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Abstract. Numerical simulations are performed to characterize the secondary injection thrust
vector control. For this objective the following measurements were taken: considering the flow
to be compressible and turbulent using Realizable k-¢ turbulence model accompanied by
enhanced wall treatment, the comparison between the CFD results and the experimental results
shows a very good agreement. Then a parametric study on injection mass flow rate (changing
secondary stagnation pressure) with the same injection location and injection angle is done.
The results stated that increasing the injectant mass flow rate lead to shock impingement from
opposite wall at secondary stagnation pressure 1.4 of the primary stagnation pressure.

1 Introduction

The propulsion system not only provides a thrust to a rocket or any flying vehicle but also can
introduce a control mechanism to correct the vehicle’s trajectory and attitude by systems of thrust
vector control (TVC). With the control of thrust vector direction, pitching, yawing and rolling
moments can be accomplished on the aerial vehicle; there are many techniques to generate the
deflection of the thrust vector such as the usage of flexible nozzle joints, gimbaled nozzles, jetavators,
jet vanes/tabs, secondary injection, and etc. From the different ways to deflect thrust vector of a flying
vehicle, Secondary Injection Thrust Vector Control (SITVC) has been applied successfully since
1960’s and is achieved by injecting secondary fluid to the supersonic flow inside the divergent part of
the convergent-divergent nozzle. In contrast to mechanical thrust vector control systems, such as
gimbaled nozzles, jet vanes/tabs, jetavators etc., that uses an actuation system to move the mechanical
parts, SITVC does not use any movable parts and is governed by flow regulation, which minimize the
losses of the axial thrust force during changing the thrust direction [1] The secondary injectant,
(liquid or gas) can be supplied from the combustion chamber as a bleed or from a separate gas
generator and it creates a complex flow field in the nozzle divergent part which contains not only a
strong bow shock that creates asymmetry and a weak separation shock due to separation of the
boundary layer upstream of the injector, but also downstream of the injector a Mach disk and
reattachment region accompanied by recompression were created [2-4]. Figurel. [2] Schematically
depicts the flow field structure inside the nozzle setup as a result of secondary injection. The causes of
the deflection are as a result of the side force which produced by a combined effect of, a) interaction
(induced) force, due to pressure rise along the wall, and b) jet reaction force, caused by the momentum
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of the injecting secondary fluid [5]. As the secondary injection in the supersonic flow creates a
complex flow field, many past researches focused on both analytical models such as Blast-wave
analogy model[4] to characterize the flow field due to secondary injection and experimental tests with
cold flow [6,7] and real static firing [8,9].While analytical models deals only with very low injection
flow rates and lack in general, the experimental tests of cold flow and static firing provides the main
data of SITVC to be utilized for further analyses, but these tests gives only macroscopic performance
predictions with high cost. On the other side the evolution of computational power and numerical
methods, results in developing the computational Fluid Dynamics (CFD) to give a detailed
microscopic description of flow properties. CFD became an attractive alternative to analytical models
and a strong complimentary tool to experimental tests [10, 11].
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Figure 1. Flow field structure setup by secondary injection into primary nozzle flow [2]

In this paper the flow field investigation inside a nozzle in presence of secondary injection and
analysis of SITVC performance parameters with variable injection mass flow rate (changing
secondary stagnation pressure), for given injection location and injection angle were carried out.

2 Numerical Methodology

Numerical simulation of two dimensional flow field inside the nozzle used by Gushe [7] has been
carried out with the aid of a steady Realizable k- turbulence model with enhancement wall treatment.
The solved equations are the two-dimensional, compressible, Reynolds-averaged Navier—Stokes
equations, which were discretized in finite volume form on each of the quadrilateral control volumes.
A second-order upwind scheme was chosen for the spatial discretization; the implicit density-based
algorithm was used to solve the equation, and Roe-averaged flux difference splitting (Roe FDS) was
chosen for the flux type, Ideal gas (air) was considered for analysis.

The first cell height inside wall nozzle was taken to achieve wall Y plus about 1 in the boundary
layer as shown in figure 2. The first cell height estimation is estimated using skin friction coefficient
(Cy) for flat plate. Note that x is the distance from the nozzle inlet to injector location, where the
separation of boundary layer occurs, and utilizing the definitions of wall Y plus and Ut the first cell
height is predicted. Then it is validated with numerical simulation.

C; = 0.0576(Rey,)) 2 (1)
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Figure 2. Wall Y plus-values along upper and lower wall

A typical structured grid system in the computational domain selected after grid independence
study, where three grids with different aspects are considered as shown in Tablel.

Tablel. Computational grids for grid independence study

NO | Grid size Injector Height of y+
grid first grid
1 300x690 40x75 0.00002in | 0.45-1
2 200x640 40x75 0.00002in | 0.45-1
3 150x400 30%75 0.00004 in | 0.84-1

Grid independent study shows that grid land 2 is a little better than grid 3 and for accuracy grid 2
was selected for the study.

The computational grid 2 are shown in figure 3.were the mesh around the injection slot and the
walls were specially refined as shown in figure 4

Figure 3. Computational structured Grid 2

Figure 4. Close view at the injection grid 2

2.1 Boundary conditions
A pressure inlet boundary was used for nozzle inlet, secondary inlet and nozzle outlet where:

Inlet: Primary Stagnation Pressure, P,, = 100 Psig, Primary Stagnation Temperature, T,,= 258.5K
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Outlet: Primary Nozzle Exit Pressure, P, = 101068Pa

Secondary inlet: - Secondary to primary stagnation pressure ratio P,y/P,,=0.6.
-Secondary injectant temperature T,=272.2K.
- Secondary injection slot to primary throat area ratio Ay/A*=0.05

-Injection location with respect to the primary flow Mach number Mp=1.904.

2.2 Validation of the numerical simulation

First numerical simulation of the flow field inside the nozzle used by Gushe [7] Without injection to
calculate the primary axial thrust at no injection state and a comparison between the calculated Mach
number [7] and the numerical one has been done as in figure 5.And shows a good accuracy with error
less than 10%.
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Figure 5. Comparison between calculated and numerical results for Mach number (no injection)

Then the simulation of the flow field of nozzle with the secondary injection slot carried out and a
comparison between the experimental and numerical results has been done for the static pressure
distribution along the upper wall where the injector have been installed using realizable k-& model, k-
@ model and the shear stress transport (SST) k~w model it shows that all of the models behave
similarly With an excellent accuracy in the unaffected zone and good accuracy in the high and low
pressure zone less than 10% also a little difference between the experimental and numerical results at
the boundary layer separation point figure 6. Also the comparison for the static pressure distribution

along lower wall (no injector) has been done and shows an excellent accuracy for all models figure 7.
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Figure 6.Comparison between Experimental and numerical results for pressure distribution upstream and
downstream the injector on the upper wall using different turbulence models.
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Figure7.Comparison between Experimental and numerical results for pressure distribution on the lower wall
using different turbulence models

2.3 SITVC Performance Parameters

Secondary injection thrust vector control (SITVC) performance parameter investigated in present
study includes [5-12]:

1-Axial Thrust Augmentation A74%
ATA% = (Fp — Fg)/Fp 2
2-Thrust ratio is the ratio of the side thrust force to axial thrust force Fis/Fp where:
*Side Thrust Fs:
F,=F +F 3)

F; is the interaction Force (Side-Thrust-Pressure Component).

=P Aupperwall = PAjowerwau 4)
F;isthe jet Reaction Force (Side-Thrust-Momentum Component).
Fy = mgVsy + ((Pes — Fas)As)COSBin; )
*Primary axial thrust Fp:
Fp = m,V, + (Pe — Pa)Ae (6)

3- System Specific Impulse Loss dlsp
61sp = Ispsys — Isp° @)

4- Specific Impulse Ratio (Amplification Factor) AK is the ratio of the side specific impulse to main

axial specific impulse and it determines the amount of fluid to be injected to have a specified side
force [6].

AK = Isps/Isp° 3

where:
Isp® = E, /m )
Isps = F, /1 (10)
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2 2
FE+F¢

Ispsys = (11)

(mg+mp)g
3 Results and Discussion

A parametric study on injection mass flow rate (changing secondary stagnation pressure) with the
same injection location and injection angle is done as mass flow rate of the injectant varies directly
with the injection total pressure.
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Figure 8. Effect of injection mass flow rate on injector wall static pressure distribution
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Figure 9. Effect of injection mass flow rate on lower wall static pressure distribution

The strength (shock angle) of the primary bow shock inside nozzle increases with the secondary
mass flow rate (by increasing the secondary stagnation pressure) as shown in figure 8.

The origination point of the primary bow shock moves further upstream of the injector as the
secondary mass flow rate increases (by increasing the secondary stagnation pressure). Leads to
extended higher pressure region upstream of the injector as shown in figure 8.
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Same as in primary bow shock, the strength of the separation increases as the secondary mass
flow rate is increased (by increasing the secondary stagnation pressure). Stronger separation shock
results into stronger injector upstream higher wall pressure region as shown in figure 8.

Higher secondary mass flow rates (resulting from higher secondary stagnation pressure) also cause
extended lower pressure regions downstream of the injector. As the injection mass flow rate is
lowered, the reattachment point moves upstream on the primary nozzle wall in the aft section of the
injector as shown in figure 9.

In figure 9 the effect of increasing the injectant mass flow rate on the lower wall it shows that no
changes in the static pressure along the lower wall till reaching Pos/Pop=1.3 a very small shock
impingement arises on the exit of the nozzle and when Pos/Pop increased to 1.4 and then 1.5 a
significant shock impingement is shown leads to rise in the static pressure on the lower wall which

effects the side force. The complex flow field with shock impingement setup by secondary injection
inside primary supersonic flow was shown in Figure 10.

Downstream Lower Pressure

Upstream High Pressure Zone Mach Disc Zone

Primary Bow shock

Secondary Bow/shock Primary Bow shock impingement

Figure 10. Flow field structure (Mach number contours) setup by secondary injection into primary nozzle flow.

The influence of injection stagnation pressure on the secondary injection performance parameters

for a given injection location and angle of injection are shown in the figures from 11-14.

The observations are discussed as follows:
1 - Referring to figures 11-14, secondary mass flow rate is a function of secondary injection
stagnation pressure. In other words, secondary mass flow rate varies directly with secondary injection
stagnation pressure for a given injection area.
2 — Increasing the secondary mass flow rate (by increasing the secondary stagnation pressure), the
axial thrust augmentation increases as can be observed in figure 14. Primary reason is addition &
subsequent adiabatic expansion of the injectant gas. Thrust augmentation is also a weak function of
strength of the primary & secondary bow shocks that deflect the primary flow direction in the primary
nozzle. More augmentation to the axial thrust is resulted in case of stronger shocks.

3 - The thrust ratio increases linearly as the injectant mass flow rate increases (by increasing the
secondary stagnation pressure) till reaching the critical secondary stagnation pressure where shock
impingement occurs as observed in figure 11.
4 - The amplification factor in figure 12 increase linearly and rapidly for low mass flow rates for
moderate and higher mass flow rates the rate of increase decreases till reaching the critical secondary
stagnation pressure where shock impingement occurs as observed in figure 12. Amplification factor
does not linearly depend on the secondary mass flow rate due to non-linearities of the governing
factors. Amplification factor is a function of physical/flow properties of primary & secondary fluids,
injection location, angle of injection and primary nozzle geometry.

5 - Side thrust & axial thrust augmentation is achieved at the cost of specific impulse. It can be
observed in figures 13 that as the secondary mass flow rate increases (by increasing the secondary
stagnation pressure), system specific impulse decreases almost linearly. The reason of this loss is the
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inefficient expansion of the injected gas. It is concluded that shock impingement surely affects the
secondary specific impulse & amplification factors.
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Figurell. Effect of secondary mass flow rate (by changing secondary stagnation pressure) on the thrust ratio
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Figurel4. Effect of secondary mass flow rate (by changing secondary stagnation pressure) on the axial thrust
augmentation

4 Conclusion

The objective of the present paper was to investigate the performance and physics of SITVC. realizble
k-¢ model with enhanced wall treatment used and compared to the experimental results to validate it.
Performance parameters of SITVC system have been investigated with respect to different secondary
mass flow rate. It was found that Injectant mass flow rate is a main parameter that can provide a wide
range of operational flexibility & controllability in SITVC systems and must be investigated to get the
maximum injectant mass flow rate with safe injection to avoid shock impingement on the opposite
side of the nozzle wall that leads to reduce net side force or in worst cases vectoring the system into
undesired direction.

Nomenclature
A Area (m?)
ATA% Axial thrust augmentation percentage
AK Amplification factor
A secondary injection area (m?)
Cy Skin friction coefficient
F Force (N)
F Side force (N)
» Primary axial thrust (N)
E)’ Primary axial thrust without injection (N)
M, Injection location (in terms of primary flow axial Mach number corresponding to
injection point located on primary nozzle wall
m, Total exit mass flow rate (Kg/s)
Ty, Primary mass flow rate (kg/s)
mg Secondary mass flow rate (kg/s)
P Pressure (Pa)
P, Secondary exit pressure (Pa)
P Ambient pressure at the secondary port before injection (Pa)
Py Secondary stagnation pressure (Pa)
Pop Primary stagnation pressure (Pa)
Rex Reynolds number at the distance x
Tos Secondary stagnation temperature (k)
Ut Friction velocity (m/s)
V. Velocity along x- axis (m/s)
Ve Secondary gas velocity along y- direction (m/s)
Isp, Secondary specific impulse (sec)
Ispsys System specific impulse (sec)
Isp,’ Primary specific impulse without injection (sec)
olsp Specific impulse loss
Binj Wall angle at point of injection ( deg)
Y Specific heat ratio
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