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The dual throat nozzle (DTN) technique is capable to achieve
higher thrust-vectoring efficiencies than other fluidic techniques,
without compromising thrust efficiency significantly during vec-
toring operation. The excellent performance of the DTN is mainly
due to the concaved cavity. In this paper, two DTNs of different
scales have been investigated by unsteady numerical simulations
to compare the parameter variations and study the effects of cav-
ity during the vector starting process. The results remind us that
during the vector starting process, dynamic loads may be gener-
ated, which is a potentially challenging problem for the aircraft
trim and control. [DOI: 10.1115/1.4025243]
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1 Introduction

The potential benefits of fluidic thrust vectoring nozzles over
fully-mechanical techniques have been widely recognized, and
have been studied in the NASA and USAF Fluidic Injection Noz-
zle Technology (FLINT) program [1] as: “a 28-40% weight
reduction by implementing fluidic throat area control; a 43—80%
weight reduction by implementing fluidic throat area and exit area
control; a 7-12% improvement in engine thrust-to-weight ratio;
and a 37-53% reduction in nozzle procurement and life cycle
costs.” In addition, fixed aperture nozzles would enhance low-
detectable integration aspects by eliminating moving flaps, dis-
continuities, and gaps [2]. For decades the fluidic thrust vectoring
nozzles have evolved four main types, shock vectoring control
(SVC) [3], counter flow [4], throat shift (TS) [5,6], and dual throat
nozzle (DTN) [7]. Each method uses the secondary air source in a
certain way. The main results are presented briefly as follows:

Fluidic thrust vectoring with the shock vectoring control
method requires asymmetric fluidic injection of a secondary air
stream into the supersonic primary flow. The primary exhaust flow
is then diverted through the oblique shock, which can produce large
thrust-vectoring angles, but at the expense of thrust efficiency due
to the oblique shock. The thrust-vectoring angle reaches a maxi-
mum at low nozzle pressure ratio (NPR) and decreases with
increasing NPR [8]. The best thrust-vectoring efficiency achieved is
4.4 deg/percent injection at NPR =3, with the thrust coefficient to
be only 0.891. The thrust coefficient can be improved to 0.935 at
NPR =6, however, thrust-vectoring efficiency is reduced to
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2.2 deg/percent injection. Even at the highest NPR being tested,
thrust performance loss resulting from overexpansion are large [8].

In the counter flow concept, thrust vectoring is achieved by
applying a vacuum to a slot adjacent to a primary jet which is
shrouded by a suction collar [9]. The potential drawback is the
attachment of the primary jet to the suction collar that occurs at
certain conditions and various geometric configurations. The
problems are hysteretic in nature and not easy to control. At
NPR = 8 with jet unattached, thrust-vectoring angle is 12 deg and
the thrust coefficient is 0.945. A maximum thrust-vectoring angle
achieved is 15deg at NPR =35, but the thrust coefficient is only
0.92 [10]. Increasing ejector pressure, slot height and collar length
resulted in larger thrust-vectoring angles. However, it also
increased the risk of jet attachment.

In the throat shifting method, thrust vectoring is obtained by
shifting the throat of the nozzle with asymmetric secondary fluidic
injection. In the thrust-vectoring mode, the secondary air stream
shifts the throat from the geometric minimum area to the new
aerodynamic minimum area. Flow deflection then occurs in the
subsonic flow region ahead of the new throat, which causes a
thrust-vectoring angle with respect to the primary exhaust flow.
This concept has been tested at static freestream conditions, with
nozzle operating condition in the range of NPR = 1.4-4.0, and flu-
idic injection flow rate up to 15% of the primary flow [11]. The
results show that, at NPR = 2, the throat shifted 45 deg with as lit-
tle as 2% injection, but the thrust-vectoring angle is only 3.3 deg.
Increasing injection flow rate to 15% increases thrust-vectoring
angle to 22deg at NPR =2. So the thrust vectoring efficiency is
only about 1.65 deg/percent injection [11].

Dual throat nozzle has been developed by NASA Langley
Research Center based on the throat shifting method in 2003 [7].
The concaved cavity section is located between upstream and
downstream minimum areas, and fluidic injection is introduced at
the upstream minimum area location. The thrust vectoring effi-
ciency of DTN is greater than any other fluidic thrust vectoring
concept reported in the literature [12]. For example, at NPR =4,
experimental thrust vectoring efficiency is 6.1 degs/percent injec-
tion and thrust coefficient is 0.968, which only results in 0.5%
more loss compared to nonvectoring case. Dual throat nozzle
technique does not compromise system thrust coefficient, unlike
shock vectoring control method which will incur large thrust pen-
alties with the creation of the shock required for deflecting the
flow [13]. Different configurations of DTN have been studied. In
addition to the two-dimensional configuration, an axisymmetric
DTN for a supersonic aircraft application has also been computa-
tionally and experimentally studied [14,15]. The aerodynamic per-
formance is analyzed and the geometry is optimized [16]. There
remains a lot of research work to get a greater thrust vectoring
angle under different NPRs, but very little has been done to study
the effects of cavity size on the performance of DTN, although the
excellent performance of the DTN is mainly due to the cavity.
Especially, with respect to the open cavity flow [17], the dynamic
interactions between traveling vortices in the shear layer are com-
plex [18,19]. An obvious recirculation zone often appears in the
cavity section, showing that there may exist some aerodynamic
hysteresis on the DTN performance. How does the recirculation
zone change during the vector starting process? How does scaling
affect the dynamic response time and the thrust vectoring angle,
especially with different scales of the cavity? The studies were
mainly based on the down-scaled model experiments, how about
the performances of the real size?

To answer these questions, two DTN models were studied with
different scales using unsteady simulations. The complex flow
field, unsteady phenomena and the mechanisms are analyzed care-
fully in this article. Especially the negative thrust vectoring angle
appearing at the beginning of the vector starting process is found,
and the mechanisms are discussed.

In Sec. 2, the numerical simulation model is discussed. Section
3 presents the results of the simulations and finally, conclusions
are given in Sec. 4.
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2 Numerical Simulation Model

2.1 Computation Domain and DTN Operating Conditions.
The model simulated in this paper is a two-dimensional (2D) dual
throat nozzle, as shown in Fig. 1. The scale nuzzled is labeled
Case 1 and the real size nozzle is labeled Case 2. The Case 1 ge-
ometry is defined as follows: Divergence angle of the concaved
cavity (A) is 13.5deg; convergence angle of the concaved cavity
(B) is 39 deg, injection angle of the secondary flow (C) is 15 deg;
upstream throat height (Throat) is 20 mm, SEC =0.1 x Throat,
L =3.5 x Throat, Outlet = Throat. For the real size nozzle, the
throat of Case 2 is chosen as 200 mm, while the other geometric
parameters including conversion relations are all with the same as
Case 1. Thus, the scale of Case 2 is ten times of Case 1. The oper-
ating conditions are chosen as follows: Total temperatures of the
primary and secondary flows are 300 K; NPR is 3; Total pressure
of the mainstream is 1.5 times of that of the secondary flow. The
simulation was conducted in two phases: First, secondary flow
was turned off and the steady state flow field with no vectoring
was calculated. Then, secondary flow was turned on and time-
dependent flow field was calculated starting from the steady state
solution. The time step was 0.01 ms during the unsteady flow field
calculation.

2.2 Governing Equations. The jet in the present study is con-
sidered to be unsteady, two-dimensional, turbulent, and compressi-
ble flow. The density is defined by the ideal gas law. The dynamic
viscosity is assumed to be constant, and the gravity effect can be
neglected. Based on these assumptions, the conservation equations,
together with the ideal gas law, can be expressed as follows:

Momentum
Continuity

3%/;1::') -0 2)
Ideal Gas Law

P = pRT 3)

2.3 Turbulence Model. In this study, 2-D unsteady viscous
Navier—Stokes equations are solved, with RNG k-¢ turbulence
model and standard wall function in the flow field. To verify the
capacity of such a simulation method, the solver was firstly vali-
dated against experimental data [14].

The numerical simulation and experiment data comparison is
illustrated in Fig. 2. Comparison between experimental and com-
putational results of upper-wall pressure is shown in Fig. 3. It is
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Fig.1 Sketch of the dual throat fluidic thrust vectoring nozzle
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Fig. 2 Numerical simulation and experiment results compari-
son. (a) Experimental shadowgraph image [10]; (b) Mach con-
tour of simulation.
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Fig. 3 Comparison of experimental and computational upper-
wall pressure

found that the numerical method could clearly resolve the detailed
flow field and the calculated upper-wall static pressure agrees
with the experiment data very well. Therefore, the RNG k-turbu-
lence model with the standard wall function is employed for the
current study.

2.4 Computational Mesh. Structured meshes are generated
for the DTN’s computation domain using ICEM, as shown in Fig.
4. The grids near the nozzle wall have been refined using the
boundary-layer setting function. The displacement of the first
layer thickness of the wall is set as 0.02 mm. The meshes are clus-
tered near the cavity region. In the streamwise (or x) direction, the
initial spacing of the nodes is set at 0.3 mm. A mesh independence
study was conducted with the following node distributions of the
core region: 80 x 120 (coarse), 120 x 180 (medium), and
150 x 220 (fine). The pressure distribution on the upper wall along
the flow direction obtained for different grids are shown in Fig. 5.
It can be found that the differences between the medium grid case
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Fig. 4 Computational mesh. (a) Computational mesh for the
domain; (b) zoomed in computational mesh at the nozzle.
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Fig. 5 Pressure distributions of different grids on the upper-
wall

and the fine grid cases are all within 1%. As a result, the medium
grid resolution was chosen for further investigations. The numeri-
cal computations were conducted by the finite volume method
developed by Patankar [20] via the commercial computational
fluid dynamics (CFD) code (ansys FLUENT 13.0). The conservation
equations for momentum and density-based continuity are solved
together by the coupled algorithm.

3 Results and Analysis

The nozzle performances of Case 1 during the vector starting
process are shown in Fig. 6. The variation of thrust vectoring
angle is given in Fig. 6(a). It is found that the vectoring angle
decreases from zero to a negative value at the beginning of the
vectoring process, and then drops rapidly to the minimum. After
that, the vectoring angle recovers from negative to the zero, and
goes up quickly, until it approaches its maximum. Then it oscil-
lates for about 2.5 ms and finally approaches to a stable, positive
vectoring angle. Before approaching the effective vectoring angle,
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Fig. 6 Nozzle performance of Case 1 during the vector starting
process. (a) Thrust vector angle; (b) discharge coefficient; and
(c) thrust coefficient.

the maximum magnitude of the negative vectoring angle is about
the 60% of the maximum positive one. It takes about 0.5 ms to
recover from the maximum negative vectoring angle to the maxi-
mum positive one. Therefore, the vectoring angle changing rate is
nearly 78 deg per millisecond, and the vector starting process is
complex and unsteady. So as far as we know, there is no relative
report about this phenomenon yet. The variation of the discharge
coefficient during the process is shown in Fig. 6(b). Because of
the secondary flow, the real throat area and the discharge coeffi-
cient are all decreased. The variation of the thrust coefficient dur-
ing the process is shown in Fig. 6(c), which shows the fluctuation
amplitude due to the abrupt changes of the flow field is about
6.5% of the mean value.
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Fig. 7 Nozzle performance of Case 2 during the vector starting
process. (a) Thrust vector angle; (b) discharge coefficient; and
(c) thrust coefficient.

The variations of the aerodynamic performances of the Case 2
with time during the vector starting process are shown in
Figs. 7(a), 7(b), and 7(c), which show the variations of thrust vec-
toring angle, discharge coefficient and thrust coefficient, respec-
tively. It can be found that, the variation trends of the
corresponding parameters in the two cases are very similar. But
the dynamic response time of Case 2 is about ten times as that of
the Case 1 by comparing the time of the peak value. After the vec-
toring angle approaches stable, the performance is almost the
same. For example, the thrust vectoring angle of Case 1 is 23.78
deg and 24.99 deg for Case 2; the discharge coefficients are 0.736
and 0.728, respectively; and the thrust coefficients of the two

014502-4 / Vol. 136, JANUARY 2014

cases are 0.967 and 0.971, respectively. Therefore, if the model is
enlarged ten times, the discharge coefficient reduces slightly, the
thrust coefficient increases a bit, and the vectoring angle increases
about 5%.

The dynamic process of the vector starting is also clearly shown
as follows. At the initial moment, a vortex-pair is generated in the
cavity. In this paper, the upper one is defined as Vortex A, and the
lower one is defined as Vortex B. They rotate oppositely with the
same intensity, so no vectoring angle is generated. The vorticity
contour, pressure contour and the velocity vector of Case 2 at dif-
ferent times are shown in Fig. 8 and Fig. 9, respectively. Because

Vorticity (s™)

Vorticity (s™)

(d)

Fig. 8 Vorticity contour and velocity vector of Case 2. (a)
1.5ms; (b) 5ms; (¢) 7ms; and 8 (d) 10 ms.
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Fig. 9 Pressure contour and velocity vector of Case 2. (a)
1.5ms; and (b). 5ms.

of the issuing of the secondary flow, the effective aerodynamic
throat is formed near the first minimum area and the throat is
skewed downstream. Then due to the viscous shearing effect
between the secondary flow and mainstream, a new vortex, la-
beled as Vortex C, is formed on the upper side. Because the rota-
tion directions between Vortex A and Vortex C are the same, they
repel each other. So high pressure zone appears near the interface,
as showed in Fig. 8(a). The vorticity of Vortex C is greater than
that of the Vortex A, so the size of Vortex A is decreased. The
open cavity flow on the upper side wall is changed to closed cav-
ity flow. Then at Sms, Vortex C develops rapidly and occupies
about 25% of the cavity volume, and the Vortex A has been com-
pletely disappeared. Induced by Vortex C, the mainstream
impinges on the upper convergence zone, and the high pressure
zone appears, as shown in Fig. 8(b). Vortex B is induced by the
Vortex C and expands to the upper side. And the left side area of
the Vortex B is reduced due to the combination effect of the main-
stream and the Vortex C. The mainstream appears as S shape,
with the thrust vectoring angle as — 14 deg at this moment. At
7 ms, Vortex C occupies about 40% of the cavity and the size of
Vortex B is reduced by 60%. The mainstream is induced by Vor-
tex C and is divided into two parts. One part still impinges on the
upper convergence zone, and the other issues directly to the noz-
zle exit, as shown in Fig. 8(c). At 10 ms, Vortex C occupies about
60% cavity area and Vortex B is nearly disappeared except for
minimum backflow zone in the bottom of the cavity. Vortex C
induces the mainstream flow to the nozzle exit, and the closed
cavity flow on the upper side is recovered to the open cavity flow
again. Now the thrust vectoring angle approaches its maximum
value of about 29 deg, as shown in Fig. 8(d). The relationship
between the Vortex C and the vectoring angle is very close. Gen-
erally speaking, the greater the vorticity, the more obvious of the
inducing effect, and the greater vectoring angle that the nozzle
could achieve.

The sketch of vortex interaction during the vector starting pro-
cess is shown in Fig. 10. There are three major vortices in the
DTN, namely the Vortex A, Vortex B and Vortex C. As discussed
above, Vortex A and Vortex B are induced by mainstream at the
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Fig. 10 Sketch of vortex interaction in the DTN

initial moment. The flow structures are open cavity flow. Vortex
C is mainly induced by the secondary flow. There is mutual repul-
sion between Vortex A and Vortex C. The flow structure of upper
side changes to closed cavity flow. Due to the effect of Vortex C,
the sizes of Vortex A and Vortex B are reduced. After Vortex A
disappears, the mainstream impinges on the upper convergence
zone induced by Vortex C, which causes the pressure increasing
in the zone. This mechanism makes the thrust vectoring angle
negative at the beginning of the starting process. After Vortex B
almost disappears, Vortex C occupies the cavity alone, and the
mainstream forms a stable positively vectoring jet. The flow struc-
ture of the upper side goes back to open cavity flow.

4 Conclusions

Two different scales of the dual throat fluidic thrust vectoring
nozzle are studied by time-dependent numerical simulation. The
effects of cavity are analyzed during the vector starting process.
The following conclusions could be drawn: (1) Before the nozzle
produces the effective positive vectoring angle, a negative vector-
ing angle appears at first, which has a magnitude of about the 60%
of the maximum positive vectoring angle. And it takes about
0.5 ms to recover from the maximum negative vectoring angle to
the maximum positive one; (2) During the vector starting process,
the vectoring angle changing rate is quite large. In Casel of this
study, the vectoring angle changing rate is nearly 78 deg per milli-
second. (3) As the scale of the DTN nozzle is enlarged tenfold,
the dynamic responding time is also increased almost by a factor
of 10. Under the same operating conditions, the larger model can
get a higher thrust vectoring angle by about 5%. (4) The vector
starting process is complex and unsteady. The two original vorti-
ces are dissipated and a new vortex induced by secondary flow
occupies the cavity eventually and the dynamic response time is
very short. Therefore, during the vector starting process, a nega-
tive vector cannot be ignored. The dynamic response of vectoring
angle will lead to dynamic load, and the nozzle may lose stability,
which is a real challenge to the control system.
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Nomenclature

A = divergence angle of the concaved cavity
B = convergence angle of the concaved cavity
C = injection angle of the secondary flow
DTN = dual throat nozzle
L = cavity length
NPR = nozzle pressure ratio
Outlet = nozzle outlet height
Sec = secondary flow injection height
SVC = shock vectoring control
Throat = upstream throat height
TS = throat shifting
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