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Abstract: Fluid thrust vectoring (FTV) control has obvious advantages in structural quality and
stealth performance because of its fast response and light weight. However, improving FTV vector
performance will cause a loss in engine performance due to the need to draw airflow from the engine.
In order to alleviate the above problems and further improve the vector performance of FTV, a nozzle
combined with throat skewing and shock vector control is proposed, and the secondary flow of
the nozzle comes from the throat and is injected into the nozzle divergence section. The numerical
results indicate that compared with the original configuration, the vector angle and vector efficiency
of the new configuration are more linear with the nozzle pressure ratio (NPR), and the vector angle
and vector efficiency are improved by 163% and 218%, respectively, while experiencing a maximum
reduction in the thrust coefficient of 1.4%. Compared with the only bypass-type shock vector nozzle,
the new configuration utilizes the diversion of the two jets to eliminate the reattachment of the
separation bubble after the jet and its resulting abrupt change in vector performance, improving
the performance while having good control characteristics. Additionally, a sensitivity analysis of
the spacing between two jets is also carried out. The spacing between two jets should be increased
to make the flow pass through two weaker shock waves to improve the vector performance while
ensuring that the separation after the jet is no longer attached.

Keywords: fluidic thrust vectoring; shock vector control nozzle; bypass nozzle; flow control; jet flow

1. Introduction

Thrust vectoring technology has become one of the key technologies for advanced
fighter aircraft as a means to significantly improve the maneuverability, agility, and surviv-
ability of the vehicle [1,2]. Currently, mechanical thrust vectoring is the prevalent method,
which has been successfully applied to the F22 and SU35. However, this technology in-
creases both the weight and maintenance costs of the aircraft. Critically, the seams inherent
in mechanical devices adversely affect the stealth capabilities of these vehicles [1,3].

The fluidic thrust vectoring (FTV) method deflects the primary flow by secondary
flow and primary flow interference and is considered a highly promising control method
because of its fast response, light weight, and stealth performance [3-5]. NASA [6] first
conducted research on the use of FTV for aviation and developed four control methods such
as shock vector control (SVC), co-flow control, counter-flow control, and throat skewing or
the double throat nozzle (DTN). The fluidic oscillators [7] can be regarded as another kind
of FTV that has not been applied. Figure 1 shows a schematic diagram of the typical FTV
methods. The DTN achieves a higher vector angle and thrust coefficient, but the control
at the throat results in a smaller discharge coefficient for the nozzle. A large number of
experimental and numerical studies have been carried out for the DTN method, and an
in-depth understanding of its characteristics has been obtained. However, when the nozzle
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changes from a convergent nozzle to a convergent-divergent nozzle and the NPR increases,
the performance of the DTN decreases significantly [8-13]. The counter-flow [1,14] method
has excellent performance in terms of the thrust coefficient, vector angle, and discharge
coefficient. However, how to arrange the negative pressure source reasonably in the engine
is a problem that needs to be solved. Otherwise, the counter-flow method has to face the
risk of blocking the secondary flow orifice. In addition, for the co-flow and the counter-flow
methods, the convex-curved surfaces, namely Coanda surfaces, are usually extended on
the upper and lower surfaces behind the nozzle outlet. These surfaces facilitate airflow
adherence due to the Coanda effect, and the maximum deflection angle of airflow attached
to the wall is related to the curvature of the Coanda surface. However, the presence of
Coanda surfaces introduces significant bi-stability [5] and hysteresis issues [15,16], which
are detrimental to flight control.

Local suction Secondary jet
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(c) Shock vector control (d) Double throat nozzle
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Figure 1. Sketch of different FTV methods. (a) Counter-flow, (b) Co-flow, (c¢) Shock vector control,
(d) Double throat nozzle [5].

Due to its straightforward installation and implementation, the shock vector control
(SVC) method is readily applicable in engineering practice [17]. This method involves
injecting the high-pressure secondary flow into the nozzle’s divergence section, which
interferes with the primary flow to form a shock wave. This interaction, combined with the
entrainment effects of the secondary flow and the shock wave, generates counter-rotating
separation bubbles in front of the secondary flow, leading to a pressure differential across
the upper and lower surfaces of the nozzle. The primary flow then deflects through this
shock wave, altering the vector angle and enhancing vector thrust. The effects of the NPR,
secondary pressure ratio (SPR), and geometrical parameters on the performance of the SVC
nozzle have been explored by a series of experiments and numerical studies [18-27]. The
vector angle of an SVC nozzle increases monotonously in the absence of shock reflection
within the nozzle or when the reflected shock does not strike the opposite wall. Conversely,
as the intensity of the shock wave increases, there is a rise in flow loss within the nozzle,
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resulting in a reduction in the thrust coefficient. Increasing the SPR also leads to an increase
in the separation range before the jet, which further increases the vector angle. However,
indiscriminately increasing the SPR can induce shock reflection within the nozzle and
raise the secondary flow rate, imposing more stringent demands on the engine. The
NPR is another aerodynamic parameter that mainly affects the performance of the SVC
nozzle, and it determines the expansion state of the nozzle (the momentum of the primary
flow). Because of its working principle, the SVC nozzle has a remarkable effect in the
over-expansion state. With an increase in the NPR, the primary flow momentum increases,
the range and intensity of the high-pressure zone before the secondary flow decrease, and
the separation and reattachment even occur after the secondary flow, which leads to a
decrease in the thrust vector angle of the nozzle, but the thrust coefficient increases. The
jet’s position and jet angle are the key geometric parameters [25-27]. The jet near the nozzle
outlet and opposite to the primary flow is helpful in improving the vector performance of
the SVC nozzle with less thrust loss [27].

No matter which control method is used, the secondary flow mainly comes from the
compressor of the engine, and the increase in the secondary flow rate not only increases the
vector angle but also reduces the performance of the engine. In order to alleviate or even
eliminate the engine performance degradation caused by the secondary flow, researchers
proposed bypassing the DTN [28-30], bypassing the SVC method [31-33], and other new
methods [34]. Combined with the previous ideas, we propose an enhanced shock vector
control nozzle (ESVC), which has the characteristics of both throat skewing and the SVC
method. The primary flow of this nozzle is led out from the throat and injected into
the divergence section, and can be used alone or together with the secondary flow from
the compressor to control the vector performance of the SVC nozzle. The ESVC further
improves the vector performance of the SVC without increasing the bleed flow from the
engine. In the remaining part, firstly, the numerical method is introduced and verified.
Secondly, the design concept and specific geometric parameters of the ESVC are explained.
Finally, the vector performance of the ESVC in different states and different geometric
parameters is studied and compared with the original SVC (OSVC), and its advantages
are analyzed.

2. Numerical Method
2.1. Flow Solver

The simulations were conducted using the in-house solver PMB3D, a Reynolds-
averaged thin-layer Navier-Stokes (RANS) flow solver designed for multi-block structured
grids. This solver addresses the time-independent RANS equations, employing a cell-
centered finite volume approach on multi-block structured grids. The inviscid fluxes within
the RANS framework can be calculated using either van Leer or Roe’s schemes; for the
purposes of this paper, Roe’s scheme is selected. The monotone upstream-central scheme
for conservation laws (MUSCL) interpolation method ensures second-order accuracy, while
viscous fluxes are handled through second-order central differencing. An implicit approach,
specifically the lower—upper symmetric Gauss—Seidel (LU-SGS) method, facilitates time
advancement. To enhance convergence, techniques such as the multigrid method and grid
sequencing are implemented. The turbulence modeling is comprehensive, incorporating
the one-equation Spalart-Allmaras (SA) model, the two-equation shear stress transport
(SST) model, and their modified counterparts (SA-RC, SST-RC, et al.). PMB3D has been
successfully applied to a variety of problems, including internal flow [35], wing flow [36],
and missile launches [37], consistently yielding favorable outcomes.

2.2. Governing Equations

The governing equations in this paper are the RANS equations. These equations
include the conservation of mass, momentum, and energy, as given by Equations (1)-(3)

= T 3= (oui) =0 1)
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where p represents the fluid density, and u, p, T and u represent the mean velocity, pressure,
temperature, and the dynamic viscosity, respectively. For the energy Equation (3), E
represents the specific internal energy and kr represents the thermal conductivity. The
—pu] u;- denotes Reynolds stress, which must be solved by the turbulence model. The air
is assumed as an ideal gas with a specific heat ratio < of 1.4 and satisfies the ideal state
equation as follows:

p = pRT (4)

where R = 287.058] /kg-K is the gas constant. The selection of the SST turbulence model is
justified by its great performance in flows, characterized by the shock-induced boundary
layer separation, as observed in the SVC nozzle. Consequently, the SST model, as delineated
in Equations (5) and (6), is employed to close the RANS equations.

d(pok a( M'k) d ok
9pk) + P ] - p* pwk+ — (y+0k14t) 5)
ot ox; Xj
dpw) dpujw) ] a w2 Ok dw

where k, w, y; are the turbulence kinetic energy, the specific dissipation rate, and the
turbulence viscosity, respectively. For the detailed introduction of the SST model, along
with the comprehensive definitions and values of each parameter, readers are directed to
reference [38]. The parameters of the SST model employed in this study are consistent with
those outlined in the aforementioned literature. Owing to the full turbulence calculations,
a turbulence level of 1% is maintained across all the simulations presented in this paper.

2.3. Definitions of Nozzle Performance Parameters

The common parameters used to evaluate the performance of FTV nozzles are as
follows: thrust coefficient, pitch vector angle, yaw vector angle, pitch thrust vector efficiency,
and yaw vector efficiency. In this paper, a two-dimensional nozzle is studied, so both the
vector angle and the vector efficiency are considered in the pitch direction only. The
parameters and the required variables are defined as follows.

The isentropic thrusts of the primary flow and secondary flow are defined as follows:

1
1 2
Fi,m:wmx 1/'371? |:<1—NPR ) XTt,m:|
1
-1 2
Fis = ws X 4/ ,2;{1% X { |:1 — (NPR x SPR)W’V:| X Tt,s}

where NPR and SPR denote the ratio of the total pressure of the primary flow to the
ambient pressure of the nozzle and the ratio of the total pressure of the secondary flow to
the total pressure of the primary flow, respectively. The w,;, and ws denote the primary and
secondary flow mass flow rates, respectively. T;,, and T; s denote the total temperature of
the primary and secondary flows.

The actual thrust is calculated as the sum of the momentum force and pressure force:

)

F=) [(pVAA)-V+ (p — peo)-DA] (8)
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where AA, p, p, V, and p, denote the nozzle outlet area, nozzle outlet pressure, density,
velocity, and ambient pressure, respectively.

The thrust coefficient is defined as the ratio of actual thrust to the sum of the isentropic
thrust of the primary flow and secondary flow:

Cfg = |F|/(Pi,m + Fi,s) )

The vector angle in the pitch direction is the ratio of the normal force to the axial force
at the nozzle outlet. In this paper, the vertical downward direction is the positive direction
of the vector angle:

0y = arctan(F,/Fy) (10)

The vector efficiency represents the vector angle caused by a 1% secondary flow rate:

op

= 700 ].1
100 X ws/ wy & (11)

My
In the vector angle and vector efficiency, the subscript p denotes the pitch direction.

2.4. Computational Domain and Boundary Conditions

A two-dimensional SVC nozzle [19] designed by the NASA Langly Research Center
(OSVQ) is used as a validation example to confirm the solver’s accuracy. The nozzle
length is 115.57 mm, the throat height is 27.48 mm, the distance from the nozzle inlet
to the throat is 57.785 mm, the midpoint of the jet slot is 104.14 mm from the nozzle
inlet, the jet slot width is 2.032 mm, and the nozzle inlet and outlet heights are 70.4 mm
and 49.378 mm, respectively. The nozzle convergence and divergence angles are 27.29°
and 11.01°, respectively. The secondary flow injection slot is perpendicular to the nozzle
divergence section, and the specific geometry is shown in Figure 2. The design NPR is 8.78.

115.57

i . 5:2.
ﬁ: m

Figure 2. Geometry of OSVC.

The grid and boundary conditions are shown in Figure 3. To ensure y* < 1, the first
grid distance is 1 x 10~® m. Starting from the midpoint of the nozzle outlet, 60 times and
80 times the nozzle throat height is extended upstream and downstream, respectively, and
60 times the outlet height is extended upward and downward as the boundary. The grid
number is increased at the throat and secondary flow areas. The nozzle inlet and secondary
inflow slots are given pressure inlet boundary conditions, Riemann invariant boundary
conditions on all four sides, no-slip boundary conditions on the nozzle wall, and symmetric
boundary conditions on the rest. To facilitate the solution of the three-dimensional Navier—
Stokes equations, the grid is extended by one layer in the spanwise direction, with all
extended areas assigned symmetric boundary conditions. For the pressure inlet conditions,
the total temperatures for the primary and secondary flows are set at 300 K, with an ambient
pressure of 101,325 Pa.
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Figure 3. Grid and boundary conditions.

2.5. Grid Independence Analysis

The OSVC experiment was conducted in the Jet Exit Facility of the 16-foot transonic
tunnel at the NASA Langley Research Center. During the test, the environmental condition
was static on the ground, and the airflow within the nozzle was characterized by a cold
state, with a total temperature of 300 K. The thrust coefficient and vector angle of the SVC
nozzle under different NPRs and SPRs were obtained. In this section, the NPR = 4.6 and a
secondary flow ratio of 4% are selected as the state of the experiment for verification.

Three sets of coarse, medium, and fine grades are generated, corresponding to a grid of
70,000, 150,000, and 280,000. To align as closely as possible with the experimental conditions
of the stationary incoming flow and to ensure computational convergence, the freestream
Mach number is set at 0.05, the total temperatures for both primary and secondary flows
are maintained at 300 K, and the NPR is fixed at 4.6. The SPR is adjusted to match the
experimental secondary flow ratio of 4%, resulting in a calculated SPR of 0.55. The nozzle
vector performance, as determined by different grid numbers, is presented in Table 1. It is
important to note that the experimental results only provide the value of the vector angle
but not the value of the thrust coefficient. Therefore, the thrust coefficient is compared with
the elSA calculation results of ONERA [39,40]. With the increase in grid size, the thrust
coefficient and vector angle calculated in this paper tend to be convergent. The thrust
coefficient closely matched the elSA calculated results, while the vector angle was slightly
larger than the experimental value.

Table 1. Nozzle performance in different grids.

Cre 8p ©)
coarse 0.975 7.0
medium 0.972 7.42
fine 0.971 7.46
Exp 0.969 7.0

The comparison between the calculated and experimental pressure distributions across
different grid densities is presented in Figure 4. The dimensionless pressure distribution
p/ pt is dimensionless using the nozzle inlet total pressure p;, and the dimensionless cross
coordinates x/x; are dimensionless using the nozzle throat cross coordinates x;. When
the grid size is increased, the shock position obtained by the CFD is more consistent with
the experimental data, the pressure rise behind the shock is steeper, and the predicted
separation zone size is closer to the experimental data. In the prediction of peak pressure,
the medium and fine grids are almost identical but still slightly lower than the experimental
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value. The RANS method is limited in its ability to capture the unsteady turbulent motion
within the free shear layer, which results in an inaccurate prediction of Reynolds stress.
This limitation also impacts the accuracy of the predictions regarding the size and intensity
of the separation bubble [40].

[ EXP UP

09F ——— Coarse
- = = = Medium

e — Fine

o
o
T

0.4

0.3

0.2

| LR RS LS R

0.1

Figure 4. Comparison of pressure distribution on OSVC upper surface.

The schlieren comparison between the calculation and experiment is shown in Figure 5.
When the NPR = 4.6 and the secondary flow ratio is 4%, the nozzle is over-expanded. When
the jet is introduced into the upper surface of the nozzle, the flow becomes obstructed.
Influenced by shock-boundary layer interference and jet entrainment effects, counter-
rotating vortex pairs emerge in front of the jet. Both the separated shock wave and the
jet-induced shock wave together form a A shock-wave structure. It is evident that the
results obtained from the medium grid calculations accurately depict the shock structure
within the SVC nozzle. Figure 6 illustrates the calculated Mach number contours and
streamlines in the nozzle, providing a more intuitive visualization of the counter-rotating
vortex pairs in front of the jet. Given the considerations of computational cost, subsequent
calculations are conducted using a medium grid.

Second jet

/—ﬁ-

—

Figure 5. Numerical schlieren and experimental comparison.
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Figure 6. Mach contour of OSVC.

3. Design of the ESVC

The FTV achieves thrust vectoring by relying on primary flow and secondary flow
interferences, and currently, the secondary flow is mainly derived from the high-pressure
secondary flow introduced by the engine. Increasing the secondary flow enhances the
vector angle; however, this increment concurrently reduces engine performance. The ESVC
has been developed based on the OSVC in conjunction with a bypass SVC nozzle and
throat skewing. This design is depicted in Figure 7. The flow is injected in front of the
OSVC secondary flow slot by drawing out part of the primary flow from the throat, and
it works together with the OSVC secondary flow to form a multi-slot jet, which can be
vector-controlled by using the primary flow drawn out from the throat alone or jointly
with the OSVC secondary flow to increase the vector angle and vector efficiency without
increasing the engine intake. Since the flow is diverted from the throat, the ESVC combines
the effects of throat skewing and SVC control. The non-vectoring state can be achieved in
practice by closing the valves of both flow paths.

115.57

104.14

27].29" 7.6°

Figure 7. ESVC geometry.

1L01° 2,032 24.689
1

The bypass channel in the ESVC maintains the same secondary flow channel width as
the OSVC, both 2.032 mm, and is injected perpendicular to the convergence section of the
nozzle. The ESVC parameters are the same as those of the OSVC except for the addition
of a channel for air from the throat. The spacing between the two jets, a critical parameter
affecting the vector performance of the ESVC, will be discussed in detail subsequently.
For the ESVC baseline configuration, the spacing between the two jets is [ = 6.096 mm,
and the spacing is dimensionless with the OSVC jet slot width I;, then, [/I; = 3. The
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computational grid and boundary conditions are similar to those in Section 2.4, with the
number of grids at the outlet of the bypass flow increased, and the number of grids is about
200,000. To simplify the calculation, the secondary flow jets of the OSVC are not drawn
in the calculation, and the pressure inlet boundary condition is used instead, as shown in
Figure 8.

Pressure inlet

L

Figure 8. Zoom view of ESVC grid.

4. Vector Performance of ESVC

In this section, the vector performance of the ESVC is investigated for different NPRs,
SPRs, and different spacing between two jets and compared with the OSVC and bypassed
nozzle (BSVC). Since the BSVC has no additional secondary flow and the theoretical SPR
is always 1, the vectoring efficiency of the BSVC and the effect of the SPR on its vectoring
performance are not compared. The total temperature of the primary flow of the nozzle is
800 K, and the total temperature of the secondary flow is 300 K for the calculation.

4.1. Effect of NPR

In order to obtain the performance of the nozzle in different expansion states, the NPR
is taken to be 3.5-10, keeping the SPR at 0.55 and the dimensionless spacing between the
two jets I/Is = 3. The vector angle, thrust coefficient, and vector efficiency with different
NPRs are shown in Figure 9. The vector angle of the ESVC is substantially higher than the
OSVC and BSVC, and the linearity of the vector angle change of the ESVC is significantly
better than the OSVC and BSVC, so it has advantages in control.

The ESVC can still achieve a vector angle of more than 8° in the under-expansion state
(operating the NPR is greater than the design NPR), while the OSVC has a vector angle of
less than 4° and the BSVC less than 5° in the same state. The overall improvement in the
vector angle of the ESVC over the OSVC and BSVC, by more than a factor of 2, significantly
enhances the vector performance of the SVC nozzle in a given NPR range, especially in
the under-expansion state. For the BSVC, its vector angle is slightly larger than the OSVC
at an NPR of <6, but a sudden change in vector angle occurs at NPR = 6, after which the
vector angle is almost constant at about 5° as the NPR increases. Due to the presence of
two jets in the divergence section, the shock loss of the ESVC nozzle is larger than that of
the OSVC and BSVC, the thrust coefficient of the ESVC is smaller than that of the OSVC
in a given NPR range, and its maximum thrust coefficient does not exceed 0.97, while the
OSVC reaches 0.98. The thrust coefficient of the BSVC is almost identical to that of the
ESVC at an NPR of <6, drops abruptly at NPR = 6, and then increases as the NPR increases.
Compared with the OSVC, the thrust coefficient of the ESVC decreases by up to 1.4%. The
vector efficiency of both the ESVC and OSVC decreases with an increasing NPR, and the
vector efficiency of the ESVC is always greater than 3° /1% and changes smoothly with an
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increasing NPR, while the maximum of the OSVC does not exceed 2° /1%, and the vector
efficiency of the OSVC decreases rapidly with an increasing NPR.
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Figure 9. Vector performance comparison at different NPRs. (a) Vector angle, (b) Thrust coefficient
and vector efficiency.

The density gradient contour of the ESVC at an NPR = 4.6 and the Ma contour are
shown in Figures 10 and 11. The intensity of the second shock, formed by the second jet
and primary flow interference, is significantly weakened due to the slowing down of the
flow velocity after the first shock. This is the biggest difference between the ESVC, OSVC,
and BSVC. The OSVC and BSVC only have a pair of separating vortices before the jet, as
shown in Figure 6. The penetration depth of the second jet is greater than that of the first
jet, resulting in a higher separation bubble height in front of the second jet than in front of
the first shock, while the size of the separation zone in front of the second shock is mainly
limited by the spacing between the two jets.

LT —

10 173.333  336.667 500

. T~
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T T T T T cou T
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Figure 10. Density gradient contour of ESVC at NPR 4.6.
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Figure 11. Mach contour gradient contour of ESVC at NPR 4.6.

The upper surface pressure distributions of the three nozzles at NPR = 4.6, the com-
parison of the ESVC upper surface pressure distributions at different NPRs, and the Mach
contours of the ESVC and OSVC are shown in Figures 12-14. As seen in the figure, the
main reason for the increase in the ESVC vector angle is the upper surface pressure plateau
formed between the two jets, which leads to an increase in the pressure difference between
the upper and lower surfaces of the nozzle. The pressure distribution on the upper and
lower surfaces of the OSVC is the same before the shock is generated on the upper surface,
indicating the same flow expansion state. In contrast, the ESVC and BSVC produce pressure
differences between the upper and lower surfaces right at the throat, which continues until
the nozzle exits. This indicates that the upper and lower surfaces of the nozzle are in
different states of flow expansion due to the deflection of the sound velocity surface caused
by the throat. The ESVC and BSVC have the characteristics of both the throat skewing
nozzle and SVC nozzle, which is also demonstrated in Figure 14. Figure 12 shows that
the ESVC vector angle decreases with an increasing NPR because the separation position
before the first shock is far from the throat, the separation zone is reduced, and the pressure
plateau in the separation zone between the two jets and the exit decreases significantly,
resulting in a decrease in the pressure difference between the upper and lower surfaces of
the nozzle.

06F

| ———— ESVC NPR=4.6 UP
—-——+—-— ESVC NPR=4.6 LOW

| ——e—— OSVC NPR=4.6 UP

[ —-—-e—— OSVC NPR=4.6 LOW

| ——— BSVC NPR=4.6 UP

| — - =«— - BSVC NPR=4.6 LOW

1.2 1.4 1.6 1.8 2

XX,

Figure 12. Pressure distribution comparison of ESVC, OSVC, and BSVC.



Aerospace 2024, 11, 369

12 of 20

I ———— ESVC NPR=4.6
05 —mmmm ESVC NPR=8.78
i ESVC NPR=10.0

01} ———

Figure 13. Upper surface pressure distribution of ESVC varies with NPR.
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Figure 14. Mach contour of ESVC and OSVC at NPR 4.6. (a) ESVC, (b) OSVC.

The reason for the abrupt change in the vector angle and thrust coefficient of the BSVC
for an NPR = 6 can be explained in Figures 15 and 16. With an increasing NPR, the shock
position on the upper surface of the BSVC changes very little after NPR = 6. The pressure
distribution on the lower surface shows that as the NPR increases, the shock position
gradually moves closer to the nozzle exit due to reduced over-expansion. The sudden
change in the BSVC vector angle and thrust coefficient at the NPR = 6 is due to the change
in the morphology of the reattachment zone following the jet. At the NPR = 6, reattachment
occurs downstream of the jet, causing an abrupt drop in the upper surface pressure. After
a brief plateau, the pressure begins to recover, although it remains lower than that on
the lower surface of the nozzle. The NPR is then increased, and the entire upper surface
pressure distribution does not change in nature. The resulting sudden drop in the pressure
difference between the upper and lower surfaces of the nozzle leads to an abrupt change
in the vector angle. Upon further increasing the NPR, the aerodynamic surface remains
fixed, and the increase in the thrust coefficient results from the gradual transition from
over-expansion to full expansion, with a slight decrease in the thrust coefficient following
the under-expansion state. Figure 16 provides the Ma contour and streamline comparison
of the nozzle at NPR =5 and NPR = 6. It is evident that reattachment occurs in the return
area downstream of the BSVC jet at the NPR = 6. This alters the overall shape of the nozzle,
significantly changing the expansion state compared to scenarios without reattachment.
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Figure 15. Pressure distribution for BSVC.
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Figure 16. Ma contour and streamlines for BSVC at different NPRs. (a) NPR = 5.0, (b) NPR = 6.0.
4.2. Effect of SPR

To ensure that the secondary flow sufficiently influences the primary flow, the NPR is
fixed at 4.6. This study investigates and compares the vector performance of the ESVC and
OSVC as the SPR ranges from 0.55 to 2.0.

Figure 17 displays the vector performance comparison for both nozzles, showing
consistent trends: as the SPR increases, the vector angle rises, while the thrust coefficient
and vector efficiency generally decrease. In fact, increasing the SPR affects only the second
jet. The impact of raising the SPR on the vector angle and efficiency of the ESVC is primarily
in the separation zone between the two jets. An increase in the SPR results in a stronger
blocking effect of the secondary flow on the primary flow, leading to a greater shock loss
and, consequently, a decrease in the thrust coefficient. This reduction in vector efficiency
suggests that the increase in vector angle is less significant than the increase in secondary
flow. The vector angle for the ESVC always exceeds 12° and reaches a maximum of 17°. In
contrast, the vector angle for the OSVC does not surpass 14° for the specified range of the
SPR, and the vector angle for the ESVC increases by more than 5° compared to the OSVC.
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Although the thrust coefficient for the ESVC is consistently lower than that for the OSVC, it
still remains above 0.95 within the study’s defined range.
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Figure 17. Vector performance comparison at different SPRs. (a) Vector angle, (b) Vector efficiency
and thrust coefficient.

The pressure distribution on the upper surface of the ESVC at different SPRs is depicted
in Figure 18. As the SPR increases, the shock before the first jet progressively moves toward
the throat, resulting in a longer separation length and a broader pressure range across the
platform. The most significant changes occur at the pressure platform before the second
jet. Although the range remains the same, the pressure platform noticeably elevates with
an increase in the SPR. This elevation is primarily due to the enhanced momentum of
the second jet, which increases the penetration depth and intensifies the blocking and
entrainment effects on the primary flow. Consequently, the vector angle of the ESVC
increases due to these combined effects.
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Figure 18. Upper surface pressure distribution of ESVC varies with SPR.

The Mach contour of the ESVC at different SPRs is illustrated in Figure 19. It is
evident that the separation zone before the first jet expands as the SPR increases, the
penetration depth of the second jet is greater, and the separation zone between the two
jets becomes deeper. It is important to note that due to the potential inaccuracies of the
RANS method and the inherent limitations of the eddy-viscosity model, more precise
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methodologies such as detached eddy simulation (DES), large eddy simulation (LES), and
experimental approaches should be employed to accurately quantify the details of the
reaction separation bubbles.
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Figure 19. Mach contour of ESVC at different SPRs. (a) SPR = 1.0, (b) SPR = 2.0.

4.3. Effect of Spacing between Two Jets

The spacing between the two jets significantly influences the separation strength and
range, which are crucial parameters affecting the vector performance of the ESVC. By
setting the NPR to 4.6 and the SPR to 0.55, the effect of jet spacing on the ESVC vector
performance is examined. Keeping the position of the second jet constant while varying
the position of the first jet, the vector performance of the ESVC nozzle is compared across
eight different spacings, corresponding to I/I; = 0.8, 1.5, 3.0, 6.2, 8.0, 10.0, 12.0, and 14.0,
respectively. The original case corresponds to [/l; = 3.0. The vector performance curve
of the ESVC with varying spacing is presented in Figure 20. Both the vector angle and
vector efficiency initially increase with spacing and then decrease, peaking at [/l = 8, with
a vector angle of 13.47° and vector efficiency of 3.59°/1% of the jet. This represents an
increase of 1.32° and 0.35° /1 of the jet compared to the original case of I /I; = 3. The thrust
coefficient reaches its maximum of 0.974 at I /I = 10, which is an increase of 0.013 from the
original case, and then stabilizes.

A comparison of the pressure distribution on the nozzle surface at different spacings
is shown in Figure 21. For I /l; < 8, the separation (pressure plateau) occurs on the upper
surface after the first jet, and the separation range increases as the spacing increases. After
I/1s > 8, the separation zone before the first jet is significantly reduced, and the flow after
the first jet accelerates before the pressure plateau appears. The pressure decreases after the
jet, and this decrease becomes more pronounced with increasing distance. At[/l; > 8, the
lower surface exhibits a pressure rise in front of the shock, and the location of this pressure
rise progressively moves forward as the spacing increases. This occurs because as the first
jet moves forward, the generated shock also moves forward, impacting the lower surface
and causing the adverse pressure gradient to propagate upstream from the boundary layer,
leading to the pressure rise. When considering the changes in nozzle pressure distribution,
at!/l; <8, the lower surface near the nozzle exit experiences a pressure rise, the range of
the high-pressure area on the upper surface increases, and the pressure difference between
the upper and lower surfaces enlarges, enhancing the vector angle and vector efficiency.
Conversely, at [ /I > 8, the pressure on the upper surface after the first jet decreases while
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a pressure rise appears on the lower surface, reducing the overall pressure difference and
leading to a decrease in both the vector angle and vector efficiency. Atl/Is = 12, separation
occurs after the first jet reattachment. It is observed that the pressure distribution on the
upper surface rapidly surpasses that of the lower surface and continues to accelerate after a
very short pressure plateau, eventually forming a longer pressure plateau.
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Figure 20. Vector performance of ESVC varies with spacing. (a) Vector angle and vector efficiency,
(b) Thrust coefficient.
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Figure 21. Comparison of upper and lower surface pressure distributions of ESVC at different
spacings. (a)I/ls = 3.0 — 8.0, (b) I /I; = 8.0 — 12.0.

The contour of the nozzle density gradient and streamlines at different spacings is
displayed in Figure 22. As the jet spacing increases, the separation zone between the two
jets significantly expands, and the intensity of the shock before the second jet increases,
with the type of shock structure gradually becoming evident. The mutual interference
between the two jets diminishes, and the intensity of the shock before the first jet gradually
weakens. Two factors influence the flow structure in front of the first jet: first, as the spacing
increases (moving the first jet forward), the Mach number of the primary flow in front of
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the exit of the induced gas jet decreases; second, as the spacing increases, the static pressure
at the exit of the first rises, the ratio of the total inlet pressure to the static pressure at the
exit decreases, and the actual flow rate of the first jet diminishes. It can be seen that at
I/1s > 8, the actual flow rate is regulated by the separation in the bypass tube. As the
spacing increases, the separation area at the throat channel enlarges, and the actual flow
rate of the first jet progressively decreases. Under the combined influence of both factors,
the shock before the first jet weakens, and the separation zone is reduced. At the point
where [/I; = 12, the separation zone after the first jet is reattached by the primary flow,
which corresponds to the low-pressure zone after the first jet in Figure 20. This process
undergoes a sudden pressure rise, continuing to rise after a brief pressure plateau, forming
a larger pressure plateau. The reattachment separation alters the aerodynamic profile of
the nozzle, significantly changes the expansion state, and reduces the thrust coefficient.
With further increases in spacing, the flow from the first jet is very small, the interference
from the primary flow is further diminished, the thrust coefficient changes very little, and
both the vector angle and vector efficiency decrease significantly. As noted in Section 4.3,
the analysis of the separation area in this section is mainly qualitative, while quantitative
analysis would require more precise computational methods or experiments.
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Figure 22. Density gradient of ESVC at different spacings. (a) [/ls = 1.5, (b) I/l = 8.0, (¢) I /Is = 12.0.

The centerline Mach number and dimensionless pressure distribution of the ESVC
nozzle at various spacings are depicted in Figure 23. It is observed that at minimal spacings,
only the shock preceding the first jet is present in the flow field. Following this shock,
the flow briefly continues to expand, with the Mach number of the primary flow before
the second jet remaining low, insufficient to interact with the second jet and induce a
shock. As the spacing increases, the primary flow subsequent to the first shock expands
to a higher Mach number, sufficient to interact with the second jet and generate a second
shock, although the intensity of both shocks is reduced compared to the scenario with
a singular shock. Further increasing the distance, at //I; = 12, separation occurs in the
bypass tube due to the reattachment after the first jet and a reduction in the passable
flow within the tube. Consequently, both the nozzle profile and the shock structure alter,
leading to a pronounced A shock structure in front of the second jet and resulting in a
distinct centerline Mach number and dimensionless pressure distribution compared to
other cases. In instances of separation without reattachment following the first jet, as the
spacing increases, the vector angle and vector efficiency, achieved by the primary flow
going through two weaker shocks, exceed those from traversing a single strong shock.
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5. Conclusions

To address the conflict between enhancing nozzle vector performance and preserving

engine efficiency, a throat bypass shock vectoring nozzle is proposed. This nozzle can
be operated independently or in conjunction with the original SVC nozzle. Its vector
performance has been analyzed using CFD, yielding the following conclusions.

@

@)

®)

The ESVC integrates features from both throat skewing and SVC nozzles, capitalizing
on the priming effect of the original secondary flow. This integration effectively
eliminates the separation and reattachment phenomena observed in the BSVC after
injection at specific pressure ratios. Consequently, the vectoring performances of both
the BSVC and OSVC are significantly enhanced without necessitating an increase in
the induced airflow from the engine.

The linearity of the vector angle variation with the NPR in the ESVC surpasses
that of both the OSVC and BSVC, facilitating easier control. The vector angle and
vector efficiency of the ESVC are more than twice as favorable as those of the OSVC,
significantly enhancing the performance of the SVC nozzle under under-expansion
conditions. Furthermore, within a specified SPR range, the vector angle and vector
efficiency of the ESVC are substantially improved compared to the OSVC, achieving a
vector angle exceeding 18° and a thrust coefficient surpassing 0.95.

The distance between two jets is a critical parameter influencing the vector perfor-
mance of the ESVC. The vector performance of the ESVC initially increases and then
decreases with the widening spacing between the two jets, indicating the existence
of optimal jet spacing. To ensure that the separation between the two jets does not
reattach, it is observed that the vector performance achieved by the flow travers-
ing through two weaker shocks is superior to that resulting from passing through
a single strong excitation. Consequently, the design should strategically avoid the
reattachment of separation following the jet.

The present study evaluates the aerodynamic performance of ESVC nozzles and iden-

tifies significant performance enhancements of the ESVC relative to the OSVC. However,
the scope of the current research is confined to the macroscopic mechanical characteristics
of the nozzle in a cold flow state, primarily emphasizing a qualitative analysis of flow
phenomena such as separation. Future work will involve a detailed simulation of the nozzle
flow field by the DES or LES methods and wind tunnel testing to conduct a sensitivity
analysis of the key parameters and to assess nozzle performance under gaseous conditions.
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