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A numerical study has been performed to characterize the nozzle flow field of secondary injection thrust vector control (SITVC)
and to estimate the performance parameters of SITVC. After validating the CFD turbulence models with an experimental data,
a numerical simulation has been conducted in order to investigate the influence of changing the injection location, the injection
angle, and the primary nozzle divergence half angle on the SITVC nozzle flow field structure and on the SITVC performance
parameters. The secondary mass flow rate was kept constant for all cases during the simulation. The results showed that
downstream injection near the nozzle exit M, =2.75 increases the high-pressure zone upstream the injection leading to an
increase in the side force; also, the higher divergence half angle 15° slightly increases the side force and it provides a wide range
of deflection without shock impingement on the opposite wall becoming more effective for SITVC. The injection angle in the
upstream direction 135° increases the side force, and by decreasing the injection angle to downstream direction 45°, the side
force decreases. However, the SITVC performance parameters and the flow field structure are more influenced by the injection

location and the primary nozzle divergence half angle while being less influenced by the injection angle.

1. Introduction

Thrust vector control (TVC) is a way that controls the thrust
by deflecting the main flow of a rocket motor or jet engine
from the main axis to generate a specified force on the
desired axis. As a result of this imbalance, a side force arises
to be used in controlling the attitude of the aerial vehicle.
Thrust vector control greatly enhances maneuverability,
especially at low velocities or high angles of attack where con-
ventional aerodynamic control surfaces are not effective. The
thrust can be controlled mechanically by using flex joints,
hinged nozzles, jetavators, and jet vanes/tabs or by fluidic
thrust vector (FTV) control. In contrast to the mechanical
systems that need actuators to move the mechanical parts
leading to complex design and weight penalty, fluidic thrust
vector control is a technology with less weight, faster
dynamic response, and no mechanical movable parts and is

controlled by flow regulations, which decreases the axial
thrust losses during a change in the direction of the thrust
[1, 2]. There are different techniques of fluidic thrust vector
control such as secondary injection thrust vector control
(SITVC) or shock vector control (SVC), counter flow,
Coanda effect, and throat skewing [3, 4].

From these techniques, SITVC is the most straightfor-
ward and effective technique of FTV [5, 6]. Since the 1960s,
SITVC has been used successfully and is achieved by the
injection of secondary fluid at the divergent part of the nozzle
to the supersonic flow inside. The injection creates a compli-
cated flow field in the divergent part of the nozzle upstream
and downstream the injection where the upstream part con-
tains a strong bow shock that creates asymmetry in the nozzle
flow field, a weak separation shock, and two rotating vortices
between the separation and the wall known as primary
upstream vortex (PUV) and secondary upstream vortex
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(SUV) as a result of the separation that occurs in the bound-
ary layer; in the downstream part there are a Mach disk that
recompress the under-expanded secondary fluid and a reat-
tachment zone with recompression that contains primary
downstream vortices (PDV) [7-11]. Figure 1 illustrates the
SITVC nozzle flow field structure [12]. The main reason for
the deflection is the side force which is generated by a combi-
nation of the interaction force (due to a rise in the pressure
along the injector wall) and the jet reaction force (as a result
of the momentum of the secondary injection) [13].

Many analytical models as Linearized model [14],
blast-wave analogy [9], and boundary layer separation model
[15], characterized the flow field that is induced due to a sec-
ondary fluid interaction with supersonic flow, but due to its
complexity, these analytical models have lack in general
and deal only with very low injection flow rates, so experi-
mental tests with cold flow [16, 17] and real static firing
[18, 19] were utilized to provide the SITVC main data. How-
ever, experimental tests only provide macroscopic SITVC
performance predictions with high costs. On the other hand,
development of numerical methods and computational
power results in the development of computational fluid
dynamics (CFD) to give a microscopic detailed description
and analysis of the flow characteristics. Numerical simulation
gives accurate results, which can be a strong complementary
to experimental work [20, 21].

Balu et al. [7] solved the Euler equations for the estima-
tion of the secondary injection performance parameters.
Dhinagram and Bose [22] solved both Navier-Stokes and
Euler equations in two-dimensional nozzles concluding that
solving Navier-Stokes equations gives more accuracy to the
results. Ko and Yoon [23] present a flow analysis of SITVC
by solving three-dimensional Navier stokes equations with
the Baldwin-Lomax turbulence model and k — & turbulence
model. Sriram and Mathew [24] used the fluent code to sim-
ulate the flow field of the nozzle utilized by Masuya et al. [16]
and Ko and Yoon [23] with different solution parameters.
Vishnu et al. [25] used the realizable k — ¢ turbulence model
with enhanced wall treatment for the design optimization
of SVC. Zmijanovic et al. [26] investigated experimentally
and numerically the effects of FTV within the framework of
a small satellite launcher. Prince Raj et al. [27] used a fluent
code to solve the three-dimensional governing equations to
analyze the flow field produced by secondary hot gas injec-
tion in a nozzle rocket motor. Rajendran et al. [28] carried
out numerical studies using the two-dimensional RNG k — ¢

turbulence model to compare between injecting sonic and
supersonic jets for thrust vector control. Sellam et al. [5] ana-
lyzed the thermodynamic characteristics of the injected gas
on FTV performance. Deng et al. [29] established an analyt-
ical model for transverse injection and performed a numeri-
cal model for secondary injection to study the thrust
vectoring efficiency and system thrust ratio. Erdem and
Kontis [30] carried out numerical simulations and experi-
ments to analyze the transverse injection, then Erdem et al.
[31] investigated experimentally the penetration characteris-
tics of the transverse sonic jets in Mach 5 cross flows for air,
carbon dioxide, and helium. Forghany et al. [32] studied
numerically the effect of the fluidic injection angle on TVC
system efficiency. Chandra Sekar et al. [33] carried out an
experimental work to achieve FTV in the yaw direction by
transverse injection in a converging nozzle with an elliptic
exit and triangular after.

Although there are several researches on SITVC, there
are rare investigations on the influence of the injection angle
(downstream, perpendicular, and upstream inclination) and
the primary nozzle divergence half angle on both the flow
field structure and the performance parameters of SITVC.
As aresult, the current study is aimed at presenting a detailed
qualitative analysis (without changing the secondary mass
flow rate) on the influence of injection angle and primary
nozzle divergence half angle on the SITVC flow field struc-
ture and performance parameters; also, the influence of injec-
tion location was investigated in order to investigate all the
geometric parameters in the present study.

2. Numerical Methodology

Numerical simulation of the nozzle flow field in the presence
of secondary injection has been performed. For this objective,
Reynolds-averaged Navier-Stokes (RANS) equations, com-
pressible, two-dimensional equations discretized in a finite
volume form on each of the quadrilateral control volumes,
were solved. An implicit density-based algorithm was utilized
to solve the equations; for the flux type, Roe-averaged flux
difference splitting (Roe FDS) was selected, and for the spa-
tial discretization at the beginning, a first-order upwind
scheme was chosen until a convergence behavior is shown,
then a second-order upwind scheme was selected to increase
the accuracy of the solution. The Courant-Friedrichs-Lewy
(CFL) number starts with a small value of 0.5 to ensure the
solution stability until a convergence behavior appears. Then,
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FIGURE 2: Wall Y-plus along the lower and upper walls.

TasLE 1: Computational grids for grid independence study.

Height of the

No.  Gridsize  Injector grid first grid Wall Y-plus
1 300 x 690 40 x 75 0.000508 mm 0.45-1
2 200 x 640 40 x 75 0.000508 mm 0.45-1
3 150 x 400 30x 75 0.000508 mm 0.84-1

the CFL number increased to 1 to speed up the convergence,
and the underrelaxation factor remains at 0.25 to ensure the
solution stability. For material type, air (ideal gas) was used in
all the cases.

In this specific problem, the injection of sonic jet into
supersonic flow is inherently turbulent [24, 34]. Thus, the
selection of the turbulence model was critical for the solution
accuracy. In this study, the experimental data of Gushe [17]
were used in the turbulence model validation.

The realizable k — € model, k — w model, and shear stress
transport (SST) k—w model were used in the validation
against the experimental data.

The two transport equations for the realizable k—e
model are [35]
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&2
PG, k+ /e + CseGy,
where
G, Generation of turbulence kinetic energy due to mean
velocity gradients
G, Generation of turbulence kinetic energy due
to buoyancy

Y,; Contribution of the fluctuating dilatation in com-
pressible turbulence to the overall dissipation rate

C, and C, Constants

o0, and o, Turbulent Prandtl number for k and e.

The two transport equations for the k — w model are [35]

0 0 0 ok
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where

G, Generation of turbulence kinetic energy due to mean
velocity gradients

G, Generation of w

Y, and Y, Dissipation of k and w due to turbulence

I, and T, Dissipation of k and w due to turbulence

The two transport equations for the shear stress transport
(SST) k — w model are [35-37]

0 ok
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ot (p )+ axi (p ut) axj ( kaxj> +Gk k+Sk,
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where

vak Generation of turbulence kinetic energy due to mean
velocity gradients

G, Generation of w

Y, and Y, Dissipation of k and w due to turbulence

I', and T, Dissipation of k and w due to turbulence

D,, Effective diffusivity of k and w

The wall Y-plus about 1 in the boundary layer was
achieved as shown in Figure 2; for this purpose, the first cell
height in the nozzle wall is predicted by using the skin fric-
tion coeflicient (C;) for the flat plate.

-0.2

C; =0.0576 (Rex)) , (4)

where the suffix {x} is related to the distance in which the
boundary layer separation occurs and it is calculated from
the inlet of the nozzle to the point of injection, and utilizing
the wall Y-plus and Ut equations, the first cell height is pre-
dicted. Then by numerical simulation, it was validated.

A typical structured grid system is selected to be utilized
in the computational domain for grid independence analysis.
Table 1 shows the three grids with different aspects used for
the independence analysis.

Upon grid independence analysis, the primary axial
thrust was almost identical for the three grids; the maximum
difference between the three grids for this value was less than
0.5%. As a result, in order to achieve more accuracy in the
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FiGure 3: Computational structured grid 2.

FIGURE 4: Near view at the injection slot in grid 2.
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F1GURE 5: Comparison between numerical results and experimental
data for static pressure distribution upstream and downstream the
injector along the upper wall using different turbulence models.

numerical simulation, grid 2 was selected for the turbulence
model validation study. In the computational grid 2 shown
in Figure 3, the mesh near upstream, downstream the injec-
tion slot and the nozzle walls were refined carefully as shown
in Figure 4.

Static pressure distribution along the upper wall (with
injector) and the lower wall (without injector) was used
for the comparison between the numerical results and

experimental data by Gushe [17]. The realizable k — ¢ model,
k — w model, and shear stress transport (SST) k — w model
were used in the comparison.

Figure 5 shows that the three models behave similarly,
having an excellent accuracy in the unaffected zone and
good accuracy with error than less 10% in the high- and
low-pressure zones compared to the experimental data;
also for the boundary layer separation point, there is little
difference (slightly overpredicted) between the numerical
results and experimental data.

Figure 6 shows that all the models behave in an excellent
accuracy with the experimental data. Finally, the three turbu-
lence models behave similarly, so the realizable k — ¢ turbu-
lence model with enhanced wall treatment was selected, as
it is advised for flows containing a boundary layer under
strong adverse pressure gradients [35], and it converges faster
than the other two models do, whereas the k — w model and
the shear stress transport (SST) k —w model take about 8
hours (about 35000 iterations) to converge, while the realiz-
able k — ¢ model takes about 6 hours (about 25000 iterations)
for convergence, so the calculation time can be reduced.

Also, in order to verify the current model, the amplifica-
tion factor calculated by Gushe [17] compared to amplifica-
tion factor calculated from the numerical simulation shows
good accuracy.

After validating and choosing the turbulence model,
the solution of the two-dimensional flow field in a conical
convergent divergent nozzle with SITVC has been carried
out. The injector used for the secondary injection was a
two-dimensional slot extended throughout the depth of the
primary nozzle in the z-axis with different injection locations
M, (in terms of axial Mach number of primary flow
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F1GURE 6: Comparison between numerical results and experimental
data for static pressure distribution along the lower wall using
different turbulence models.

corresponding to the injection point located on the primary
nozzle wall) =2, 2.5, and 2.75; injection angles 45°, 80°, 90°,
100°, and 135" as in Figure 7 (when the secondary injection
is in the direction of the primary flow, the injection angle is
0°); and primary nozzle divergence half angles 5°, 10°, and
157 the geometric model of the two-dimensional convergent
divergent nozzle used in the numerical investigation is shown
in Figure 7.

Also, for a grid independence analysis, a typical struc-
tured grid system has been utilized in the computational
domain as shown in Table 2.

The grid independence analysis results showed that the
primary axial thrust was almost identical and the maximum
difference between the three grids for this value was less than
0.2%. Based on the grid independence study, grid 2 was used
for more accuracy and lower computational time.

The computational structured grid 2 is shown in Figure 8;
the mesh refined around the injection slot and the nozzle
walls is shown in Figure 9 to achieve a wall Y-plus about 2
at the nozzle critical section and less than 1 at the injection
slot as shown in Figure 10.

It has been supposed that the numerical solution con-
verged for each case when the mass flow rate monitor at
the inlet control volume displays no change (constant watch-
ing is kept at a considerable number of digits) with more than
100 sequential iterations [38].

2.1. Boundary Conditions. A pressure inlet boundary was
chosen for inlet and outlet of the primary nozzle, and the
mass flow inlet boundary was used for the secondary inlet.
Inlet: primary stagnation pressure Py, =3720 kPa, pri-
mary stagnation temperature T, = 300 K
Outlet: primary nozzle exit pressure, P,, = 101.325 kPa,
exit Mach number = 3

Secondary inlet: mass flow rate = 4.34255 kg/s, secondary
to primary mass flow rate 1 /m, = 2.54%, secondary to pri-
mary stagnation pressure ratio P, /P, =0.5, secondary
injection temperature T, = 300 K, and ratio between second-
ary injection slot area and primary critical area A,/A* = 0.05

2.2. SITVC Performance Parameters. SITVC performance
parameters investigated in the current study include [13, 39]

(1) Axial thrust augmentation ATA%

Fp - Fp

P

ATA% = (5)

(2) Thrust ratio: the ratio between the side force and the
axial thrust force F,/F}, where

(i) Side force F,

F,=F;+F, (6)

F; is the interaction force (side force-pressure
component).

Fi = z [PAA)’] upper wall B Z [PAA}’] lower wall” (7)

where i means that the summation is taken over
all the cells of the computational grid

F; is the jet reaction force (side force-momentum
component).

Fj = msVsy + ((Pes = Pys)Ay) cos ﬂinj' (8)

(ii) Primary axial thrust Fp:

Fszer+(Pe_Pu)Ae' (9)

(3) System-specific impulse loss 81sp

OIsp = Ispsys — Isp°. (10)

(4) Specific impulse ratio (amplification factor) AK is the
ratio of the secondary injection-specific impulse to
the primary flow-specific impulse, and it determines
the amount of secondary fluid to be injected to
achieve a specified side force [10].

K= Isps

- Ispo’ (ll>
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FIGURE 7: Geometric model of 2D convergent divergent nozzle (units in m).

TaBLE 2: Computational grids for the grid independence study.

No. Gridsize Injector grid Height of first grid Wall Y-plus
1 200 x 300 40 x 75 0.0004 mm 0.45-1.77
2 240 x 400 10x 70 0.0004 mm 0.45-2
3 300 x 500 15x 70 0.0004 mm 0.84-2.6
where
FD
Isp"= —2F
p X g
I Fs
sps = ,
p X g (12)
2 . 2
+F
Ispsys= ~—F 5
(ms + mP)g

3. Results and Discussion

3.1. Flow Field Structure. For a constant secondary mass flow
rate influence of the injection location, the injection angle
and primary nozzle divergence half angle on the nozzle flow
field structure will be discussed in the following part.

3.1.1. Components of the Flow Field Structure. The SITVC
creates a complex flow field in the nozzle divergent part;

Figure 11 illustrates the main components of the SITVC
flow field.

3.1.2. Influence of Injection Location. For a given secondary
mass flow rate and injection angle, the change in the flow
field structure as a function of injection location will be inves-
tigated in this part. The strength of the primary bow shock
decreases as the injection location moved farther down-
stream due to the increase in the primary flow Mach number
decreasing the angle of the primary bow shock also in case of

downstream injection M, = 2.75; the relatively shorter wall
length available on the opposite wall for shock impact mini-
mizes the possibility of shock impingement as it can be seen
in Figure 12.

The momentum flux ratio J is an important parameter
in determining the separation distance and the depth of
penetration of a jet in cross flow as in eqn. (13) [11, 29]. ]
increases as the injection location moves downstream, as
shown in Table 3, leading to increasing penetration depth
and the separation distance upstream the injection

A

J (13)

As well, the injection location moving downstream the
boundary layer is more developed which decreases the slope
of velocity gradient (du/dy) and increases the possibility of
boundary layer separation [40, 41] as it can be observed in
Figure 13.

It was noticed that the strength of the separation
decreases as the injection location goes downstream; this is
due to increase in the primary flow Mach number decreasing
the separation shock angle, and this in turn results into a
relatively lower pressure in the upstream higher pressure
zone. Downstream the injector, the lower pressure zone
expands, as the injection location moved farther down-
stream, as shown in Figure 13.

The chance of shock impingement is very high in case of
upstream injection M =2 but only if the secondary mass
flow rate was small, and as the injection location moved far-
ther downstream M, = 2.5 and 2.7, the chance of the primary
bow shock impingement decreases, as shown in Figure 14.
Finally, as the injection location moved downstream, the
interaction force increases by increasing the primary flow
velocity and the jet reaction force increases by decreasing
the primary flow pressure.
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F1GUre 8: Computational structured grid 2.

FIGURE 9: Near view at the injection slot grid 2.
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FiGure 10: Wall Y-plus along lower and upper walls for grid 2.

3.1.3. Influence of Injection Angle. For a given secondary mass
flow rate and injection location, the influence of the injection
angle will be investigated in this section. The momentum of
the secondary injection decreases as the injection angle
inclined downstream or upstream, so the momentum flux J
decreases as shown in Table 4, but in the case of upstream
inclination due to the existence of the portion of the injection
in the upstream region, the interaction increases as it appears

as an additional “block” that pushes the separated boundary
layer leading to an increase in the separation as shown in
Figure 15(c). As a result of the previous reason, as the angle
of injection is increased (towards perpendicular or upstream
inclination), the strength of primary bow shock increases and
its originating point moves upstream the injector, and the
strength of separation increases as the angle of injection
increases (upstream inclination) which leads to an extension
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FI1GURE 12: The influence of injection location on flow field structure (Mach number contour).

of the higher-pressure zone upstream the injector; thus, a  Figures 15 and 16. Also, the strength of primary bow shock
stronger separation shock results in higher pressure in the  decreases as the injection angle decreases (downstream incli-
high-pressure zone upstream the injector as shown in  nation) due to the decrease in the momentum flux ratio J, as
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TaBLE 3: Momentum flux ratio J with injection location.
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shown in Figures 16 and 17. Thus, in case of shock impinge-
ment, the downstream injection angles oc;,; =45° diminish

the effect of shock impingement on the opposite wall as

TaBLE 4: Momentum flux ratio ] with injection angle at M, =2.75.

O J
45° 0.6010
90° 0.85
135° 0.6010

shown in Figure 18, and by increasing the injection angle
(upstream inclination) to oc;,; = 135°, the chance of primary
bow shock impingement on the opposite wall increases, and
the impact point of the shock moves further upstream on
the opposite wall with the increase in the angle of injection
(upstream inclination). Injection at upstream angles of injec-
tion produces a stronger shock impact as it can be observed
in Figure 18.

3.1.4. Influence of Primary Nozzle Divergence Half Angle

(1) At Injection Location M, = 2. For a given secondary mass

flow rate, the strength of the primary bow shock increases by
decreasing the divergence half angle, as the rate of increase in
Mach number contour is lower due to the greater wall length
with the same expansion ratio.

Momentum flux ratio J decreased in smaller divergence
half angles as in Table 5, due to an increase in the velocity
of the primary nozzle flow (decreasing cosine effect), but a
smaller divergence half angle results in a slight expansion of
the pressure zones upstream and downstream the injector
as depicted in Figure 19, as a result of the development of
the boundary layer and lower pressure contour upstream
the injector (the rate of decrease in the pressure contour is
lower). The strength of the recompression shock increases,
as the divergence half angle decreases; in the 5° divergence
half angle, the recompression shock increases till it reaches
the lower wall and is reflected as can be observed in
Figure 20. It can be observed that the shock impingement
increases and moves downstream as the divergence half angle
decreases as in Figure 21; furthermore, upstream injection
accompanied with smaller divergence half angles results into
multiple primary bow shock impingement on the lower and
upper walls due to the increase in shock impingement on
the lower wall and reflected to the upper wall as shown in
Figures 19-21.

(2) At Injection Location M, =2.75. For a given secondary

mass flow rate, the strength of the primary bow shock
increases by the decrease in the divergence half angle; also,
the secondary bow shock increases by the decrease in the
divergence half angle as shown in Figure 22. Although ] is
more in the higher divergence half angles as in Table 6, due
to the lower rate of decrease in the pressure contour in smaller
divergence half angles and the more developed boundary
layer, the separation distance in the upstream high-pressure
zone is almost identical as shown in Figure 23. Smaller diver-
gence half angles extend the lower pressure zone as depicted in
Figure 23. For a given secondary mass flow rate, injection
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F1GURE 16: Influence of the injection angle on the static pressure
distribution along the injector wall M, =2.75.

location downstream injection with smaller divergence half
angle results into no shock impingement as can be observed
in Figure 22.

3.2. Performance Analysis. SITVC performance was investi-
gated for injection location, angle of injection, and primary
nozzle divergence half angle for the same secondary mass
flow rate for all cases.

3.2.1. Influence of Injection Location. For a given secondary
mass flow rate, it was observed as shown in Table 7 that
upstream injection increases the axial thrust augmentation;
this is due to the efficient adiabatic expansion of the injected
gases. The amplification factor increases as the injection loca-
tion moved downstream as the chance of shock impingement
decreases; also, the thrust ratio increases as the injection loca-
tion moved downstream due to the increase in the side force.
The system-specific impulse loss increases as the injection
location moved farther downstream due to inefficient adia-
batic expansion and the increase in the side force.

3.2.2. Influence of Injection Angle. The given secondary mass
flow rate and injection location are shown in Tables 8 and 9.
The axial thrust augmentation increases as the injection
angle decreases to 45°% this is due to the relatively higher
parallel velocity (to nozzle axis) component of the injec-
tion gas. The thrust ratio increases (negative due to shock
impingement or positive no impingement) by the increase
in the injection angle as the side force increases (negative or
positive); as the injection angle increases to 135°, the rate of
increase in interaction force is more than the rate of decrease
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F1GUrE 17: Influence of the injection angle on the static pressure
distribution along the injector wall M =2.
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F1Gure 18: Influence of the injection angle on the static pressure
distribution along the lower wall M, =2.

in the jet reaction force (due to the inclination). The amplifi-
cation factor and specific impulse loss increases (negative in
case of shock impingement or positive) as the injection angle
increases to 135°.

3.2.3. Influence of Primary Nozzle Divergence Half Angle.
For a given secondary mass flow rate, the upstream injection
M, =2is as shown in Table 10 and the downstream injec-
tion Mp =2.75 is as shown in Table 11; the axial thrust
augmentation increases by the increase in the divergence

11

TaBLE 5: Momentum flux ratio J with divergence half angle at

M, =2.
0 ]
5° 0.4363
10° 0.441
15° 0.45
0.6
Injection location M, = 2
0.5
041, /
"\
° \
&0340)
X I o~
02 [~ \,“\\ (
N :
[ J
0.1 Lf\\\
0 Rt
0 5 10 15 20

X/Her

——— Upstream injector 6 = 15°
~-- Downstream injector 6 = 15°
Upstream injector 6 =10°
Downstream injector 6 = 10°
——= Upstream injector 6 = 5°
—— Downstream injector 6 = 5°

FIGUrk 19: Influence of the divergence half angle on injector wall
static pressure distribution M, =2.

Injection location M, = 2

P/Po

10 15 20
X/Hcr
— 6=15°
""" 0=10°
0=5°

F1Gure 20: Influence of the divergence half angle on lower wall static
pressure distribution M, = 2.

angle, but the system-specific impulse loss increases by the
decrease in the divergence half angle due to a decrease in
the primary axial thrust. The thrust ratio and amplification
factor increase by the increase in the divergence half angle
due to the increase in the side force as a result of the increase
in the value of the interaction force; this is at the downstream
injection, but at the upstream injection, this changes due to
the increase in shock impingement in the 10" divergence half
angle and the multiple shock impingements in case of the 5°
divergence half angle.
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g

.96,

2.99E + 00
2.89E + 00
2.79E + 00
2.69E + 00
2.59E + 00
2.49E + 00
2.39E + 00
| 229E +00
2.19E + 00
2.09E + 00
1.99E + 00
1.89E + 00
1.79E + 00
1.69E + 00
1.59E + 00
1.49E + 00
1.39E + 00
1.29E + 00
1.20E + 00
1.10E + 00
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8.97E - 01
7.97E - 01
6.97E - 01
5.98E - 01
4.98E - 01
3.99E - 01
2.99E - 01
1.99E - 01
9.99E - 02
2.96E - 04

(b) Div-half angle 6 = 10°
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1.10E + 00
9.96E - 01
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6.97E - 01
5.98E - 01
4.98E - 01
3.99E - 01
2.99E - 01
1.99E - 01
9.99E - 02
2.96E - 04

(c) Div-half angle 0 = 15

F1ure 21: The influence of primary nozzle divergence half angle on flow field structure (Mach number contour) M, =2.

4. Conclusions

Numerical simulation has been carried out with the help of
the realizable k—¢ turbulence model accompanied with

enhanced wall treatment and showed a good accuracy with
the experimental data in order to analyze the influence of
changing the injection angle, injection location, and primary
nozzle divergence half angle on the SITVC nozzle flow field
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(a) Div-half angle 0 =5
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(b) Div-half angle 8 = 10°

(c) Div-half angle 6 = 15
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Freure 22: The influence of primary nozzle divergence angle on flow field structure (Mach number contour) M, = 2.75.

structure and the SITVC performance parameters for a given =~ impingement decreases and the side force increases, but the
secondary mass flow rate. It was found that as the injection  axial thrust augmentation decreases due to the inefficient
location moved downstream M = 2.75, the chance of shock  expansion of the secondary injection, also with increasing



14

TaBLE 6: Momentum flux ratio J with divergence half angle at
M, =2.75.
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TaBLe 9: SITVC performance parameters with respect to the
injection angle at M, =2.75.

0 ] ATA% AK F,/Fp% SIsp
5° 0.824 Xy = 45° 1.2 1.7 4.2 -0.513
10° 0.8337 o =90° 1.132 1.95 49 -0.7815
15 0.85 0,y = 135° 1.03 221 5.5 1121
0231 Injection location M, =2.75 TaBLe 10: SITVC performance parameters with respect to
divergence half angle at M, = 2.
0.2 4

X/Hcr

—— Upstream injector 0 = 15°
""" Upstream injector 6 = 10°
Downstream injector 6 = 15°
Downstream injector 6 = 10°
——= Upstream injector 6 = 5°
-—-— Downstream injector 6 = 5°

FiGure 23: Influence of the divergence half angle on injector wall
static pressure distribution M, = 2.75.

TaBLE 7: SITVC performance parameters with respect to injection
location.

ATA% AK F,/Fp% Slsp
M,=2 2354 -0.95 -2.36 -0.09203
M,=2.5 0.983 1.7247 434 -0.8958
M, =275 1.132 1.95 49 -0.7815

TaBLe 8: SITVC performance parameters with respect to the
injection angle at M, =2.75.

ATA% AK F/Fp% Slsp
Oy = 45° 2429 -0.73 -1.829 -0.0541
Oy = 80° 2.365 -0.945 -2.3508 -0.08624
Oy = 90° 2354 -0.9524 -2.37 -0.092033
Oy = 100° 228 -1.11733 -2.78 -0.1318
oy =135 21343 -1.59 -3.97 -0.19

oc;y; from 45° to 1357 the side force increases, but axial thrust
augmentation slightly decreases, and it was concluded that
small divergence half angles 5° are not efficient from the point
of view of SITVC as the chance of the shock impingement
increases. Finally, results showed that downstream injection,

ATA% AK F./Fp% Slsp
6=5 1.723 -0.9524 -0.5 -0.45
6=10° 1.84 -1.4270 -3.5 -0.382
6=15" 235 -0.2118 -2.36 -0.0920

TaBLe 11: SITVC performance parameters with respect to
divergence half angle at M, =2.75.

ATA% AK F,/Fp% Slsp

0.4 1.798 455 -1.123

6=10" 1.86634 47 -1.05
0=15 49 -0.7815

—
—

increasing the injection angle (towards upstream inclinéﬁdh)
and higher divergence half angle, improves the performance
of SITVC.

Nomenclature

Ag Secondary injection area (m?)

FPO: Primary axial thrust without injection (N)

Hcr:  Nozzle throat height

M, Injection location (in terms of axial Mach number of

primary flow corresponding to the injection point
located on the primary nozzle wall)

m,:  Total exit mass flow rate (kg/s)

mp:  Primary mass flow rate (kg/s)

tg:  Secondary mass flow rate (kg/s)

P: Pressure (Pa)

P.:  Secondary exit pressure (Pa)

P,:  Ambient pressure at the secondary port before
injection (Pa)

Re,:  Reynolds number at the distance x

Ut: Friction velocity (m/s)

V.. Velocity along the x-axis (m/s)

Vi Secondary gas velocity along the y-direction (m/s)

X: Distance along the nozzle wall

Isp:  Secondary specific impulse (sec)
Ispsys: System-specific impulse (sec)

Isp,’:  Primary specific impulse without injection (sec)
OIsp:  System-specific impulse loss

0: Divergence half angle (deg)

ociy: Injection angle (deg)

Binj  Wall angle at point of injection (deg)

y: Specific heat ratio.
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