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Abstract

A numerical investigation has been carried out to determine the
effect of vacuum on shock vector control (SVC) performance,
as an initial stage in the study of fluidic thrust vectoring for
spacecraft propulsion systems. A two-dimensional nozzle with
SVC was modelled with two sets of operating pressures: Case
1 was under-expanded and Case 2 was over-expanded at atmospheric pressure. The ambient pressure was reduced from one
atmosphere to vacuum, to observe the effect on thrust vectoring performance. It was found that the ambient pressure did not
influence the flow within the nozzle unless the nozzle was operating at over-expanded conditions, which is not possible in the
vacuum of space. For Case 1, the thrust vector angle decreased
from 4.72° to 4.35° as the ambient pressure was reduced. This
was due to an increase in axial thrust from the increasing pressure thrust component, while the lateral thrust remained constant. A thrust vector angle of 11.28° was achieved for Case
2 at atmospheric pressure, as a result of an asymmetric flow
separation within the nozzle at over-expanded conditions. This
angle reduced to 4.25° as the nozzle became under-expanded
with decreasing ambient pressure. The investigation revealed
no physical reasons why SVC should not be suitable for use on
spacecraft.
Introduction

Spacecraft traditionally use multiple thrusters to attain their
assigned trajectory and orientation in space. These thrusters
are fixed, and fired in various combinations to produce thrust
and torque in the required directions. The number of thrusters
ranges from four for some small spacecraft, to over forty for the
International Space Station [6], with propellant typically contributing between 20 and 60% of the total spacecraft mass. The
fixed configuration does not allow optimal use of the thrusters,
as a minimum number is usually selected to cover as many force
and torque requirements as possible. Furthermore, if the centre
of mass of the spacecraft changes over the course of the mission,
due to consumption of the on-board propellant for example, the
optimum thrust orientation will also change. This results in a
loss of efficiency when additional thruster burns are required to
keep the thrust vector aligned with the centre of mass.
The present investigation forms part of a larger research effort
on the application of fluidic thrust vectoring (FTV) to spacecraft propulsion, which has the potential to reduce the number
of thrusters required and improve the efficiency of their implementation. A resulting decrease in hardware mass and propellant requirements may lead to reduced mission costs, a greater
proportion of mass available for the mission payload, and increased operational lifetimes. FTV has previously been considered for aircraft, missiles, and rockets flying in the atmosphere,
but its application has not yet been extended to spacecraft operating in a vacuum.
Thrust and Shock Vector Control

The majority of spacecraft propulsion systems produce thrust
by accelerating a gas through a supersonic converging-

diverging nozzle. Thrust is the reaction experienced by the
spacecraft due to the momentum of the accelerated gas and
an imbalance between the ambient pressure and the nozzle exit
pressure. Assuming steady flow and constant ambient pressure,
the total thrust can be defined in vector form as:
~F = ṁ~Ve + ~Ae (Pe − Pa )

(1)

where ~F is the total thrust, ṁ is the mass flow rate of the accelerated fluid, ~Ae is the exit area of the nozzle, Pa is the ambient
pressure and ~Ve and Pe are the integrated velocity and pressure
at the nozzle exit plane respectively. The first term on the right
hand side of equation (1) is the momentum thrust and the second term is the pressure thrust. If the exit pressure is greater
than the ambient pressure, the nozzle is “under-expanded” and
the pressure thrust term is positive. If the fluid is expanded to
lower than ambient pressure, the nozzle is “over-expanded” and
the pressure thrust becomes negative, resulting in a drag force
and loss of efficiency. The sudden compression at the exit also
causes the flow to partially separate from the nozzle walls. A
“fully-expanded” nozzle is one where the exit pressure is equal
to the ambient pressure.
For an axially symmetric nozzle, any lateral components of velocity generally cancel out to leave only an axial thrust component. The flow can, however, be adjusted to produce a lateral
force and resulting turning moment with thrust vector control
(TVC). TVC can be divided into two main categories: mechanical and fluidic. Mechanical thrust vectoring (MTV) can involve pivoting the entire engine with a gimballing mechanism,
or placing movable parts within the flow to deflect the thrust.
MTV has previously been used for the Space Shuttle’s Solid
Rocket Motor and several electric and chemical propulsion systems for spacecraft including Cassini, SMART-1, Artemis, and
Deep Space 1, but with heavy mass penalties [3] and reliability
concerns due to the large number of moving parts [2].
Shock vector control (SVC) is a type of fluidic thrust vectoring,
where a secondary fluid is injected asymmetrically into the diverging section of the nozzle to deflect the thrust. The absence
of moving parts is particularly attractive for spacecraft applications, where mechanisms are generally avoided due to their tendency to introduce single point failure modes. The secondary
fluid acts as an obstruction to the main supersonic flow, causing an oblique shock wave to form inside the nozzle. A lateral
thrust component results as the flow is deflected by the shock
wave and by the higher pressures on the injection side of the
nozzle. With the x-axis defined as the nozzle central axis, the
side force can be calculated by splitting the vector form of the
thrust equation into the x and y-components, as follows:
Fx = ṁVex + Aex (Pe − Pa )

(2)

Fy = ṁVey + Aey (Pe − Pa )

(3)

where Fx is the total axial thrust and Fy is the total lateral thrust.
The y-component of pressure thrust is zero when the nozzle exit
plane is perpendicular to the axial direction. The angle, α, of the
thrust vector from the axial direction is then defined as:
 
Fy
(4)
α = tan−1
Fx

PO

Methodology

An existing SVC nozzle at UNSW Canberra was modelled numerically to form a basis for future experimentation, with the
ambient pressure reduced from one atmosphere to vacuum in
steps of 10 kPa. The two-dimensional planar nozzle had a depth
of 8 mm, converging length of 15 mm, diverging length of 14.3
mm, throat height of 2.5 mm, converging angle of 20°, and
diverging angle of 13°, resulting in an area ratio of 3.64 and
exit Mach number of approximately 2.83. The slot injector was
located at the midpoint and perpendicular to the top diverging
wall, with a slot gap of 0.5 mm.
Two sets of operating pressures were chosen to compare the
effect of reducing ambient pressure when the nozzle was underexpanded (Case 1) and over-expanded at atmospheric pressure
(Case 2). Case 1 had a primary flow total pressure (Pt,p ) of 3
MPa and secondary flow total pressure (Pt,s ) of 0.9 MPa, resulting in an average exit static pressure of approximately 135 kPa.
For Case 2, the total primary pressure was reduced to 1 MPa and
the total secondary pressure was correspondingly reduced to 0.3
MPa, for an average exit pressure of approximately 45 kPa. The
secondary flow pressure in each case was selected to maximise
vectoring by impinging the oblique shock on the opposite wall
at the nozzle exit, as shown in table 2.
Numerical Model

The commercial computational fluid dynamics (CFD) code ANSYS Fluent (version 14.5) was used to simulate the flow within
the nozzle and the exhaust plume near the nozzle exit. A
Reynolds number (Re) with respect to the nozzle exit diameter (De ) of ReDe ≈ 1E6 necessitated the use of a turbulence
model. The shear stress transport (SST) k − ω turbulence model
was chosen for its suitability to internal flows and ability to accurately predict flow separation [4], which was expected in the
region of the secondary fluid injection and in some cases at the
nozzle exit. The pressure-based solver was selected due to the
large regions of subsonic flow expected in the external computational domain surrounding the exhaust plume, flow separation regions, and converging section of the nozzle. Pressurevelocity coupling was chosen to maintain adequate shock resolution, and y+ -insensitive Enhanced Wall Treatment enabled.
All solutions were obtained using second-order spatial discretisation, however, it was necessary to obtain a first-order solution
before switching to second-order to avoid solution divergence
as the ambient pressure was reduced. To further assist convergence, solutions to the higher ambient pressure cases were used
as a starting point for the lower ambient pressure cases. Density and viscosity were calculated using the ideal gas law and
Sutherland’s law, respectively.
A close-up view of the standard nozzle mesh is shown in figure
1, with the boundary conditions illustrated by PI = pressure inlet, PO = pressure outlet and W = wall. The mesh of 106,108
cells was refined at the walls and injection region, with an expansion ratio of 5%, first cell height of approximately 1E-6 m
and approximately 18 cells within the boundary layer.
Verification of Numerical Model

A grid independence study was carried out using four different meshes. The grid density was doubled from the standard
mesh shown in figure 1 to obtain a fine mesh, and similarly
reduced from the standard mesh to obtain a coarse and an extracoarse mesh. The first cell height remained constant throughout grid refinement. Interestingly, stable solutions were unable to be reached for the lower ambient pressures for the fine
mesh with the present solution set-up. This was attributed to
excessively large property changes across shock waves in the

PI
W W

W

W
W

W
PI

PO
W
W
W

PO
Figure 1. Close-up of standard nozzle mesh with wall (W), pressure
inlet (PI) and pressure outlet (PO) boundary conditions.

plume, which increased in magnitude as the ambient pressure
was lowered. As the cell sizes reduced, the gradients of the
fluid properties became steeper across the shock waves, eventually causing divergence in the solver. A further explanation may
be the Gibbs phenomenon, where non-physical oscillations of
the shock waves are produced as the discontinuities are unable
to be accurately captured by a finite number of cells.
The grid convergence index (GCI) developed by Roache [5] was
used to calculate the approximate error between the discrete solution and the exact solution for vector angle for each mesh with
an ambient pressure of 100 kPa, as shown in table 1. The GCI
method assumes that the discrete solutions approach the exact
solution asymptotically as the grid is refined. While all four
meshes produced an error of less than 1.4%, the standard mesh
was selected for the remaining analysis as a compromise between accuracy and solution stability.
Mesh

Cells

α (°)

GCI (%)

Fine
Standard
Coarse
X-Coarse

213,813
106,108
52,920
27,533

4.723
4.724
4.731
4.773

3.38E-5
2.77E-2
4.34E-2
1.35

Table 1. Grid convergence index (GCI) of vector angle (α) for the four
meshes.

Results and Discussion

Table 2 presents the Mach number contours for the underexpanded (Case 1) and initially over-expanded (Case 2) cases as
the ambient pressure was reduced from 100 kPa to 0.001 kPa.
For the under-expanded flow in Case 1, the plume further expands as the pressure is reduced, while the flow within the nozzle is unchanged. This was expected, as the ambient pressure is
significantly lower than the critical pressure required for choked
flow. For Case 2, however, the flow within the nozzle changes
observably until the nozzle becomes fully-expanded at an ambient pressure of approximately 45 kPa. The flow separation
at the top wall of the nozzle results in an additional side force,
due to an increase in wall pressure in the separated region from
the sudden flow compression. The additional vectoring can be
seen clearly in the plume. As the ambient pressure is reduced,
the vector angle decreases as the separated region moves toward
the nozzle exit.
The thrust was calculated using the area-weighted average exit
pressure and mass flow-weighted average exit velocity components. The change in the x and y components of momentum thrust is shown in figure 2 for the two cases. The momentum thrust remains constant in the x and y directions for
Case 1. For Case 2, the x-component increases until the noz-
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Table 2. Mach number contours for Case 1 (under-expanded at atmospheric pressure) and Case 2 (over-expanded at atmospheric perssure) for ambient
pressures 100, 80, 60, 40, 20 and 0.001 kPa.

zle is fully-expanded due to the increasing average exit velocity. Similarly, the y-component can be seen to decrease as the
region of flow separation reduces with decreasing ambient pressure. Figure 3 shows the change in the x and y components of
pressure thrust. The y-component is zero for both cases, as the
projected area is zero in the y-direction at the nozzle exit. As
expected, the x-component of pressure thrust for Case 2 is negative before crossing zero at the fully-expanded condition. The
x-component continues to increase linearly for both cases as the
ambient pressure is further reduced.
Figure 4 presents the x and y components of total thrust, ob-

tained from summing the momentum and pressure thrust components, as shown previously in equation 1. Here it can be seen
that the y-component remains constant for all under-expanded
conditions, while the x-component increases with reducing ambient pressure due to the increasing pressure thrust. This results
in a slight decrease in the vector angle, from 4.72° to 4.35° for
Case 1 as the ambient pressure is lowered from 100 kPa to 0.001
kPa, as shown in figure 5. This decrease in thrust vectoring
would be minimised with a more appropriate nozzle geometry,
as spacecraft nozzles typically have a larger area ratio to expand
the fluid to a lower exit pressure.
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Figure 2. Momentum thrust versus ambient pressure.
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Figure 3. Pressure thrust versus ambient pressure.
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Figure 4. Total thrust versus ambient pressure.

An existing nozzle at UNSW Canberra has been modelled numerically to determine the effect of vacuum on SVC performance. The ambient pressure was reduced from atmospheric
pressure to vacuum for two cases with different operating pressures: Case 1 was under-expanded and Case 2 was initially
over-expanded. For all under-expanded conditions, the normal
thrust component was found to remain constant while the lateral
thrust component increased with decreasing ambient pressure.
This was due to a zero pressure thrust component in the lateral
direction, resulting in a decrease in thrust vector angle as the difference between the exit and ambient pressures increased. This
loss of vectoring would be reduced with a larger area ratio more
typical of spacecraft, as the fluid would be further expanded for
a reduced pressure thrust component.
The over-expanded case was found to produce a thrust vector
angle of 11.28° at atmospheric pressure compared to 4.72° for
the under-expanded case, due to the increased lateral force from
the asymmetric flow separation within the over-expanded nozzle. As it is not possible to have an over-expanded nozzle in the
vacuum of space, the maximum thrust vector angle achievable
for spacecraft may be significantly less than that for aircraft.
The under-expansion may simplify future numerical modelling,
however, as the flow surrounding the nozzle is unable to effect
the flow within the nozzle and resulting vectoring performance.
Removing the external computational domain may significantly
reduce computation time and alleviate instability concerns. This
initial investigation indicates that SVC is physically feasible for
spacecraft propulsion systems, and forms a basis for detailed
studies on its implementation.
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Figure 5. Thrust vector angle versus ambient pressure.
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