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ABSTRACT

This article studies the aerodynamic performance of a novel bypass shock-induced thrust vector nozzle. An
arc-shaped bypass is innovatively designed to optimize nozzle performance and equips a variable shrinkage
part. The nozzle performance is investigated numerically under diverse shrinkage area ratios. Computational
results indicate that both geometry and friction choking have important effects on the nozzle performance.
Normally, in the case of without any bypass shrinkage, the flow choking occurs at the bypass outlet. Very
small bypass shrinkage is unable to change the flow choking location. The bypass geometry choking comes
up at its throat as the shrinkage area ratio of the bypass reaches 0.06. According to computational results, the
vectoring angle diminishes with the increasing shrinkage area ratio of the bypass, thrust force ratio, thrust
efficiency, specific impulse ratio, and coefficient of discharge increase. As the NPR enlarges, the deflection
angle and thrust efficiency decrease, and the thrust force ratio increases.

Keywords: Aerodynamics; Aeronautics; Supersonic nozzle; Shock-induced thrust vector control; Flow
control.

NOMENCLATURE

A area Po total pressure
Abt bypass throat area Pb  back-pressure
Ae exit area Pe  area-weighted average pressure on
At nozzle throat area nozzle exit plane
Co  coefficient of discharge Puw  static pressure on the top wall
Ce thrust efficiency R:1  transitional arc radius
Cr thrust force ratio Rz internal arc radius
Fn horizontal force Rs  external arc radius
Fio  ideal bypass thrust R4 throat transition radius
Fip  ideal mainstream thrust Re  Reynolds number
r real thrust Rg  specific gas constant
Fs safety factor To  total temperature
Fv vertical force Uex  horizontal velocity
H1 inlet height Uey vertical velocity
Ho bypass height X axial distance
Hot  bypass throat height Xa  horizontal coordinate of the left starting
He exit height point on the variable part
Ht nozzle throat height Xo  horizontal coordinate of the right ending
i normalized coordinate point on the variable part
lisp  theoretical specific impulse Xi  horizontal coordinate of any point on
Isp actual specific impulse the variable part
K specific impulse coefficient Ya  vertical coordinate of the left starting
L1 distance between the original point and point on the variable part

the bypass inlet Yo  vertical coordinate of the right ending

L2 distance between the original point and point on the variable part
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the nozzle throat

Ls distance between the original point and
the straight diverging part

L4 distance between the original point and
the arc bypass center

Ls nozzle length

Lca  length of the converging-diverging part
of the nozzle

Ld length of the diverging part of the nozzle

m bypass mass flow rate

rith actual bypass mass flow rate

mip  ideal bypass mass flow rate

Titp actual mass flow rate for the Laval
nozzle

N refinement ratio

1. INTRODUCTION

Thrust vector control (TVC) is achieved through the
thrust vector nozzle (TVN). It includes two major
categories: mechanical TVN (MTVN) and fluidic
TVN (FTVN) (Wu et al. 2020b; Wu and Kim
2021). MTVN s reliable (Sung and Hwang 2004;
Kong et al. 2016; Cong et al. 2019; Wu 2022),
however, many mechanical types of equipment
result in a series of problems, such as wear and
overweight (Chouicha et al. 2020). FTVN can
effectively resolve these technical issues (Burcham
et al. 1990; Das et al. 2016). FTVN includes
counter-flow TVN (Wu et al. 2018, 2019a; Wu and
Kim 2019a), co-flow TVN (Heo and Sung 2012),
throat-shifting TVN (TSTVN) (Deere 2003; Deere
et al. 2003), dual-throat TVN (DTTVN) (Ferlauto
and Marsilio 2016; Wu and Kim 2019b), bypass
DTTVN (BDTTVN) (Wang et al. 2019), shock-
induced TVN (SITVN), and bypass SITVN
(BSITVN).

Waithe and Deere (2003), Wu and Kim (2019a, c),
and Wu et al. (2019a, 2020c) experimentally,
theoretically, and numerically analyzed the
performance of rectangular SITVN using a slot
injector, and clarified that nozzle pressure ratio
(NPR), injection angle, and position and aspect ratio
of the slot affect its performance significantly.
Zmijanovic et al. (2012, 2014, 2016), Zou and
Wang (2011), and Sellam et al. (2015) conducted
analytical, computational, and experimental
research on control effectiveness of the hole injector
for conical SITVN, and expounded the impacts of
hole location, NPR, and type of gas on the nozzle
performance. Since a heavy chamber is essential to
offer the secondary flow for a traditional SITVN, an
easier bypass SITVN is designed and developed in
recent years. It further simplifies the structure of
SITVN remarkably, eliminates the heavyweight
chamber, and adopts a fairly light bypass.

Deng and Kim (2015) conducted two-dimensional
(2-D) numerical simulations on the steady-state
flow field of a BSITVN and illuminated that NPR
and injection port impact the nozzle performance
significantly. Bhattacharya and Ahmed (2010),
Joshi and Bhattacharya (2019), and Bhattacharya
and Gregory (2020) investigated the cylinder wake
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Yi  vertical coordinate of any point on the
variable part

4 bypass mass flow ratio

y specific heat ratio (y = 1.4 for air)

p density

v vectoring angle

6 diverging angle of the Laval nozzle

2-D two-dimensional

3-D three-dimensional

AR arearatio

GCI Grid Convergence Index

LES Large Eddy Simulation

NPR Nozzle Pressure Ratio

PUV Primary Upstream Vortex

SPR Secondary Pressure Ratio

SUV Secondary Upstream Vortex

with a 3-D disturbance and shedding for diverse
Reynolds numbers, obtained the detailed evolution
of the wake vortex, and explained the differences
between active and passive flow control. Deng et al.
(2016) further conducted simulations based on the
LES method and demonstrated that the vectoring
deflection can be properly controlled while the
bypass mass flow ratio is less than 7%. Islam et al.
(2018a,b) carried out 3-D computational studies on
steady-state features of the BSITVN for NPR = 2.4
and a constant bypass mass flow ratio of 4.9%.
They compared two kinds of bypass widths (20%
and 75% widths along the spanwise direction) and
elaborated that the internal shock structure varies
significantly with the formation of a flow separation
region near the bypass outlet.

So far, an essential issue is unsolved for BSITVN. It
is a kind of passive control method. Once the nozzle
design is determined, the vectoring performance can
only be achieved by changing the NPR. The
variation of NPR may lead to over-expanded, fully
expanded, and under-expanded  conditions.
Therefore, the current work carries out an active
bypass flow modulation. Bhattacharya and Gregory
(2015a, b, 2018), and Bhattacharya and Ahmed
(2020) investigated the 3-D forcing of the cylinder
wake, implemented spanwise-modulated DBD
plasma actuators for flow control, and pointed out
the advantages of active flow control.

Earlier investigations of the BSITVN with the N-
shaped bypass have a shortcoming. As shown in
Fig. 1(a), two elbows lead to uncertainty of the
bypass flow choking and the formation of
separation bubbles for various downstream pressure
situations (Islam et al. 2018a, b). Hence, some
errors may occur in calculating the bypass mass
flow rate. To make up for the deficiencies above, a
brand-new arc bypass is developed, as shown in
Fig. 1(b). Furthermore, another circular transition
part between the arc bypass and the combustor is
optimized to eliminate the formation of separation
bubbles near the bypass inlet. At the top part of the
bypass, a variable shrinkage part is used to adjust
the bypass mass flow rate accurately. The
influences of different shrinkage ratios of the
bypass and NPR on the system’s performance are
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Fig. 1. Comparison between traditional N-
shaped bypass and new arc-shaped bypass (a) N-
shaped bypass; (b) arc-shaped bypass.

investigated for a profound understanding of the
BSITVN.

2. MECHANISM OF BYPASS SHOCK-

INDUCED THRUST VECTOR NOZZLE

The BSITVN adopts an effective principle to
control the vectoring deflection. Figure 2 depicts a
simplified sketch of the BSITVN. The mainstream
goes through the Laval nozzle, and the secondary
flow passes through the arc bypass. The subsonic
mainstream (M<1) accelerates in the converging
part of the Laval nozzle until it reaches the choking

Control valve™.

Bypass flow passage™. - N
>
4

Bypass flow ™.

Nozzle flow

state (M=1) at its throat and further accelerates in
the diffusion part. Based on the Fanno flow theory,
the bypass flow through the channel accelerates and
is eventually blocked at the bypass outlet (Zucker
and Biblarz 2002). Two independent separation
zones filled with rotating vortices form. The
anticlockwise rotating primary upstream vortex
(PUV) determines the smooth pressure increment,
and the clockwise rotating secondary upstream
vortex (SUV) determines the pressure variation near
the bypass outlet. The separation shock collides
with the bow shock and merges into a strong
incident shock. In consequence, the jet deflection
with an angle of dv is achieved, as depicted in Eq.
(1) (Zmijanovic et al. 2012, 2014, 2016).

5, =tan(F,/F,) )
The vertical thrust force Fv and horizontal thrust
force Fn can be calculated according to Eq. (2) and
Eq. (3), respectively.

R, =(m, +m, )-U, @)

Fh:(mb_'_mp)'uex_'_(a"_l:)b)"% (3)
Other core performance factors are also defined to
evaluate the BSITVN, including bypass mass flow
ratio, ¢& thrust force coefficient, Crg, thrust
efficiency, Ce, specific impulse coefficient, K, and
coefficient of discharge, Co (Sellam et al. 2015;
Zmijanovic et al. 2016).
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Fig. 2. Simplified flow field sketch of the new BSITVN.
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The bypass mass flow ratio, ¢& defines a ratio o+l
between the bypass flow and the incoming flow Moo= AR |7 (r+1) 20 (10)
from the combustor, which can be expressed in Eq. P \/—E R, \ 2
(4).
_ m, 4 _ oyl
¢ y + 1, 4 M, = AR l(y_—rlj 2(y-1) (11)
Jo (R L 2

The thrust force ratio is defined as follows:
The coefficient of discharge, Cp, is the ratio of

actual discharge to the theoretical one, which is
F W F+F/ expressed in Eq. (12).
Ce=t=T™ (5)
R R, +Fp
m m, +m
Co=—t=—"—F (12)
7t m.omy,+ mi,p
2R T P\
R, =m, AL 1_[_b] (6)
r-1 R 3. NUMERICAL APPROACH
3.1 Governing Equation
-1
2yR.T, P 77 The RANS equation in 2-D, steady-state and
F,=m — 1| 2 (M compressible flow is solved. Corresponding mass,
r-1 B momentum, and energy equations can be written as
follows:
The thrust efficiency, Ck, is calculated by Eq. (8).
\z ( Yol ) =0 (13)
o)
S o
M 100 V-(pW)=V-(7)-Vp (14)
m, +m,

of the actual specific impulse, lsp, and theoretical
specific impulse, lisp, Which is shown in Eq. (9).

I, JF2+F? /(m, +rh, ) o) 3.2 Geometry

lie N (Fi,p +Fi,b)/(rﬁi,p +rhilb) Figure 3 shows the geometry model and Table 1
gives detailed dimensions. The basic geometry
except for the arc bypass is cited from the
experimental work done by Waithe and Deere

(2003). The arc bypass is put forward based on the

2
The specific impulse coefficient, K, shows the ratio V.| oV e+V_ —V(F-V)=V-( oV 15
(p > (T9)-V-(p¥) (3

K=

Since both the Laval nozzle and bypass are choked,
the ideal mass flow rates through them can be
calculated based on Eq. (10) and Eq. (11).
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Fig. 3. Geometry model of the BSITVN.
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Table 1 Geometry parameters of the BSITVN

Parameters Value
Nozzle inlet height, H1 40 mm
Bypass height, Hy 2.032 mm
Nozzle throat height, Ht 27.48 mm
Nozzle exit height, He 49.38 mm
Distance between_orlglnal point 85.65 mm
and bypass inlet, L1
Distance between original point 110.6 mm
and nozzle throat, L2
Distance between original point
and straight diverging part, L3 113.6 mm
Distance between original point 117.123 mm
and arc bypass center, La
Nozzle length, Ls 168.367 mm
Radius of transition arc, R1 2.83 mm
Internal arc radius, R2 34 mm
External arc radius, Rs 36.032 mm
Radius of _n_ozzle throat 15.89 mm
transition, Ra
Diverging angle, 0 11.01°

optimization of earlier research considering N-
shaped bypasses (Deng and Kim 2015; Deng et al.
2016; Islam et al. 2018a, b). Two significant
advantages of this kind of arc bypass are available.
One of the advantages is that it is a very simple and
active control technology for actual engineering
applications. Another advantage is easy to predict
the bypass choking location.

The throat and exit height of the Laval nozzle is Ht
= 27.48 mm and He = 49.38 mm, respectively. The

Pressurg outlet
TS,

Pressure inlet ’.E

diverging angle is 6 = 11.01°. The connection part
between the Laval nozzle and bypass inlet has an
arc transition port of Ry = 2.83 mm. It can avoid
the occurrence of recirculation bubbles in the
bypass inlet effectively. The height of the arc
bypass is Hp = 2.032 mm, in which the radiuses of
the inner and outer arc lines are R2 = 34 mm and Rs
= 36.032 mm. The distance from the center of the
two arcs to the origin is Ls = 117.123 mm. The
basic reference case that has a constant area bypass
is replaced by adding a shrinkage section. The
abscissa and ordinate of any point (Xi, Yi) on the
variable arc line follow Eq. (16) and Eq. (17),
respectively.

X, =(1-i)- X, +i-X, 0<i<l (16)

Y, = 347 (X, ~117.123)’ + 17
0-5'(Hb _ Hm).[l—cos(Ziz'i)]

where i is hormalized horizontal coordinate; among
them, [X(0), Y(0)] = [X(a), Y(a)] and [X(1), Y(1)] =
[X(b), Y(b)].

In this article, eight shrinkage area ratios of the
bypass are studied for NPR = 4.6, including AR =0,
0.05, 0.06, 0.08, 0.1, 04, 0.7, and 0.
Subsequently, different NPR values are investigated
for AR = 0.4 to explore how NPR changes affect
aerodynamic performance.

3.3 Domain and Boundary Conditions

Figure 4 depicts the overall domain as well as the
grid division and appropriate boundary conditions.

No-slip. adiabatic wall

Fig. 4. Computational mesh and boundary conditions (a) full domain; (b) partial region; (c) bypass
inlet; (d) bypass exit; (e) upper wall exit region.
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Fig. 5. Static pressure distributions along the top wall for grid independence study.

The whole region is adopted in Fig. 4(a). At the
nozzle outlet, an extended area of 25Hix40H: is
established downstream to ensure accuracy. Upper
and lower extension sections have the same area of
10Hx18H:, which can ensure computational
convergence. As displayed in Fig. 4(b-d), mesh
refinement is considered for each important part.
Since a series of shocks, expansion fans, and shear
layers interact with each other, dense grids are
essential. Owing to the gas viscosity influence, the
shear layer becomes weaker and weaker from near-
field to far-field. Consequently, a gradual sparse
grid distribution along horizontal and vertical
coordinates is reasonable. The maximum y+ value
along the top nozzle wall is 0.9. Sharp points
seriously affect the computational convergence,
therefore, a smooth transition mode is adopted
along nozzle walls, as shown in Fig. 4(e). Pressure
inlet and outlet conditions are utilized. The nozzle
inlet utilizes the pressure inlet boundary. The
extended domain is set as the pressure outlet. Other
boundaries are set as adiabatic walls. Ansys Fluent
is utilized based on a density-based solver. In the
flow field, shock wave/boundary layer interaction,
primary upstream vortex (PUV), and secondary
upstream vortex (SUV) occur. The SST k-w model
can better predict the above phenomena (Islam et al.
2018a, b; Wu and Kim 2019a; Wu et al. 2020c).
Hence, it is used. Ideal gas state equation is
considered and second-order upwind schemes are
adopted. The implicit formulation is used. The
Advection Upstream Splitting Method (AUSM) is
chosen to solve a general system of conservation
equations. The stagnation temperature is To = 300K,
and the Reynolds number is Re = 1.6x108,

3.4 Mesh Independence Study

As shown in Fig. 5, three grids are tested, which

have 253,000 cells, 491,120 cells, and 896,500 cells.

The pressure of grid 2 almost coincides with that of
grid 3. The pressure of grid 1 shows some gaps
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from that of grid 2 and grid 3. The GCI technology
is used to quantify the error accurately (Roache
1994). Three meshes have a refinement ratio (n =
2). The minimum dimensionless pressure ratio,
Puw/Pp, upstream of the bypass outlet is taken as the
convergence parameter, where 1 = 1.14977 (grid
1), 12 =1.1189 (grid 2), and Is = 1.1122 (grid 3).

Firstly, the accuracy is calculated according to Eq.
(18).

(18)

2 3

o= |n[|'l'2j/ In(n) = 2.204

The safety factor of Fs = 1.25 is used herein (Wu
and Kim 2019a; Wu et al. 2020a). Then, GCl12 and
GClzs values are shown as follows:

L=

F
S
GCl,, = 2_1x100% = 0.956% (19)
=l
o
GCl,, = S _1%100% = 0.209% (20)
23 n(,, _1
[1= _GCle _hgg3~1 (21)
n’-GCl,,

Because the coefficient I7 is very close to 1, a good
solution to the asymptotic convergence range is
proved. Hence, a grid of 491,120 cells is selected.

4, RESULTS AND DISCUSSION

4.1 Experimental Verification

All available experimental data are quoted from the
reference paper, which provides normalized total
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L Injection port Figure 7 shows the qualitative comparison betwe_en
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Fig. 6. Experimental validation of computational

static pressures along the top and bottom walls. Eight bypass shrinkage area ratios are analyzed for

NPR = 4.6, involving AR =0, 0.05, 0.06, 0.08, 0.1,
0.4, 0.7, and 0.9. Mach number contours are depicted
in Fig. 8 to expound all flow details. The Laval
nozzle is always choked. In addition, as the bypass
momentum flux decreases, the jet vectoring angle
decreases with the increasing shrinkage area ratio of
the bypass. For AR = 0, the flow gets choked at the
location of the bypass outlet because of the boundary
layer impact. Flow choking has three situations,
namely, friction choking, geometry choking, and
thermal choking. Due to the adiabatic wall
T ——] assumption without any heat transfer, thermal
choking is impossible. Owing to the constant bypass
area, geometry choking does not exist. The choking
flow is generated at the bypass outlet. The superiority
of the present arc bypass is proved here, in
comparison to earlier bypass structures causing an
uncertain flow choking position. As AR = 0.05, the
flow in the bypass finally chokes at the bypass outlet

Separatio

Internal shock -

o

Vo
Expansion fan

(a) Experimental shadowgraph

Densty Gradient Magnitude:

Separation [i Bow shock

Internal shock

Separation shock

snaration li .
Separation | Expansion fan

(b) Numerical contour at _presgnt because the maximum bypass sh_rinkage
height is smaller than the boundary layer thickness.

Fig. 7. Comparison between experimental Compared with geometry choking, friction choking
shadowgraph and numerical results (a) plays a major role. When the bypass shrinkage area
experimental shadowgraph (Waithe and Deere ratio is AR = 0.06, the geometry choking occupies a
2003); (b) numerical contour. crucial role in the bypass flow control. The flow

choking appears near the bypass throat section.
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Fig. 8. Mach contours for different shrinkage area ratios of the bypass (NPR =4.6) (a) AR =0; (b) AR
=0.05; (c) AR =0.06; (d) AR =0.9.
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Fig. 9. Static pressure distributions along the top nozzle wall for different shrinkage area ratios of the
bypass (NPR = 4.6).

When the shrinkage area ratio further increases (AR
> 0.06), the flow choking occurs at the bypass
throat because of a more significant geometry
choking. Therefore, this technique can effectively
modulate the flow rate to control the jet vectoring
process. Figure 9 depicts static pressure
distributions for diverse bypass shrinkage area
ratios, in which the positions of the nozzle throat
and exit are indicated. The horizontal coordinate,
X/Lg, is a non-dimensionalized length ratio and the
vertical coordinate, Puw/Py, is a normalized static
pressure ratio. In the range of X/Ls = 0 to X/L4 =
0.05, the static pressure goes down due to the
impact of expansion fans. Between X/L4¢ = 0.05 and
X/La = 0.2, the static pressure rises owing to the
internal shock effect (Waithe and Deere 2003).
Subsequently, the sharp rise of the static pressure is
due to the separation shock caused by the boundary
layer separation. The separation position moves
downstream with an increasing shrinkage area ratio
of the bypass. Along with the sharp increase of the
static pressure, a smooth pressure increase is
affected by the formation of the PUV. The
following pressure hump is due to the effect of the
SUV. At the downstream of the bypass outlet, the
pressure rise for those cases is owing to the induced
shocks.

Figure 10 reveals the vectoring angles for diverse
bypass shrinkage area ratios. The results indicate
that the vectoring angle decreases with the increase
of the shrinkage area ratio due to the diminishing
momentum flux in the bypass. As the bypass flow is
choked at its throat, the vectoring angle decreases
rapidly with an increasing shrinkage area ratio.

Figure 11 shows the variations of bypass mass flow
ratios for diverse bypass shrinkage area ratios.
When the flow chokes at the bypass throat, the mass

—4&— Vectoring angle 8v|

Chocking at the bypass exit
-

-

9 a _‘:A
A

RN

Chocking at the bypass throat

AN

v (°)

3F A

2 L1 L I I I I I I I ‘\‘P

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
AR
Fig. 10. Vectoring angles for different shrinkage
area ratios of the bypass (NPR = 4.6).
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Fig. 11. Bypass mass flow ratios for different
shrinkage area ratios of the bypass (NPR = 4.6).
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Fig. 12. Thrust force ratios for different
shrinkage area ratios of the bypass (NPR = 4.6).

flow rate decreases sharply. Figure 12 depicts the
thrust force ratios for diverse bypass shrinkage area
ratios. The thrust force ratio continuously increases
with an increasing shrinkage area ratio, since
separation shocks and bow shocks become weaker.
Additionally, the thrust force ratio slightly increases
with the increase in shrinkage area ratio as it is
related to a slight decrease in the shock loss owing
to the small changes in the boundary layer
separation location, PUV, and SUV. The thrust
force ratio fleetly increases with an increased
shrinkage area ratio since it is caused by reduced
shock loss.

Figure 13 shows the variations of thrust efficiency
for diverse bypass shrinkage area ratios. The thrust
efficiency continues to enlarge with the increasing
shrinkage area ratio. Notwithstanding that the
vectoring angle constantly decreases, a faster
decrease in the bypass mass flow rate results in the
improvement of its efficiency. The thrust efficiency
slowly increases since the shrinkage area ratio of
the bypass is smaller than 0.7 and it increases
dramatically after reaching AR = 0.7. Although the
vectoring angle is very small for AR = 0.9, the
bypass flow rate is much smaller.

The specific impulse coefficients are shown in Fig.
14 for diverse shrinkage area ratios. The specific

4 Thrust efficiency Cr

Chocking at the bypass exit
- — = q <"
10 Chocking at the bypass throat

he bypass ex
T Chocking at e hypase throat 1

CE (°/%)

25

20

R T . B ||
1 1 1 1 1 1 1 L 1 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
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Fig. 13. Thrust efficiencies for different
shrinkage area ratios of the bypass (NPR = 4.6).
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Fig. 14. Specific impulse coefficients for
different shrinkage area ratios of the bypass

(NPR = 4.6).

impulse coefficient increases with the increasing
shrinkage area ratio. It means that generated thrust
divided by the propellant mass flow rate for a
higher shrinkage area ratio is more effective than
that for a lower shrinkage area ratio. Figure 15
depicts the coefficients of discharge for diverse
shrinkage area ratios. In all cases, the coefficient of
discharge of this BSITVN is very high. The
coefficient of discharge enlarges with the increasing
shrinkage area ratio.

4.3 Effect of NPR

At AR = 0.4, four values involving NPR = 3, 4, 4.6,
and 7 are studied to clarify the performance
variations of BSITVN. Mach contours for different
NPR levels are shown in Fig. 16. The sonic line
demonstrates that the flow in the Laval nozzle and
bypass is choked at the throat part. Moreover, the
Laval nozzle changes from over-expanded
conditions (NPR = 3, 4, and 4.6) to under-expanded
conditions (NPR = 7). The Mach reflection occurs
for NPR = 3, and a subsonic flow region appears at
the back of the Mach disk and only regular
reflections form in other cases.
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Fig. 15. Coefficients of discharge for different
shrinkage area ratios of the bypass (NPR = 4.6).

773



K. Wu et al. / JAFM, Vol. 16, No. 4, pp. 765-777, 2023.

| |
M: 0.2030405060.70809 1 1.11213141516171.819 2

@ ) NPR=3

(b) NPR=4

© NPR=4.6

01 0.12 0.14 0.16 0.18
X/im

(d) NPR=7
Fig. 16. Mach contours for different values of
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Fig. 17. Static pressure distributions along the
top wall of the nozzle for different values of NPR
(AR =0.4).

Figure 17 shows the pressure distribution of the
nozzle top wall for various NPR values when AR =
0.4. The corresponding streaklines are drawn in Fig.
18 to qualitatively elucidate pressure variations
caused by flow separations. Since the energy stored
in the gas is higher for a larger NPR level, the
stronger mainstream causes the boundary layer
separation to shift a little more downstream. The
pressure jump at the boundary layer separation
location becomes higher for a larger NPR value
owing to a stronger separation shock. Beyond the
sudden pressure jump, a smooth pressure rise is
determined by the variation of PUV. Figure 18
shows that the area of the PUV region diminishes
on and on with an increase in the NPR. The SUV
region continuously diminishes with a decrease in
NPR. At the downstream of the bypass outlet, a new
vortex zone forms at NPR = 7, resulting in a smooth
pressure variation. Subsequently, the static pressure
rapidly increases due to the impact of a
recompression shock. Then, the descending static
pressure is owing to the flow acceleration.

Figure 19 shows vectoring angles for different
values of NPR at AR = 0.4. The vectoring angle
declines on and on with the increasing NPR.
Because the stronger mainstream has more energy
to restrain the jet deflection that is resulted from the
momentum flux of the bypass flow. Figure 20
depicts thrust force ratios for diverse NPR levels.
The thrust force ratio continuously increases with
the increasing NPR, which is because of the
diminishing thrust loss caused by multifarious
shocks. It can be seen from Fig 16(a), that at NPR =
3, there are two strong oblique shocks and a normal
shock in the nozzle, resulting in significant thrust
loss. When the value of NPR increases, the normal
shock disappears and the induced shock becomes
weaker, leading to less pressure loss. The thrust
efficiency continuously decreases with an increase
in the level of NPR, and diverse values of NPR are
shown in Fig. 21. Since the bypass mass flow ratio
is invariable for different NPR values, the
decreasing thrust efficiency is mainly dependent on
the declining vectoring angle.
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5. CONCLUSION
The controllability of the 2-D BSITVN with an arc
bypass is studied using the numerical method. The
static pressure distributions give an excellent match
with the experimental data, which proves the

accuracy of the present computational work. With
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the increase of the shrinkage area ratio, the bypass
mass flow ratio reduces continuously; thrust force
ratio, thrust efficiency, specific impulse ratio, and
coefficient of discharge increase constantly, which
testifies to the outstanding performance of the shock
vectoring nozzle using an arc-shaped bypass.

This study focuses on the steady-state phenomena
of BSITVN. In future work, we are going to study
the 3-D BSITVN and reveal the unsteady influences
in terms of the vectoring flow field along the
spanwise direction, focusing on the dynamic
characteristics to further reveal its physical
mechanism.
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