investigate the performance of the nozzle convergence angle, the convergence
angle (θ1) is varied from 22◦ to 37◦ for NPR = 2–10 at a constant width ratio of 0.185.
Figure 11a depicts the thrust vectoring angles for different configurations at different NPR.
Increasing the nozzle convergence angle from 22◦ to 37◦ decreases the vectoring angle. The
vectoring angles obtained for all models under NPR = 2 was higher than those obtained
at NPR = 3–10. Of all the investigated models, model 7 produced the highest vectoring
angle. A 1.5% difference in vectoring angle was reported with changing the convergence
angle from 22◦ to 37◦. Therefore, the vectoring angle was not significantly affected by the
nozzle convergence angle. As illustrated in Figure 11d, vectoring efficiency also shows a
similar pattern. Model 7 has the highest vectoring efficiency of 3.87, whereas model 11 has
the lowest vectoring efficiency of 2.31. Model 7 has the overall best vectoring efficiency
among the other models. Figure 11b shows the thrust obtained for different convergence
angles. Among the other models, model 7 reported the highest thrust coefficient of 0.948
at NPR = 5. In Figure 11c, the discharge coefficient increases till NPR = 4 and remains
almost linear with further increasing the NPR. Model 7 reported higher discharge coefficient
values. Figure 12 shows the Mach contours for the nozzle convergence angle configuration for
NPR = 4, 6, 8, and 10.
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4.2.2. BDTN Performance under Different Bypass Width

Figure 13 represents the vectoring performance of BDTN for different configurations
of bypass width at NPR = 3. The obtained thrust vectoring angle for the bypass width
configurations is shown in Figure 13a. According to the result, the vectoring angle increases
as bypass width increases for all models. The bypass flow becomes stronger with a higher
bypass width, resulting in a higher vectoring angle. Moreover, with increasing the nozzle
converging angle, the vectoring angle increases, however, other performance parameters
decrease. The highest vectoring angles were recorded by model 11, while the lowest was
recorded by model 7.
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From model 7 to model 11, a decrease of 1.81% was reported for thrust vectoring angle.
As shown in Figure 13b, the thrust coefficient decays with increasing bypass width. Flow
separation is enhanced when the bypass width increases. This enhanced separation flow
region results in the smaller local supersonic region within the cavity. Therefore, the thrust
coefficient decreases with increasing the bypass width. The discharge coefficient has a
decreasing trend with increasing bypass width, as shown in Figure 13c. The discharge
coefficient is decreased from 1.84% to 1.27% from model 7 to model 11. Thrust vectoring
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efficiency follows a similar trend. The efficiency decreases with increasing bypass width
for each configuration. The efficiency is decreased by 22.2%, 20.8%, 18.6%, 23.2%, and 17%
from model 7 to model 11 for the selected bypass width.

4.2.3. Combined Effect of Bypass Width and Nozzle Convergence Angle

The effect of bypass width and convergence angle on the vectoring performance of
BDTN is investigated. Figure 14a represents the vectoring angle and efficiency obtained for
θ1 = 22–37◦ and hb = 2–5 mm. Vectoring angle revealed an increasing trend with increasing
the convergence angle and decreasing the bypass width. At hb = 5 mm, Model 11 has
the highest vectoring angle while model 7 showed the lowest vectoring angle. Vectoring
efficiency has a decreasing trend with convergence angle. Model 11 with hb = 5 mm
showed the lowest vectoring efficiency, while model 7 with hb = 2.6 mm has the highest.
According to Figure 14b, with increasing bypass width and convergence angle the thrust
coefficient is decreased. Among the investigated models, model 7 achieved the highest
thrust coefficient with hb = 2.6 mm, while model 11 with hb = 5 mm achieved the lowest
thrust coefficient value. The discharge coefficient shows a similar trend. Increasing the
bypass width along with the convergence angle resulted in decreasing discharge coefficient.
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5. Conclusions

This study numerically investigates the performance of BDTN at different NPR. Three
geometric parameters are analyzed to study the effect of thrust vectoring. The main
conclusions of this study are as follows.

• NPR significantly affects the thrust vectoring performance of BDTN. As NPR increases,
the squeezing effect of the vortex in the cavity reduces, which reduces the supersonic
region within the nozzle. Because the vortex size and supersonic region are reduced,
BDTN has a lower thrust vectoring performance.

• As bypass width influences vectoring angle, increasing bypass width increases the
vectoring angle due to increased mass flow. However, a reduction in vectoring efficiency,
thrust, and discharge coefficient is obtained to reach a higher vectoring angle. It is found
that a bypass width of 3.7 mm is an optimal choice for effective vectoring performance.

• The bypass angle is an important factor in generating effective vectoring angles.
Increasing the bypass angle and decreasing the bypass width resulted in an increase
in the thrust and discharge coefficient and a decrease in vectoring angle. Optimal
vectoring performance is achieved with a bypass angle of 35◦.
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• BDTN’s performance is not significantly affected by nozzle convergence angle. An
increase of 1.5% in vectoring performance is obtained with increasing convergence
angle. Increasing the convergence angle and bypass width increases the vectoring
angle while decreases the vectoring efficiency, thrust, and discharge coefficient of
the nozzle.
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Nomenclature

δ Thrust vectoring angle
mp Primary mass flow
Cd Discharge coefficient
Cf Thrust coefficient
η Thrust vectoring efficiency
FA Axial force
FN Normal force
FS Side force
P0 Stagnation pressure
Pe Exit pressure
Ps Static Pressure
Pt Total pressure
T0 Stagnation temperature
Tt Total temperature
FTV Fluidic thrust vectoring
MTV Mechanical thrust vectoring
BDTN Bypass dual throat
DTN Dual throat nozzle
NPR Nozzle pressure ratio
SVC Shock vector control
TSC Throat skewing control
CFTV Counter flow thrust vectoring
RNG Renormalization group
SPR Secondary pressure ratio
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