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Abstract. Thrust vectoring obtained by the nozzle flow manipulation technique known
as Shock Vector Control (SVC) is investigated numerically. In the shock vector control
method, a shock structure is generated in the main flow by using transversal continuous
blowing. The pressure distribution on the nozzle walls becomes asymmetric, thus giving
rise to a lateral force. The open-loop response of the nozzle and the thrust vectoring
effectiveness/controllability are investigated by using a CFD tool based on the compressible
URANS equations. Nozzle performances and thrust vector angles have been computed
for different nozzle pressure ratios in the range of over-expanded conditions. The latter
represent the worst case, where the shock structure generated by the control is amplified
by the re-compression requirements imposed by the external ambient pressure.

1 INTRODUCTION

Active flow control in supersonic nozzle mainly concerns strategies for Fluidic Thrust
Vectoring (FTV) [1-3]. Actual thrust vectoring technology is based on movable nozzles
but the jet-vectoring effect of nozzle deflection can be also generated by active flow control
devices on fixed nozzles. For this reason, approaches based on active flow control are under
investigation. Thrust vectoring offers many advantages in terms of safety, maneuverability
and effectiveness of aircraft controls, by helping the vehicle to meet take-off and landing
requirements and by enhancing the controls at low dynamic pressures, where aerodynamic
devices are less effective [4]. These considerations have pushed the research towards
innovative approaches to thrust vectoring. Fluidic thrust-vectoring retains the advantages
of mechanical thrust vectoring without the need of the complex adjustable hardware
of the variable geometry devices [3]. FTV in fixed symmetric nozzles is obtained, for
instance, by a local blowing at wall that causes flow separations and asymmetric pressure
distributions, thus allowing the vectoring of primary jet thrust. The FTV technology
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does not increase significantly the aircraft weight and can be applied to systems that
were not originally designed with such feature. The key point for the fluidic approach
is anyway the identification of a manipulation technique that can modulate gradually
the symmetry-breaking effect within an acceptable range of deterioration of the nozzle
performances [4].

Several manipulation strategies have been investigated in the literature for such pur-
pose. FTV approaches include the Shock Vector Control (SVC) [5,6], counter-flow meth-
ods [7-10], the throat shifting and the supersonic dual-throat nozzle [1,11-13]. The
performances of these approaches have been measured in terms of control efficiency and
thrust loss. The efficiency of vectoring is computed as the degree of vectoring achieved
per percent of secondary flow required as compared to the primary nozzle flow. All these
methods require continuous blowing of secondary flow or other kind of air-spillage or
bleed, but the counter-flow method. In fact, the latter requires additional equipments in
order to provide the suction between the trailing edge of the nozzle and the aft-collar [1].

Since jet-vectoring results from the breaking of wall pressure symmetry, flow manipu-
lation approaches other than continuous blowing can be followed. For instance, one can
induce forcing by means of synthetic jets [14,15] or plasma actuators [16]. In order to
explore the feasibility of such approaches, numerical tools are the privileged means of
investigation for evaluating the steady and unsteady nozzle performances [4,9] Unsteady
CFD analyses can help in deriving the time-varying nozzle performances, in clarifying the
role and interaction between various nonlinear phenomena, in assessing and testing the
open/closed-loop control laws [11,12].

In present work we focused on the controllability of a fixed nozzle, with a special
attention to application for hypersonic vehicle and space launchers. It such case, is well-
known that at ground level the nozzle is strongly over-expanded by design and therefore a
complex shock structure appears in order to match the flowfield with the ambient discharge
pressure. A promising candidate for the FTV of these nozzles is the shock vector control.
The application of the shock vector control is investigated here numerically with the
aim of testing the control effectiveness of the rocket nozzle and the system sensitivity to
different forcing actions. URANS analyses are used for computing the unsteady nozzle
performances [12]|, with the aim of investigating the nonlinear dynamics of the shock
structures under forcing and their controllability. Where available, the numerical results
are compared with experimental data found in the open literature [2,17].

2 NOZZLE SETUP

The nozzle geometry under investigation is based on the configuration studied at Nasa
LARC. The reader is referred to Ref. [2] for the details on the setup and testing conditions.
In present configuration the nozzle is endowed with two blowing slots, in the upper (up)
and in the lower (lw) wall, as shown in Figure la. This allows for the thrust vectoring
modulation upwards and downwards. In order to represent the system forcing by a single
input that manages both blowing slots, the two signals are combined in a single input as
expressed in Ref. [12]. It is also assumed that just one actuator at time is active. The
resulting open-loop control logic of the nozzle system is represented in Figure 1b.
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Figure 1: Sketch of (a) the secondary jet actuation system and (b) the open-loop scheme of nozzle
control.

MATHEMATICAL MODEL

The flow governing equations are the compressible Unsteady Reynolds Averaged Navier-
Stokes equations (URANS) written in the compact integral form

%/de+/ﬁl-ﬁd3+/ﬁv-ﬁdS:/ﬁdV (1)
v %

S S

in an arbitrary volume V enclosed in a surface S. With usual conventions, W = {p,pq, E, ﬂt}T
is the hyper-vector of conservative variables, F; and Fy are tensors containing the inviscid
and the viscous fluxes, respectively.
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7 = {u,v,w}’ is the velocity vector, E the total energy per unit volume, M, and Re,
are the free-stream Mach number and the Reynolds number, + is the ratio of the specific
heats and I is the unit matrix. The term H

2 T
H= {O,O,O,Cblgﬂt + % (Vir)? = ot fu <2t) } (4)

contains turbulence model source terms. System (1) is reduced to non-dimensional form
with respect to the following reference values: L for length, p., for density, T, for tem-
perature, v/ RT,, for velocity, RT,, for energy per unit mass and pu., for viscosity. The

viscous stresses are 7;; = (1 + pit) giﬂ + o 2(V-Q) 5”}. The laminar viscosity p is

computed via the Sutherland’s law, Whereas the turbulent viscosity p; = pry is defined
according to the Spalart-Allmaras (S-A) model. [18,19] Despite its simplicity, the S-A
model has shown a closer agreement with the experimental data for the case of unsteady



S. Rizzo, M. Ferlauto and R. Marsilio

| Numerical
- L[] Waithe et al.
08
| \
\ J
1 (1

04l
| :
[ oo

~J -

p/ptj
"

e
X/Xt

Figure 2: Comparison of numerical and experimental results.

or pulsatile flow, when compared to k — € and k — w SST models [20-22]. The numeri-
cal solution of system (1) is based on a Godunov method with Flux-Difference Splitting
(FDS) and an Essentially Non-Oscillatory (ENO) scheme [23] second order accurate in
both time and space. The integration in time is carried out according to a 4" order
Runge Kutta scheme. Further numerical details, as well as the code validation for the
case of thrust vectoring can be found in Refs. [11,12]. The numerical method has been
efficiently parallelized by using OpenMP directives. The spatial and time accuracy of
the solver has been widely tested in many unsteady flowfields as, for instance, the flow
manipulation by synthetic jets and the post-stall control of NACA0015 profile [20]; the
simulation of rotating stall generation and evolution; time-dependent flows with moving
grids and inverse problems [24]; the computation of aeroelastic standard configurations
and blade flutter.

3 NUMERICAL RESULTS
3.1 Nasa LARC Nozzle Test-case

Numerical and experimental testing of a supersonic nozzle for SVC thrust-vectoring
have been carried out at Nasa Langley Research Center (LARC) [2]. The FTV perfor-
mances of a 2D nozzle were evaluated for different levels of the nozzle pressure ratio and
injection pressure. The latter is defined in [2] by means of the Secondary Pressure Ratio
(SPR), i.e. the ratio between the total pressure of the secondary jet and the total pressure
of the main (or primary) jet flow. Different position of the injection point and different
widths of the blowing slot were also considered. Experimental studies on the primary jet
behavior with and without flow manipulation at different levels of NPRs are reported [2].
The above-mentioned investigation represents a reference test-case for our study on the
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Figure 3: Step response of the nozzle system at (a) NPR = 4.6 and (b) NPR =2 .

active control of supersonic nozzles by means of SVC strategies.

A one-dimensional approximation of the Nasa LARC nozzle let us estimate an adapta-
tion pressure ratio NPR ~ 8.8. The investigations carried out in Ref. [2] covers the range
2 < NPR < 10. A typical nozzle pressure ratio of the tests is NPR=4.6, i.e. a value that
corresponds to a condition of moderate over-expansion.

We start the analysis by the numerical simulation of the nozzle flow under SVC forcing
at NPR = 4.6 . The secondary slot at the nozzle lower wall is activated according to the
blowing condition of the experimental tests [2]. The computed flowfield in terms of Mach
number iso-lines is presented in Figure 2a, where the shock structure, the separation zones
and the secondary jet are clearly visible. Since the lower slot has been activated, the flow
is deflected upwards. Let us also note that, although being the NPR about the half of that
of the theoretical adaptation, the flow at the unmanipulated (upper) wall is still fully
attached. For this reason, the nozzle can be considered as moderately over-expanded.
The computed and the experimental pressure distributions along the lower wall of the
nozzle are compared in Figure 2b. The results show a very good agreement.

3.2 Open-Loop Dynamics

The open-loop dynamics of the system is then investigated numerically in the same
spirit of Refs. [11,12] by applying classical forcing functions. For instance, step forcing is a
typical approach adopted in automatic controls theory in order to disclose the character-
istics of a dynamical system. The dynamic responses of the nozzle to secondary blowing
following a step in time are presented in Figure 3 for the case at NPR = 2 and NPR = 4.6,
respectively. A remarkable difference of the system transient can be appreciated, although
the starting point is the symmetric jet configuration in both cases. This difference let us
suppose that the stability characteristics at the selected NPR’s are different, as further
tests will show. Moreover, at NPR = 2 the nozzle flow is strongly over-expanded and char-
acterized by a shock structure in the middle of the diverging portion of the nozzle, with
large flow separations. This condition make the system very sensitive to shock-boundary
layer interactions.
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Figure 4: Open-loop response of the nozze system at (a) NPR = 4.6 and (b) NPR = 2 . Negative pressure
levels refer to the lower slot and must be read in absolute value, according to Ref. [12].

A more realistic forcing is obtained by imposing a ramp, instead of a step, as forcing
law. Starting from the unmanipulated case corresponding to the symmetric jet flow
condition, blowing is activated at lower wall and the intensity is increased in time until a
prescribed maximum value is reached. The blowing intensity is maintained constant for
a while, thus allowing the system to reach a steady state, and then the forcing action is
decreased linearly in time by following a second ramp law. At the prescribed minimum
constant forcing the system is let to assess to the new steady state. The forcing function
imposed as well as the system responses are shown in Figure 4. At NPR = 4.6, the system
response follows the forcing action with a minimal time lag and overshoot during both the
increasing and decreasing ramps (see Figure 4a). Moreover, the system tends to recover
the symmetric condition when forcing is ceased. Some snapshots of the flowfield during
the transient evolution are presented in Figure 5.

When the same forcing is applied to the nozzle system at NPR = 2, a quite different
flow evolution is obtained, thought the initial condition is symmetric as in previous case.
The system response is shown in Figure 4b. As visible, the thrust angle increases as the
secondary flow injection increases, but the system does not relax again to the symmetric
solution after forcing is ceased: it assess itself to a new, unsymmetrical, steady state. A
detailed analysis of the open-loop dynamics as well as of the flow evolution during the
transients at low nozzle pressure ratios is carried out in Ref. [25] and it is not reported
here for conciseness.

The existence of the unsymmetrical steady/unsteady flow configurations in supersonic
nozzles with low divergence angles has experimental evidences [26,27] and it is caused
by the complex and nonlinear interaction between boundary layer separation and shock
patterns. The higher the over-expansion condition of the nozzle is, the closer the shock
structures to the throat are, the larger the separation zone that follow.

At strong over-expansion conditions, the nozzle system remains controllable by SVC
but simple open-loop control laws are not effective anymore, because the system moves
towards different equilibrium configurations at different NPRs. This can be explained by
observing that the nozzle system has more than one equilibrium configuration and the
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Figure 5: Snapshots of the Mach number flowfield during SVC forcing at NPR = 4.6 .

stability of these configurations changes at different NPRs. In this case, closed-loop control
strategies are better suited.

3.3 Stability of the Symmetric Flow Solution

An approximation of the critical NPR-value is now sought, in order to identify the
range of stability of the symmetric equilibrium solution. The approach adopted here in
identifying the limit condition is somehow inspired to that used by Ziegler & Nichols in
the ultimate cycle method [28]. A key-parameter, e.g. the NPR in our case, is modified
and the system dynamics is investigated until a pure sinusoidal evolution is observed. In
terms of linear stability, this condition corresponds to the dynamics of a linear system
{X} = [A][{X} when the cigenvalues \; of the matrix [A] are purely imaginary, that is
when R(\;) =0.

In present procedure, the nozzle flow is started from an fully unsymmetric, unsteady
flow solution with § ~ 7°. The selected value of NPR is imposed and the free dynamics of
the nozzle flow is computed. No blowing is applied. For certain NPR-values, the system is
observed to converge to the symmetric solution and thus is 6 = 0, finally. For instance, at
a nozzle pressure ratio as low as NPR = 2.8 the system converges to the symmetric solution
after a series of damped oscillations. The computed dynamics is shown is Figure 6a.

The convergence rate of the system to the symmetric solution becomes weaker and
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Figure 6: Free evolution in time of the system starting from the same configuration with § ~ 7°. Time
history of the axial force F, and thrust angle ¢ at different nozzle pressure ratios.

weaker, as far as the over-expansion degree is increased. At NPR = 2.6 the system still
converges to 6 = 0 but the oscillations amplitude increases, as visible in Figure 6b . When
a NPR ~ 2.4 is prescribed, the system exhibits a dynamic response characterized by the
series of sinusoidal, nearly undamped oscillations shown in Figure 6¢ . At lower NPRs the
oscillations are amplified in time and also the mean value of the thrust angle § # 0 as
visible in Figure 6d.

4 CONCLUSIONS

A computational tool assessed for the simulation of actively controlled flow and FTV
in nozzles has been presented. The FTV applies strategies of active flow control on
fixed nozzle in order to realize jet-vectoring effects otherwise obtained by deflecting a
movable nozzle. The numerical method was validated previously for test-cases of other
FTV manipulation techniques [1,11,17]. In present work the numerical tool is extended in
order to include the simulation of nozzle flow forcing by the shock vector control method.
The numerical procedure has been checked against an SVC test-case available in the open
literature [2]. The paper also focused on the complex interactions that take place when the
nozzle is operating at middle and strong over-expanded conditions. Control effectiveness
in managing the FTV at different pressure ratios is investigated and the feasibility of
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control is discussed.
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