Journal of Applied Fluid Mechanics, Vol. 14, No. 1, pp. 73-87, 2021.
Available online at www.jafmonline.net, ISSN 1735-3572, EISSN 1735-3645.
DOI: 10.47176/jafm.14.01.31690

Numerical Study of Fluidic Thrust Vector Control using
Dual Throat Nozzle
K. X. Wu, T. H. Kim and H. D. Kim†
Mechanical Engineering, Andong National University, Andong, 760-749, South Korea
†Corresponding Author Email: kimhd@anu.ac.kr
(Received April 8, 2020; accepted June 16, 2020)

ABSTRACT
Compared to a variety of mechanical vectoring nozzles, fluidic vectoring nozzles possess more research value
nowadays. The dual throat nozzle is gradually developing into an outstanding technology to handle
supersonic and hypersonic aircraft deflections. Three-dimensional, steady, compressible, and viscous flows in
rectangular dual throat nozzles are numerically investigated by resolving Reynolds-averaged Navier-Stokes
equations and shear stress transport k-omega turbulence model. Computational fluid dynamics results are
verified against the existing experimental data, where a good consistency is gained. The impacts of nozzle
pressure ratio, injection-to-mainstream momentum flux ratio, and setup angle of the slot injector on the
systemic performance are examined. Useful conclusions are summarized for engineering designers. Firstly,
pitching angles decline along with an increasing nozzle pressure ratio, while systemic thrust ratio and thrust
efficiency increase. Secondly, thrust vector angles enlarge with an increase of the injection-to-mainstream
momentum flux ratio, whereas both systemic thrust ratio and thrust efficiency decay. Finally, the setup angle
of the slot injector impacts the systemic performance remarkably. Although the pitching angle for the setup
angle of 120° is highest, comprehensive characteristics in terms of systemic thrust efficiency and systemic
thrust ratio for the setup angle of 150° are more excellent.
Keywords: Vector control; Jet deflection; Shock wave; Compressible flow; Internal flow.

NOMENCLATURE
Ae
Cr
Cs
D

nozzle exit area
systemic thrust efficiency
systemic thrust ratio
width of the slot injector
Fi ideal thrust
Fi,m ideal mainstream thrust
Fi,s ideal secondary stream thrust
Fx horizontal thrust
Fy vertical thrust
Fz
lateral thrust
Hut upstream minimum throat height
Hdt downstream minimum throat height
IPR injection pressure ratio
J
injection-to-mainstream momentum flux ratio
L
length of the slot injector
Lc
length of the concave cavity
m0 mass flow rate of the mainstream
mi mass flow rate of the secondary stream
NPR nozzle pressure ratio
P
static pressure
P0 total pressure of the nozzle inlet

Pi
total pressure of the slot inlet
Patm standard ambient pressure
Pe weighted average pressure in the nozzle exit
plane
Puw static pressure along the centerline on the
upper cavity wall
Rg specific gas constant
T
static temperature
T0 total temperature
V
velocity
Vex X-component of the nozzle exit velocity
Vey Y-component of the nozzle exit velocity
Vez Z-component of the nozzle exit velocity
W
nozzle width
ξ
γ
ρ
δβ
θ1
θ2

injection-to-mainstream mass flow ratio
specific heat ratio (γ = 1.4 for air)
density
pitching angle
divergence angle
convergence angle
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(Wu et al. 2019).

INTRODUCTION

Deere (2003) and Deere et al. (2003) carried
through experimental and CFD analyses on TSTVC
and expounded that the highest systemic thrust ratio
of around 0.96 is available. Yagle et al. (2001) and
Mier et al. (1999) experimentally found that
measured vectoring angles are always lower than
those of the SWTVC. The DTNTVC resolves a few
shortcomings of the TSTVC and therefore is
particularly studied. It is worth highlighting that it
has larger jet deflections and systemic thrust
efficiencies without compromising the systemic
thrust ratio as well. The working principle of
DTNTVC is drawn in Fig. 3, where a convergentdivergent-convergent (C-D-C) nozzle configuration
with two geometric minimum throat areas is
utilized. A concave cavity, therefore, forms between
two minimum geometry throats. One asymmetric
injector is located at the upstream nozzle throat with
an adaptive setup angle (Note that: another injector
is necessary to achieve an opposite mainstream
deflection in realistic applications). Since the
secondary stream is injected at the upstream throat
asymmetrically, the flow separation appears and the
skew sonic-plane occurs, simultaneously.

Nowadays, the thrust vector control (TVC) quickly
develops as an advanced and efficient fluid control
technology, which supplies pitching, rolling, and
yawing momentums for supersonic and hypersonic
aircraft, as shown in Fig. 1 (Wu et al. 2020a). Fig. 2
shows the classification of the TVC, thereinto, one
is fluidic TVC (FTVC) and the other is mechanical
TVC (MTVC). The MTVC generally relies on
mobile jet vanes and nozzles to finish particular
flight paths (Fleeman 2006). Outstanding
superiority is its reliability, whereas many
mechanical components result in redundant
complexity and weight (Sutton and Biblarz 2001).
However, the FTVC implements the same control
effect within a much lower weight and cost (Das et
al. 2016). Wu et al. (2020a) declared that a
supersonic or hypersonic aircraft owing FTVC can
thoroughly gain the benefit of airfield or carrier
runway independence through vertical ascent and
landing.

During the past decade, some researchers finished
experimental and CFD work and offered some
worthy conclusions. Ferlauto and Marsilio (2009)
testified that the DTNTVC has a comprehensive
performance improvement than that of the TSTVC.
To better perform a variety of operating situations,
Deere et al. (2007) and Flamm et al. (2007)
computationally and experimentally examined the
impact of several nozzle design variables on the
internal performance of a conical DTNTVC, e.g.
divergence or convergence angle of the concave
cavity, scope of circumferential injection, and
cavity length. Wu and Kim (2019c), Bellandi and
Slippey (2009), and Shin et al. (2010) numerically
argued that NPR plays a critical role in a twodimensional (2-D) DTNTVC. Flamm et al. (2006)
experimentally and computationally studied the
impact of geometric structure variables in a threedimensional (3-D) rectangular DTNTVC system,
e.g. convergence or divergence angle of the cavity,
injector type, and cavity shape. They demonstrated
that the slot injector can obtain larger jet deflections
than a hole injector. Since the starting issues of
axisymmetric divergent dual-throat nozzles cause a
lot of thrust losses, Wang et al. (2017) devoted
themselves to studying both steady and unsteady
characteristics in this specific process. They
elucidated that the shock oscillation appears inside
the concave cavity under some high nozzle
expansion ratios and expounded the influences of
rounding radius of the nozzle throat and cavity
bottom, cavity convergence angle, cavity length on
its systematic performance. To pursue higher thrust
efficiencies, a new fluidic vectoring nozzle was
developed by adding a bypass, that is to say,
BDTNTVC. Gu et al. (2014; and Gu and Xu 2015)
carried through experimental and CFD work about
steady and unsteady features of the BDTNTVC and
clarified that it improves the thrust efficiency in
comparison to that of the DTNTVC. However, only

Fig. 1. Illustration of aircraft axes.
A few of fluidic vectoring concepts and principles
have been proposed and listed in Fig. 2, e.g., shock
wave TVC (SWTVC), bypass shock wave TVC
(BSWTVC), counterflowing TVC (COUTVC),
coflowing TVC (COTVC), throat shifting TVC
(TSTVC), dual throat nozzle TVC (DTNTVC), and
bypass dual throat nozzle TVC (BDTNTVC). Wu
and Kim (2019a; 2019b) and Wu et al. (2020c)
carried through theoretical and computational fluid
dynamics (CFD) work about steady features of the
SWTVC in a supersonic rectangular propulsion
nozzle and detailedly illuminated the impacts of
injection-to-mainstream momentum flux ratio,
injector location, and the length-to-width ratio of
the slot injection syringe. Deng and Kim (2015)
finished some CFD work concerning internal flow
characteristics of the BSWTVC and elucidated the
influences of nozzle pressure ratio (NPR) and
injection-to-mainstream mass flow ratio, separately.
Notwithstanding
SWTVC
and
BSWTVC
technologies can come true high vectoring angles,
induced oblique and bow shock waves affect the
systemic thrust ratio prominently (Wu and Kim
2019b; Deng and Kim 2015). Both COUTVC and
COTVC have gained much interest because of their
large jet deflections and less blowing or suction
mass flow (Heo and Sung 2012; Wu et al. 2020a;
Wu et al. 2020d; Kim et al. 2020; Wu et al. 2018).
Nevertheless, some tough issues still need to be
well addressed, specifically, the hysteresis impact
and the source of the blowing and suction streams
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Fig. 2. Classification of the TVC.

Fig. 3. Illustration of the DTN.

one control parameter, NPR, can be manipulated to
handle an effective vectoring control. Thus, the
flexibility and effectiveness of the BDTNTVC are
severely limited, which should be further resolved
to better adapt to engineering implementations
(Wang et al. 2019a).

only cavity structure but also pressure control needs
to be optimized. Very few investigations have been
carried through to expound the impacts of NPR and
injection-to-mainstream momentum flux ratio on
the spatial development of flow-field in a 3-D
rectangular DTNTVC system. As a result, it is
necessary to demonstrate their impacts on systemic
thrust performance. Finally, the influence of the
setup angle of the slot injection syringe on systemic
performance is elucidated to seek out the most
suitable scheme.

The motivations of the current study are summed up
herein: Firstly, supersonic rectangular nozzles have
prominent advantages in terms of stealth and
infrared characteristics. They have been used in
many real supersonic fighters, such as F-22 Raptor,
F-15S/MTD, and SU-27 Flanker. Wang et al.
(2019b) experimentally confirmed the real flow
features in the conical DTN are not fully
axisymmetric based on oil flow visualization
technology. It is not well demonstrated that if this
asymmetric flow characteristic would occur in a 3D rectangular DTN. As a consequence, a 3-D
rectangular DTNTVC is investigated here.
Secondly, earlier studies were concentrated on
different geometry parameters of the concave
cavity. To pursue the design goal of most efficient
control effectiveness in the preliminary stage, not

2.

DEFINITION
PARAMETERS

OF

ASSESSMENT

The pitching angle, δβ, is derived from the ratio of
thrust along the vertical direction (Y-direction) and
the horizontal direction (X-direction), as shown in
the following Eqs. (1-3).
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𝛿𝛽 = 𝑡𝑎𝑛−1 (𝐹𝑦 /𝐹𝑥 )

(1)

𝐹𝑥 = (𝑚0 + 𝑚𝑖 )𝑉𝑒𝑥 + (𝑃𝑒 − 𝑃𝑎𝑡𝑚 )𝐴𝑒

(2)
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Fig. 4. Dimensions of the DTN.

Fig. 5. Computational grid and boundary conditions (a) full-domain; (b) partial domain; (c) centerplane (Z = 0); (d) grid on the center-plane.

𝐹𝑦 = (𝑚0 + 𝑚𝑖 )𝑉𝑒𝑦

(3)

𝐹𝑧 = (𝑚0 + 𝑚𝑖 )𝑉𝑒𝑧

(4)

The systemic thrust ratio, Cs, is defined as the ratio
of realistic and ideal thrust, as shown in Eq. (6).

Where Fx, Fy, and Fz are horizontal, vertical, and
lateral components of the thrust. Vex, Vey, and Vez
are horizontal, vertical, and lateral components of
the exit velocity. 𝐴𝑒 denotes the exit area of the
DTN. mi and m0 represent mass flow rates of the
secondary stream and the mainstream, severally. Pe
is the weighted average pressure in the DTN exit
plane, and Patm represents the ambient pressure.

𝐶𝑠 =

(6)

𝐹𝑖

The ideal thrust, Fi, is made up of two portions that
are the ideal mainstream thrust, Fi,m, and the ideal
thrust of the secondary stream, Fi,s.
𝐹𝑖 = 𝐹𝑖,𝑚 + 𝐹𝑖,𝑠
𝐹𝑖,𝑚 = 𝑚0 √

The definition of the injection-to-mainstream mass
flow ratio, α, is given by the following Eq. (5).
𝛼 = 𝑚𝑖 /𝑚0

√𝐹𝑥 2 +𝐹𝑦 2 +𝐹𝑧 2

2𝛾𝑅𝑔 𝑇0
𝛾−1

2𝛾𝑅𝑔 𝑇0

𝐹𝑖,𝑠 = 𝑚𝑖 √

(5)
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(7)

𝛾−1

[1 − (

1

𝑁𝑃𝑅

[1 − (

1

𝐼𝑃𝑅

𝛾−1
𝛾

)

𝛾−1
𝛾

)

]

]

(8)
(9)
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The systemic thrust efficiency, Cr, is deduced from
the pitching angle and the injection-to-mainstream
mass flow ratio, as given in the following Eq. (10).
𝐶𝑟 =

|𝛿𝛽 |
(𝑚𝑖 /𝑚0 )∗100

3.2 Grid Independence Analysis
A grid independence analysis is executed among
three different grid systems. Fig. 6 shows static
pressure distributions along the center-plane of the
upper cavity wall for three grid systems. The grid
cells involve a coarse grid 1 of 1.036 million cells, a
medium grid 2 of 2.078 million cells, and a fine
grid 3 of 4.121 million cells. The result of grid 1
shows a certain differential in comparison to the
other two grids. Static pressure distributions of grid
2 and grid 3 are very close. Further, a grid
convergence index mentioned by Roache (1994) is
calculated. Three grids have a refinement ratio r of
2 inside this concave cavity. The maximum
pressure ratio is chosen as the convergence
parameter, in which three maximum pressure ratios
are 0.74892 (f1), 0.75892 (f2), and 0.76453 (f3).

(10)

The injection-to-mainstream momentum flux ratio,
J, is formulated in Eq. (11).
𝐽=

𝜌𝑖 𝑢𝑖2

2
𝜌𝑚 𝑢𝑚

3.

=

𝛾𝑖 𝑝𝑖 𝑀𝑖2

2
𝛾𝑚 𝑝𝑚 𝑀𝑚

(11)

NUMERICAL PROCEDURE

3.1 Numerical Setup
Fig. 4 displays the current DTN geometry, which is
referred to previous experimental work of Flamm et
al. (2006). Downstream and upstream nozzle throat
heights are the same, in which Hdt = Hut = 0.0292
m. The length of the concave cavity is Lc = 0.0762
m, and its width is W = 0.1016 m. The divergence
and convergence angles of the concave cavity are
θ1 = 10° and θ2 = 20°. The slot injection syringe is
situated at the bottom of the upstream nozzle throat.
The width of the slot injection syringe is D = 0.0005
m, the length is L = 0.1016 m, and the setup angle is
λ = 120°.
Fig. 5 shows a full computational field and
necessary boundary conditions. The field has a size
of 28Hut×14Hut×7Hut along with horizontal,
vertical, and lateral directions. Structured grids are
used to catch the 3-D flow-field features precisely.
The mesh refinement is carried through in the
neighborhood of the upstream and downstream
nozzle throats and the divergence-convergence (DC) junction of the concave cavity, as shown in Fig.
5(d). Concerning the viscous effect, the boundary
layer grids are made along with nozzle surfaces.
The maximum value of wall y+ is 0.95. The
pressure inlet boundary condition is adopted for
both entrances of the nozzle and the slot injection
syringe. All nozzle and slot injection syringe
surfaces are assumed as adiabatic walls. Other exit
boundaries are taken as the pressure outlet
boundary.

Fig. 6. Static pressures along the center-plane of
the upper cavity wall for three grid systems.
The order of accuracy, q, is given by the following
Eq. (12).
𝑓 −𝑓2

𝑞 = 𝑙𝑛 ( 1

𝑓2 −𝑓3

) /𝑙𝑛(𝑟) = 0.83824893

(12)

A safety factor Fs of 1.25 is utilized here (Wu et al.
2020b).
𝐺𝐶𝐼12 =

All current CFD work is finished in the software of
Fluent that is good at calculating incompressible
and compressible flows based on pressure-based
and density-based solvers (Lin et al. 2020; Tao et al.
2020; Wang et al. 2019a; Wang et al. 2019b). By
referring to earlier references (Deng and Kim 2015;
Vignesh et al. 2016; Vignesh et al. 2019; Wu and
Kim 2019a; Raman et al. 2020; Wu et al. 2020a),
the density-based solver is fixed for issues of
compressible flow. The implicit formulation is used
to address the equation system. The working fluid is
an ideal gas and the gas viscosity is addressed with
the law of Sutherland. The AUSM is chosen to
solve conservation equations. The spatial
discretization gradient uses the least square cellbased methodology with the specific scheme of the
second-order upwind.

𝐺𝐶𝐼23 =

𝑓2 −𝑓1
|
𝑓2
𝑞
𝑟 −1

∗ 100% = 2.090521348%

(13)

𝑓3 −𝑓2
|
𝑓3
𝑟 𝑞 −1

∗ 100% = 1.164176784%

(14)

𝐹𝑠 |

𝐹𝑠 |

As a result,
𝐺𝐶𝐼12
𝑟 𝑞 ∙𝐺𝐶𝐼23

= 1.004378947 ≈ 1

(15)

A nice solution is testified in the asymptotic range
of convergence. As a result, grid 2 is the best option
to run the current CFD work.

4.

RESULTS AND DISCUSSION

4.1 Validation
The validation of the numerical manner is done
against the existing experimental data from Flamm
et al. (2006). The dimensions of the experimental
nozzle are the same as the geometry used in the
current CFD work, where Hut = Hdt = 0.0292 m,
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Lc = 0.0762 m, W = 0.1016 m, θ1 = 10°, and θ2 =
20°. Concerning the slot injector, its geometry
dimensions are D = 0.0005 m and L = 0.1016 m.
The setup angle of the slot injector is λ = 150°.
Operating conditions are given as follows:
Stagnation pressures of the secondary stream and
the mainstream are 607950 Pa and 405300 Pa,
severally. The standard ambient pressure is kept
constant at 101325 Pa. The stagnation temperature
is 297.04 K. Wang et al. (2019b) validated their
CFD work using the shear stress transport k-omega
(SST k-ω), Realizable k-epsilon (k-ε), and SpalartAllmaras turbulence models and reported that the
SST k-ω turbulence model shows the best
consistency to match the experimental result.
Consequently, the SST k-ω turbulence model is
decided to verify the current CFD result. In Fig. 7,
the static pressure along the center-plane of the
upper cavity wall is compared with experimentally
measured data, in which it has a nice match. In
consequence, the SST k-ω turbulence model is
chosen.

to cause the largest pitching angle. Nevertheless, for
NPR = 3, these vortices are more concentrated
toward the central plane.

Fig. 8. Pitching angles and injection-tomainstream mass flow ratios for various levels of
NPR.
Mach contours on the center-plane are portrayed in
Fig. 10 for diverse levels of NPR. By referring to
the skewed sonic-line, the degree of the mainstream
deflection next to the DTN exit declines with an
increasing NPR. Furthermore, the flow expansion
outside the DTN exit transits from an overexpanded jet to an under-expanded jet. At the
upstream nozzle throat, the enclosed sonic-line
region takes up the entire concave cavity for NPR =
2. As the NPR enlarges, the enclosed sonic-line
zone diminishes gradually due to the reduction of
induced shocks. Fig. 11 shows the streaklines on the
center-plane for diverse levels of NPR. The scale of
the vortex region diminishes with an increasing
NPR, resulting in a decay of the squeeze effect. In
consequence, the extent of jet deflection weakens.

Fig. 7. Comparison of static pressures along the
center-plane of the upper cavity wall (CFD vs.
experiment).

Systemic thrust ratios and systemic thrust
efficiencies for diverse values of NPR are shown in
Fig. 12. Systemic thrust ratio and thrust efficiency
increase along with the increment of the NPR. The
increasing thrust ratio is owing to the diminishing
supersonic region in the concave cavity. Fewer
inducted shocks form in this supersonic region,
leading to fewer thrust losses. The increasing thrust
efficiency is due to a faster decrement of the
injection-to-mainstream mass flow rate in
comparison to the decrement of the vectoring angle.

4.2 Impact of Nozzle Pressure Ratio
The investigation of the DTNTVC performance for
diverse NPR values needs to be carried through,
which is of important significance since it may lead
to an over-expanded or under-expanded jet. For
increment in the NPR from 2 to 5, an invariant
injection pressure ratio (IPR) of 7.6 is used.

The Mach contours on various X/L planes are
shown in Fig. 13 for diverse levels of NPR. At X/L
= -0.25, the subsonic flow is obtained because it is
in the convergent part of the C-D nozzle. Since the
mainstream momentum increases with an increasing
NPR, the flow on this plane accelerates. On the
plane of the upstream nozzle throat (X/L = 0), the
supersonic flow is observed at the top and bottom
positions, severally. Moreover, the area of the
bottom supersonic region diminishes with an
increasing NPR. Comprehensive comparisons on
different sections of X/L = 0.25, 0.5, and 0.67
indicate remarkable variations on the vortex region.
For NPR = 3, the vortices are more intensive close
to the center-plane, as previously explained in Fig.

Fig. 8 depicts pitching angles and injection-tomainstream mass flow ratios for diverse levels of
NPR. The pitching angle declines along with an
increasing NPR. To be specific, the pitching angle
apace decreases for NPR < 3, whereas it tardily
decays for NPR > 3. The injection-to-mainstream
mass flow ratio quickly decays along with an
increasing NPR. Fig. 9 presents 3-D streaklines for
diverse values of NPR. All vortices are located at
the cavity bottom. The development of these
vortices that are limited by side-walls covers the
full lateral direction. Moreover, these vortex
structures are more similar for NPR = 2, 4, and 5.
For NPR = 2, the volume of the vortex region is the
largest. As a result, the squeeze effectiveness of
these vortices acting on the mainstream is strongest
78
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Fig. 9. 3-D streaklines for diverse values of NPR (a) NPR = 2; (b) NPR = 3; (c) NPR = 4; (d) NPR = 5.

Fig. 10. Mach contours on the center-plane for different values of NPR (a) NPR = 2; (b) NPR = 3; (c)
NPR = 4; (d) NPR = 5.

9. The supersonic region above the vortex zone
diminishes along with the increasing NPR because
of the diminishing induced shock. At the DTN exit
(X/L = 1), the area of the supersonic region initially
increases then reduces along with an increasing
NPR. Besides, one can see that the 3-D flow-field is
asymmetric using the center-plane as the basic

reference. It is owing to the impacts of the subsonic
vortices that have 3-D direction inconstancy and
randomness. In consequence, a half domain with the
symmetry boundary can not predict entire flowfield features precisely. The full domain is
necessary to catch the 3-D rectangular DTNTVC
flow-field characteristics.
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Fig. 13. Mach contours on various X/L planes for
diverse levels of NPR (a) NPR = 2; (b) NPR = 3;
(c) NPR = 4; (d) NPR = 5.

4.3 Impact of the Injection-to-Mainstream
Momentum Flux Ratio
The internal flow of DTN is investigated for diverse
injection-to-mainstream momentum flux ratios at
NPR = 4. The control of the injection-tomainstream momentum flux ratio is carried out by
changing the injector pressure. Six different
injection-to-mainstream momentum flux ratios are
examined.
Fig. 14 shows the 3-D streaklines for diverse
injection-to-mainstream momentum flux ratios. As
different high-pressure secondary streams discharge
from the slot exit, they start to squeeze and compel
the mainstream to redirect and move downstream
toward the upper divergent part of the concave
cavity. The flow separation region that a series of
vortices are rolled up occurs at the cavity bottom,
owing to the powerful mainstream entrainment.
Compare these six figures and you will see that the
vortex occurs and develops along the full lateral
direction, whereas it has to be limited by the sidewalls. Its volume gradually enlarges with an
increasing injection-to-mainstream momentum flux
ratio. Consequently, the squeeze effect of the vortex
acting on the mainstream becomes more severe and
further deepens the degree of mainstream
deflection.

Fig. 11. Streaklines on the center-plane for
diverse values of NPR (a) NPR = 2; (b) NPR = 3;
(c) NPR = 4; (d) NPR = 5.

Fig. 15 shows pitching angles for diverse injectionto-mainstream momentum flux ratios. The pitching
angle keeps increasing along with an increment of
the injection-to-mainstream momentum flux ratio.
At J < 2.41, the pitching angle quickly enlarges with
an increasing injection-to-mainstream momentum
flux ratio. For J > 2.41, although the pitching angle
still enlarges along with an increasing injection-tomainstream momentum flux ratio, its growth rate
decays. It is affected by the choking condition of
the slot. While the slot does not choke, the fast
increase of the mass flow rate of the secondary
stream results in the quick growth of the vectoring

Fig. 12. Systemic thrust ratios and thrust
efficiencies for diverse levels of NPR.
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Fig. 14. 3-D streaklines for different injection-to-mainstream momentum flux ratios (a) J = 0.43; (b) J =
0.98; (c) J = 1.58; (d) J = 2.01; (e) J = 2.41; (f) J = 2.76.

angle. At J >= 2.41, the slot injector is choked.
Either injection-to-mainstream momentum flux
ratio or pitching angle enlarges slowly.

between the high-pressure secondary stream and the
mainstream. Fig. 17 depicts the streaklines on the
center-plane for diverse injection-to-mainstream
momentum flux ratios. A set of vortices form at the
bottom of the concave cavity due to the strong
mainstream entrainment. As the injection-tomainstream momentum flux ratio enlarges, the scale
of the vortex region enlarges. Then, the squeeze
effect of these vortices on the mainstream enhances.

Fig. 16 shows Mach contours on the center-plane
for diverse injection-to-mainstream momentum flux
ratios (Noting: the sonic-line is marked with the
black dash-dot line). When the injection-tomainstream momentum flux ratio enlarges, the
skewed degree of sonic-line at the downstream
throat of DTN deepens. Near the upstream throat,
the enclosed sonic-line zone continuously enlarges
with
an
increasing
injection-to-mainstream
momentum flux ratio. At J = 0.43 and 0.98, a small
supersonic region appears next to the upper junction
part of the convergent-divergent nozzle. As the
injection-to-mainstream momentum flux ratio is J =
1.58, the area of the small supersonic region
enlarges but also one more tiny supersonic zone is
observed near the slot exit. When the injection-tomainstream momentum flux ratio reaches J = 2.01,
the above two independent supersonic regions
merge into a larger supersonic region. For J > 2.01,
the area of this larger supersonic zone continuously
enlarges. All these above supersonic regions contain
various induced shocks owing to the interactions

Fig. 15. Pitching angles for diverse injection-tomainstream momentum flux ratios.

81

K. X. Wu et al. / JAFM, Vol. 14, No. 1, pp. 73-87, 2021.
cavity bottom can be distinguished. The volume of
the whole vortex region gradually enlarges with an
increasing injection-to-mainstream momentum flux
ratio. Concerning the exit plane of DTN (X/L = 1),
the area of the supersonic zone enlarges along with
an enlarging injection-to-mainstream momentum
flux ratio.

4.4
Impact of the Setup Angle of the Slot
Injector
Seven angles of the slot injection syringe are
considered, involving 30°, 45°, 60°, 90°, 120°,
135°, and 150°, as shown in Fig. 20. All present
CFD work is performed for NPR = 4 and IPR = 7.6.
The 3-D streaklines in the DTN flow-field are
depicted in Fig. 21 for diverse setup angles of the
slot injector. For λ < 120°, the volume of these
vortices enlarges along with an enlarging setup
angle of the slot injector. For λ > 120°, its volume
diminishes. Fig. 22 shows Mach contours on the
center-plane for diverse setup angles of the slot
injector. The sonic-line skewing enlarges along with
an increasing setup angle for λ < 120°, whereas it
starts to decline for λ > 120°. At the neighborhood
of the upstream throat, the enclosed sonic-line
region enlarges along with an increasing setup angle
of the slot injector at λ < 120°; however, its area
diminishes with a further increase of the setup
angle. When the setup angle is less than 60°, two
independent supersonic regions with small areas
appear next to the upper junction of the
conventional C-D nozzle and the slot exit. While
the setup angle exceeds 60°, these two small
independent supersonic regions merge into a larger
supersonic zone.

Fig. 16. Mach contours on the center-plane for
different injection-to-mainstream momentum
flux ratios (a) J = 0.43; (b) J = 0.98; (c) J = 1.58;
(d) J = 2.01; (e) J = 2.41; (f) J = 2.76.
Fig. 18 depicts systemic thrust ratios and thrust
efficiencies for diverse injection-to-mainstream
momentum flux ratios. Both systemic thrust ratio
and thrust efficiency decline along with an
increasing injection-to-mainstream momentum flux
ratio. The declining systemic thrust ratio is due to
the expanded sonic-line zone in the concave cavity.
More induced shocks form in this zone resulting in
more thrust losses. The decreasing thrust efficiency
is mainly affected by the injection-to-mainstream
mass flow ratio.

Fig. 23 depicts pitching angles under diverse setup
angles of the slot injector. The pitching angle
rapidly increases along with the rise of the setup
angle at λ < 120°, due to the enhanced squeeze
effect of the enlarged vortex region. At λ > 120°,
the pitching angle slowly declines along with an
increment of the setup angle. Fig. 24 presents the
streaklines on the center-plane for diverse setup
angles of the slot injection syringe. As the setup
angle of the slot injector is less than 120°, the scale
of the vortex region enlarges along with an
increment of the setup angle. When the setup angle
exceeds 120°, the size of the vortex zone slightly
diminishes along with the increasing setup angle in
comparison to that of λ = 120°.

Fig. 19 presents the Mach contours on six different
X/L planes (X/L = -0.25, 0, 0.25, 0.5, 0.67, and 1)
for diverse injection-to-mainstream momentum flux
ratios. The 3-D flow asymmetrically develops
utilizing the center-plane as the basic reference. On
the plane of X/L = -0.25, the fluid is subsonic. As
the injection-to-mainstream momentum flux ratio
increases, the size of the lower Mach number region
enlarges. Because the stronger secondary stream has
a larger deceleration effect on the upstream
subsonic flow. At the location of the upstream
throat (X/L = 0), the supersonic flow region appears
on this plane. For J = 0.43, the supersonic flow
region only occurs on the top portion, owing to the
occurrence of induced shocks. For J > = 0.98, one
more supersonic region appears next to the slot exit.
According to three planes of X/L = 0.25, 0.5, and
0.67, the shape and scale of the vortex zone at the

Fig. 25 shows the systemic thrust ratios and thrust
efficiencies under diverse setup angles of the slot
injection syringe. The systemic thrust ratio quickly
decays along with an increment of the setup angle at
λ < 120°. Because more induced shock waves cause
higher thrust losses. The systemic thrust ratio
decays and arrives at the lowest level at λ = 120°,
then it follows the increase of the setup angle.
Although the pitching angle declines for λ > 120°
compared to that of λ = 120°, a fast decrease of the
mass flow rate of the secondary flow plays the main
role to lead to the faster increment of the systemic
thrust efficiency.

82

K. X. Wu et al. / JAFM, Vol. 14, No. 1, pp. 73-87, 2021.

Fig. 18. Systemic thrust ratios and thrust
efficiencies for diverse injection-to-mainstream
momentum flux ratios.

Fig. 19. Mach contours on different X/L planes
for diverse injection-to-mainstream momentum
flux ratios (a) J = 0.43; (b) J = 0.98; (c) J = 1.58;
(d) J = 2.01; (e) J = 2.41; (f) J = 2.76.

Fig. 17. Streaklines on the center-plane for
diverse injection-to-mainstream momentum flux
ratios (a) J = 0.43; (b) J = 0.98; (c) J = 1.58; (d) J
= 2.01; (e) J = 2.41; (f) J = 2.76.

Fig. 20. Sketch for different setup angles of the
slot injector (a) λ = 30°; (b) λ = 45°; (c) λ = 60°;
(d) λ = 90°; (e) λ = 120°; (f) λ = 135°; (g) λ = 150°.
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Fig. 21. 3-D streaklines for diverse setup angles
of the slot injector (a) λ = 30°; (b) λ = 45°; (c) λ =
60°; (d) λ = 90°; (e) λ = 120°; (f) λ = 135°; (g) λ =
150°.

Fig. 22. Mach number contours on the centerplane for different setup angles of the slot
injector (a) λ = 30°; (b) λ = 45°; (c) λ = 60°; (d) λ
= 90°; (e) λ = 120°; (f) λ = 135°; (g) λ = 150°.

The Mach contours on six different X/L planes are
exhibited in Fig. 26 for diverse setup angles of the
slot injector. On the plane of X/L = -0.25, the
subsonic flow is observed. At the upstream throat of
the DTN (X/L = 0), the supersonic flow region
appears next to the upper junction part of the C-D
nozzle due to the occurrence of the induced shock.
According to three sections of X/L = 0.25, 0.5, and
0.67, the volume of the whole vortex region
gradually enlarges with the increasing setup angle
under the case of λ < 120°, as well as the area of the
supersonic region above the vortex zone. For λ >
120°, one can see that the volume of the vortex
region diminishes slightly. About the nozzle exit
plane (X/L = 1), the area of the supersonic region
initially enlarges along with the increment of the
setup angle for λ < 120°, then declines for λ > 120°.
Meanwhile, the asymmetric flow properties in the
cavity are proven for diverse setup angles of the slot
injector.

Fig. 23. Pitching angles for diverse setup angles
of the slot injector.
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Fig. 25. Systemic thrust ratios and thrust
efficiencies for diverse setup angles of the slot
injector.

Fig. 26. Mach contours on various X/L planes for
different setup angles of the slot injector (a) λ =
30°; (b) λ = 45°; (c) λ = 60°; (d) λ = 90°; (e) λ =
120°; (f) λ = 135°; (g) λ = 150°.

5.
Fig. 24. Streaklines on the center-plane for
different setup angles of the slot injector (a) λ =
30°; (b) λ = 45°; (c) λ = 60°; (d) λ = 90°; (e) λ =
120°; (f) λ = 135°; (g) λ = 150°.

CONCLUSION

In a typical 3-D rectangular DTNTVC
configuration, a set of parametric studies are carried
through. The impacts of NPR, injection-tomainstream momentum flux ratio, and setup angle
of the slot injection syringe are demonstrated. The
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feasibility of the current CFD work has been
testified against existing experimental data.
Excellent consistency is obtained. The main
conclusions are summarized as follows.
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necessary to catch the flow-field characteristics
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In
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Under the circumstance of an invariant IPR level,
the pitching angle keeps decreasing along with an
increasing NPR. Systemic thrust ratio and thrust
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larger pitching angles and higher systemic thrust
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sacrifice of the systemic thrust ratio. Consequently,
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