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Abstract

The numerical investigation of a novel subsonic thrust concept for fluidic thrust vectoring (FTV) of jet engines is the subject
of this publication. FTV possibly offers advantages over conventional mechanical thrust vector control such as decreased
complexity, mass and maintenance costs. The operating principle of the FT'V nozzles under investigation at the Institute of
Jet Propulsion is based on the Coanda effect. The applied concept of thrust vectoring uses dedicated secondary flow channels
which are mounted in parallel around the nozzle inner cone or the nozzle wall. If required, bleed air, provided by extraction
from the engine compressor or from an external source, is injected at a specific nozzle pressure ratio at the nozzle throat
Ag through these secondary ducts, resulting in the redirection of the secondary jet towards the convex Coanda surface. The
interaction between the primary mass flow and the secondary jet leads to a redirection of the primary exhaust mass flow of
the engine and thus to a vectoring of the exhaust flow. In this paper, the influence of different nozzle geometric parameters
and different operating points are investigated within an extensive parametric study applied to a convergent two-dimensional
thrust vectoring nozzle using computational fluid dynamics tools. Thrust vector deflection of up to 20° at a maximum sec-
ondary to primary mass flow ratio of 10% is achieved. Reducing this mass flow rate to 5% still yields vectoring angles of
up to 15° whereby similar deflection angles compared to conventional mechanical thrust vectoring systems are achievable.
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List of symbols Dy, Jet exit diameter (m)
F Thrust (N)
Greek symbols o F, max Maximum resulting vectoring thrust (N)
a Angle of attack (°) ’ Height (m)
g EI(I)?ZLVT; tO(r")angle O Turbulent kinetic energy (m?/s°)
& . Mass flow (kg/s)
I, Total pressure ratio () Pressure (Pa)
Z/ giizvha;fglfe ( (2) Immersion depth (mm)
¢ Total pressure loss coefficient (-) Coanda-radius (mm)

Temperature (K)

Latin symbols Axial velocity component (m/s)

A Area (m?) Jet velocity at jet exit (m/s)
Cwo Zero-lift drag coefficient (-) Radial velocity component (m/s)
D Diameter (m) Coordinate in x-direction (-)

Coordinate in y-direction (-)
Coordinate in z-direction (-)
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Prim Primary

Sec Secondary

Total Total value

Abbreviations

2D Two-dimensional

3D Three-dimensional

ADW AeroDesignWorks

AHSJ Axisymmetric hot subsonic jet
CFD Computational fluid dynamics
DoE Design of experiments

FTV Fluidic thrust vectoring

P Institute of jet propulsion

LO Low observability

MTV Mechanical thrust vectoring
NATO North Atlantic Treaty Organization
NLRC NASA Langley Research Center
NPR Nozzle pressure ratio

PIV Particle image velocimetry

RANS Reynolds-averaged Navier—Stokes
RCS Radar cross section

SFC Specific fuel consumption
V/STOL  Vertical short-take-off and landing

1 Introduction

Propulsion concepts with integrated thrust vectoring have
been subject of investigations in the past and are already
implemented in various forms in selected aerospace applica-
tions. Examples frequently mentioned in the literature are the
Rockwell-MBB X-31 and the Lockheed Martin F-22. The
Rockwell-MBB X-31 has a fixed nozzle design and, down-
stream of the conventional nozzle exit, pivoting flaps for
three-dimensional deflection of the exhaust jet. Test flights
have already been carried out on this aircraft without its tail
fin [1, 2]. A reduction of the fin area or complete substitution
by a thrust vectoring nozzle can lead to a considerable reduc-
tion of the aerodynamic drag, the aircraft mass as well as the
radar cross section (RCS). The Lockheed-Martin F-22, on
the other hand, relies on rectangular shaped and mechani-
cally adjustable nozzles for a two-dimensional deflection of
the thrust jet. The aforementioned and other thrust vectoring

concepts still in use in aviation today have in common that
they rely on mechanical deflection components. According
to Alcorn et al. [2], the replacement of conventional aerody-
namic control surfaces brings enormous advantages, which
include the improvement of low-observability (LO) as well
as the reduction of aircraft mass and zero-lift drag Cy,,. This
can result in higher specific thrust and increased range or
payload [2]. Thus, this technology can provide access to
shorter runways for both civil and military applications. Fur-
thermore, the ability to generate a specific turning moment
through the thrust vectoring nozzle in the event of a failure
of conventional control surfaces increases the operational
safety of the aircraft. For high performance aircraft, there
is also the possibility of providing manoeuvrability beyond
the stall region (post-stall), which leads to increased possible
angles of attack @ and an extension of the flight envelope.
In Table 1 a sample of past and current developments on
mechanical thrust vectoring systems is shown.

The origin of fluidic thrust vectoring technology lies in
space flight. For example, the LGM-30 Minutemen, which
has been in service in various versions since the 1960s,
already used FTV to alter its flight attitude. However, the
advantages of mechanical thrust vectoring described in the
previous section go hand in hand with disadvantages, which
is why research into fluidic thrust vectoring concepts has
also been going on in the aerospace sector for some time.
Fluidic thrust vectoring has advantages over mechanical
thrust vectoring, which are expressed in a lower weight,
a reduced complexity and thus also reduced maintenance
costs [5]. Since fluidic thrust vectoring nozzles have a fixed
external geometry, the RCS can be decreased compared to
that of a moving mechanical thrust vectoring nozzle. In addi-
tion, fluidic thrust vectoring offers the potential to reduce
aerodynamic control surfaces. Aerodynamic trimming with
trim tabs, which is necessary for certain phases of flight, can
be replaced and thus reduces aerodynamic trim drag. These
and other factors have contributed to the motivation for this
and previous scientific work undertaken in the area of fluidic
thrust vectoring for aircraft applications [6—15].

Fluidic thrust vectoring concepts can be subdivided
into shock vector control (SVC), throat shifting (TS), dual
throat nozzle (DTN) and Coanda-coflow and -counterflow
concepts. Deere et al. [6, 7, 9] and Flamm et al. [10] carried

Table 1 Overview of

Aircraft Y T Attitude control ° ielsy  F. (kN
conventional mechanical thrust frera car ype 1tude contro Pruax ©) b Chs) rnax (KN
vectoring concepts, Loria et al. YF-22/F-22 1986/2005 2D 0, 20 110 2% 34,7
(1], Anderson [3], KluBmann F/A-18 HARV 1987 3D 0 25 60 2#21
and Malik [4] - V.0 9
F-15 ACTIVE 1988/1991 3D 0, v, ¢ 20 80 2% 17,8
Rockwel-MBB X-31 1990 3D 0,y 35 60
X-62 VISTA 1992 3D 0,y 20 60 1%27.8
EJ230 - 3D 0, v, ¢ 23 110 2% 30.6

@ Springer



Numerical investigation of a Coanda-based fluidic thrust vectoring system for subsonic nozzles 941

out comparative numerical and experimental investiga-
tions on the abovementioned FTV concepts. The respec-
tive advantages and disadvantages as well as the operational
constraints of the mentioned concepts are summarised in
Table 2. In the principle figures of Table 2, the primary mass
flow is represented by black vectors and the secondary mass
flow by blue vectors. In addition to the mentioned investi-
gations, research projects in the field of innovative control
effectors for aircraft manoeuvring have been funded within
the framework of the North Atlantic Treaty Organization
STO AVT-239 Task Group (published in November 2020) in
cooperation with universities and industrial partners, which
further underlines a current interest in fluidic thrust vector-
ing technology [16].

In the work presented within this paper, exhaust jet
deflection using the coflow Coanda effect is investigated.
Since the nozzle flow is required to remain at subsonic
velocities, the concepts SVC, TS and DTN already investi-
gated in the literature cannot be applied. Subsonic co- and
counterflow Coandi nozzles have also been investigated in
the literature. However, these usually feature a convergent-
divergent geometry and are thus inherently not ideal for
subsonic use. The divergent section acts as a diffuser in a
purely subsonic-operated nozzle, thus leading to a decelera-
tion of the flow. In addition, a too large opening angle of the
divergent nozzle part can lead to flows detached from the
nozzle wall [25]. Furthermore, the prevailing low pressure
in the divergent section for subsonic nozzle flow can lead to

Table 2 Overview: fluidic and mechanical thrust vectoring methods

a reversal of the jet direction. This is especially the case at
low secondary to primary mass flow ratios, as preliminary
studies undertaken in preparation for this paper have shown.
This effect has also been mentioned by Bougas and Hornung
[26]. Aforementioned phenomena would consequently lead
to a reduction in the thrust of the jet engines, which are thus
unsuitable for propulsion applications. Therefore, a purely
convergent nozzle, in which the Coanda radii are arranged
around the inner cone, is chosen as the primary nozzle con-
figuration investigated in the present work. The question to
be answered is whether fluidic thrust vectoring in combina-
tion with jet engines of aircraft flying at subsonic velocities
can be implemented with this method. For this purpose, the
influence of geometric as well as fluidic parameters of such
nozzles on the deflection of the thrust jet and other charac-
teristic parameters will be investigated in a comprehensive
parametric study.

2 Coanda-effect

In the following sections, the theoretical basics of the
Coanda effect are explained. Additionally, the fluidic and
geometric parameters relevant to this work are discussed.
These influencing variables are combined in the subsequent
part to form a comprehensive parametric study for charac-
terising the nozzle operating behaviour.

Method and flow regime Principle Characteristics References
(%_H_E ® — Moderate-high thrust losses
Shock vector control (SVC) ! — Risk of wall impingement [17]

Supersonic

— Supersonic flow required
— Overexpanded operation

Throat shifting/skewing (T'S)

— Low thrust losses
— High vector angles [18]

© Supersonic — Moderate-high vectoring efficiency
e
E — Low thrust losses
Dual throat (DTN) — High vector angles (9, 19]
Supersonic — High vectoring efficiency ’
— Linear attitude
— High vector angles
Coanda co-/ count‘erﬂow — Linear attitude [20-24]
Sub- and Supersonic — Low thrust losses
. — High vector angles
Tg ?5'/&; 1ab12 ther?al .geometry — Mass inertia of moving parts
g b and oupersomie — Complex airframe integration
@
g . . ~_ — Expensive manufacturing and
§ Variable internal geometry I maintenance process Tab. 1
Sub- and Supersonic v i'\: _ nerease of RCS '
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2.1 Fluidic fundamentals

The Coanda effect, named after Henri Coandi (1886 - 1972),
describes the ability of a gas jet to follow a convex surface
over a comparatively long distance. This phenomenon was
first described by O. Reynolds [27] in 1870 for the flow
around a sphere and later by Lafay in 1918 [28], Ackeret in
1926 [29] and finally by Coanda [30-32]. Basic investiga-
tions on this were undertaken by Fernholz [32] and are used
in this work to describe the Coandi effect. The theoretical
operating principle of the Coanda effect can be explained by
the interaction of a free jet with static air, which is located
between said free jet and a wall. The static air is acceler-
ated due to turbulent momentum exchange with the free jet.
The wall prevents the supply of new air, which creates a
low-pressure zone that draws the free jet against the wall.
A curved wall therefore can lead to a deflection of the free
jet. For the case of the deflected free jet, a radial mass force
directed outwards and a pressure force maintain equilibrium,
as explained by Squire and Fernholz [32, 33]. It is utilised
in the context of the present work in the so-called coflow
variant for the deflection of the primary jet of the nozzle.
In the coflow variant, in addition to the conventional, pri-
mary exhaust jet, a secondary jet is generated by injecting
compressed air in secondary channels parallel to the flow
direction of the primary jet (see Fig. 1 and Coanda co-/coun-
terflow in Table 2). This compressed air can be provided,
for example, by the compressor in the form of compressor
bleed air, by the bypass or by external sources. In the coflow
Coandd nozzles discussed in the literature, the secondary
channels are usually located in the outer wall area of the noz-
zle. Due to the hereby necessary arrangement of the convex
surfaces for the Coanda effect, this design always results
in a convergent-divergent nozzle geometry, such that in the
subsonic operating range, as explained in Sect. 1, velocity
and thus thrust losses are to be expected. Contrary to this, a
purely convergent thrust vectoring nozzle is extended with

\
¥ Coanda surface \Coanda radius ¢

> Vortex step g

X

Secondary channel height A, v Mprim

Primary channel height/2 hprim

Fig.1 Coanda effect operating principle (based on [32, 34, 35])
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secondary channels around the inner cone in the context of
this work, thus maintaining the convergent nozzle geometry.

2.2 Important fluidic and geometric parameters

In the open literature, a large number of geometric and flu-
idic parameters influencing the jet deflection by means of the
Coanda effect are mentioned. According to Fernholz [32],
the most important geometric parameters include the noz-
zle height A, the Coandd radius R as well as the immersion
depth or vortex step g (see Fig. 1). These characteristic quan-
tities hold the most significant influence on the deflection
angle f and the contact behaviour of the secondary jet with
the Coanda radius. The ratio of immersion depth to nozzle
height g/h and Coanda radius to nozzle height R/h can be
defined as decisive factors in the effectiveness of the deflec-
tion of the jet around the Coanda radius. It is important to
mention, that in this paper, the value of geometric variable g
is varied in negative y direction and thus creates a step (refer
to Fig. 1). According to the literature, this step is expected to
induce vortex structures which are expected to improve the
attachment of the secondary jet to the Coanda surface [35].
In the investigations of Fernholz [32] and Neuendorf et al.
[36] the Coanda effect was treated as a two-dimensional
case. This simplification is valid only if the nozzle possesses
a sufficient size or depth which means that the pressure gra-
dient in circumferential direction can be neglected.

Among the fluidic influencing variables, in literature pri-
marily the injection mass flow 1, and the injection veloc-
ity ¢, or the injection momentum flux I, = rit,.. - Cyo.
are mentioned. In this work, additionally the jet deflec-
tion angle f given as a function of the kinetic energy flux
Erinsee = Ngee  Cooe” is considered. The investigation of the
parametric influences in the context of this work further
deals with the comparison of mass flow ratio, momentum
flux ratio and the ratio of the kinetic energy fluxes of second-
ary to primary mass flow to describe the deflection angle.

3 Methodology

In this work, an extensive numerical parametric study is car-
ried out with a variation of the characteristic geometric and
fluidic parameters (refer to Sect. 2.2). The chosen numerical
solver and workflow are described in Sect. 3.3. The param-
eter study is carried out entirely with a convergent nozzle
(Fig. 2), whose properties are described in Sect. 3.1.

3.1 Concept development of the fluidic thrust
vectoring nozzles

The fluidic thrust vectoring nozzles discussed in this paper
are designed using the fluidic and geometric boundary
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Fig.2 Sectional view (x—y-plane) of the three-dimensional conver-
gent coflow Coandéd nozzle configuration

conditions of the AeroDesignWorks B300F jet engine [37].
The operating points investigated and the associated aero-
dynamic properties relevant to this work are summarised in
Table 3. The turbine outlet flow conditions (plane 5) are used
as nozzle inlet boundary conditions (plane 7). The geometric
dimensions of the B300F result in the inlet area A5 = A,
which is adopted unchanged for the three-dimensional flu-
idic thrust vector nozzle, as is the contraction ratio Ag/A.
It should be emphasised that in this work a three-dimen-
sional and a thereof derived two-dimensional model of the
fluidic coflow Coanda thrust vector nozzle is investigated.
The two-dimensional thrust vectoring nozzle is considered
at first, since it allows for a comprehensive parametric study
with a significantly lower time expenditure compared to the
three-dimensional nozzle geometry. In the two-dimensional
case, the nozzle is modelled as an infinitely long nozzle with

Table 3 Investigated operating points ADW B300F, [38]

Operating points Units
Nr 1 2 3 4 [-]
RPM 97800 80000 60000 35000 (U/min)
F, 230 116 50 14.4 N)
7 0.53 0.40 0.26 0.13 (kg/s)
Poo 94000 94000 94000 94000 (Pa)
T, 288.15 288.15 288.15 288.15 (K)
Mag 0.56 0.44 0.30 0.17 =)
Pis 147261 120549 106,169 97,839 (Pa)
T,s 958.90 813.94 800.02 877.48 (K)
As 0.0035 0.0035 0.0035 0.0035 (m?)
s 0.0318 0.0270 0.0198 0.01125 (\/E -s/m)

a cylindrical Coanda radius in the z-direction. According to
Fernholz [32], however, the results of this two-dimensional
nozzle are not completely allowed to be compared to the
behaviour of the three-dimensional nozzle. Due to the addi-
tional pressure gradient acting in the circumferential direc-
tion in the three-dimensional case, a lower jet deflection is
expected here compared to the two-dimensional case, in
which only a transverse pressure gradient prevails. However,
the two-dimensional modelling is suitable to investigate the
behaviour of quasi two-dimensional thrust vectoring nozzles
(no infinite length in z-direction, but delimitation by vertical
closed walls) with a rectangular outlet cross-section (2D
thrust vectoring). Especially for aircraft with flat fuselages,
as it is often the case with unmanned aerial vehicles, this
type of fluidic thrust vectoring offers straightforward inte-
grability compared to mechanical thrust vectoring. The
question of how far the results of the parametric study of the
two-dimensional nozzle can be transferred to the three-
dimensional nozzle is a further subject within this work. To
model the two-dimensional fluidic thrust vectoring nozzle

utilising the boundary conditions given\})_y the B30OF, a con-

. . m-A/T, R .
stant relative mass flow density o5 = - \/t is assumed.
K

Py

The convergent nozzle has secondary channels which run
circumferentially around the inner cone parallel to the pri-
mary flow direction and inject the secondary mass flow 7,
at the nozzle throat Ag. In the three-dimensional case, these
annular channels are each divided into four segments by four
separate sectors which are offset to each other by 90°. With
these four segments, in the three-dimensional case it is pos-
sible to generate a fluidic thrust deflection around all three
spatial axes (3D thrust vectoring).

3.2 Parametric study

The geometric parameters varied in the parametric study
within this paper are shown in Fig. 2 and the range of val-
ues of the respective geometric parameters can be found
in Table 4. For the definition of the boundary conditions,
operating data of the engine, which were collected by Jéger
[38] in the course of experimental investigations at the 1JP,
are used (refer to Table 3). Within the framework of the
parametric study carried out in this work, a large number of
design and operating points are varied and simulated. The

Table 4 Parametric space of the investigated geometric nozzle
parameters

Range of values Units
Coanda radius R 70 100 130 [mm]
Height of secondary channel 2 0.5 1 2 [mm]
Immersion depth ¢ 0 1 2 4 [mm]
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number of investigated design and operating points for the
two-dimensional convergent nozzle amounts to approxi-
mately 1000, which allows a complete coverage of the
entire geometric (see Table 4) and operating point param-
eter space. For each of the four operating points shown in
Table 3, the secondary mass flow ratio is varied in steps of
Moo /Tpim = 050.01;0.025;0.05;0.075;0.1 to investigate the
influence of the mass flow ratio and the absolute operating
point of the engine on the thrust vector deflection character-
istics. Additionally, the parametric study includes the vari-
ation of the geometric quantities such as the Coandd radius
R, the secondary duct height & (for the three-dimensional
nozzle this height becomes the secondary duct area A ) and
the Coandd immersion depth ¢ illustrated in Fig. 2.

sec.

3.3 Numerical modelling

In the following section, the methodology for the spatial
discretisation of the computational domain as well as the
settings selected within the numerical flow solver ANSYS
FLUENT for the steady-state simulations are described.
Subsequently, the mesh independence of the simulation
results from the spatial discretisation of the computational
grid used in the further course of this paper is discussed
based on a grid convergence study.

The flow solver settings used in this work are based on
the Reynolds-averaged Navier—Stokes equations (RANS).
For the solution of the steady RANS equations applied in
this paper and modelling of the Reynolds stress tensor z;,
the k — w — SST turbulence model is used due to its good
predictions in adverse pressure gradients and separating flow
[39]. Air is modelled as an ideal gas. Since temperatures of
T > 900 K can occur in the exhaust gas jet, the specific heat
capacity ¢, is modelled as temperature-dependent. For this
purpose, the NASA 9-coefficient polynomial functions are
used to describe the temperature dependence [40]. For mod-
elling the viscosity, the description according to Sutherland
is used [41].

To enable automatic mesh generation for the large quan-
tity of design- and operating points investigated within this
paper, ANSYS Workbench is used. A bidirectionally com-
municating plug-in enables the ANSYS Workbench to read
in and modify geometric parameters of the fluidic thrust
vectoring nozzles previously created and fully parameter-
ised in the CAD tool CATIA V5. In this way, the geomet-
ric and fluidic parameter spaces can be specified in tabular
form, automatically updated in the CAD environment and
processed in the Workbench environment. The Workbench
workflow includes meshing, solving of the numerical flow
problem and the creation and readout of post-processing data
for further evaluation in TECPLOT and MATLAB.

ANSYS Meshing is used for meshing the two-dimen-
sional geometries, FLUENT meshing is used for meshing

@ Springer

the three-dimensional geometry. With the same resolution
of the boundary layer and an equally fine resolution of areas
relevant to the physics of flow (e.g. the shear layer between
the secondary jet and the primary exhaust flow, defined by
custom bodies of influence), the number of cells of the com-
putational grid in the three-dimensional case exceeds that of
the two-dimensional case by a factor of up to ~ 200. This
circumstance demonstrates the necessity of reducing the
model complexity by adapting the nozzle to a two-dimen-
sional geometry in order to decrease the time required to
solve the numerical simulations, within a comprehensive
preliminary study.

To ensure a sufficient resolution of the viscous sublayer
of the turbulent boundary layer and thus an accurate calcu-
lation of the friction drag, a dimensionless wall distance of
yt ~ 1is realized [42]. The wall distance y of the first grid
cell can be estimated using the Eq. 1 and iteratively adjusted
hereafter.

y o €))
For the two- and three-dimensional computational grids,
a grid convergence study is carried out applying the Grid
Convergence Index by Roache et al. [43, 44]. For this pur-
pose, the deflection angle f and the resulting thrust F' were
evaluated using three different meshes. Hereby, the values
of GCl;;,.2" = 1.63% and 0.0048% are achieved respectively
and suggest that a fine enough mesh is selected. In a previ-
ous step, the required wall distance y of the first grid cell
was already determined iteratively, such that the boundary
layer resolution is not changed further in the grid conver-
gence study. A total cell number of approximately 35 - 10*
is obtained with these settings.

4 Validation of the numerical simulations

To validate the numerical setup chosen in this paper, experi-
mental comparison data from the NASA Langley Research
Center (NLRC) Turbulence Modeling Resource database
[45—47] are used. The NLRC hereby provides a public data-
base with both experimental and additionally simulated
comparative data for the verification and validation of the
flow solvers used in respective applications. In this publica-
tion, the NLRC comparison case of an axisymmetric hot
subsonic jet (AHSJ) is used. This validation case is suitable
due to the high prevailing temperature in the thrust vec-
tor nozzle (Tis n.x 30or ~ 938 K) and the correct depiction
of the shear layer behaviour between primary and second-
ary air mass flow, which is an essential aspect for thrust jet
redirection.
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The hot jet in the experiment of this validation case doc-
umented by Bridges and Wernet [48, 49] exhibits a nozzle
exit Mach number of Ma,,, = 0.376 and is surrounded by
stationary ambient air (see Fig. 3a). To increase the com-
patibility of the associated simulated comparison case with
different CFD codes, a Mach number of Ma,; = 0.01 was
imposed by the NLRC as a boundary condition for the
ambient flow in the numerical simulation, since some CFD
codes exhibit numerical instabilities at farfield boundary
conditions with fully quiescent flow. The influence of this
low Mach number on the hot jet flow quantities turns out

to be negligible [50]. Due to the axisymmetric geometry

of the test case, a computational grid rotated by one degree
with periodic boundary conditions can be used within the
numerical simulation to accelerate the computation time
while improving the spatial discretisation compared to a
three-dimensional simulation. Experimentally, particle
image velocimetry (PIV) was used by the authors men-
tioned above to determine velocity and turbulence pro-
files at selected locations parallel and perpendicular to the
flow direction. In addition, numerical simulations with the
NASA flow solvers CFL3D [51] and WIND [52] were car-
ried out by the NLRC, providing both experimental and
numerical comparative data.

1 -
\\
\
\
0.8+ 5
% 0.6
S
~
=04
~___SST-v,CFLD | = \
0.2 exp, #/Dje =2 1
exp, £/Djey =5
exp, /Dje = 10
0 : I |
0 5 10 15 20
U/UJet
1.5 .
SST-V, CFL3D
o exp,z/Dju =2
A exp,a/Dy =5
v exp, z/Djy =10
1+t > exp, z/Dje = 15| |
+ < exp, &/Djey =20
= . SST, FLUENT
~
IS
0.5}
0

0.02 0.04
U/UJet

(d)

15 :
4 SST-V, CFL3D
exp, #/Dju =2
exp, #/Djey =5
exp, &/Dje = 10
exp, z/Djes = 15| |
exp, &/Djer = 20
SST, FLUENT

- Avd Do

SST-V, CFL3D
exp, /Dy =2
exp, #/Djy =5
exp, /Dje = 10
exp, ©/Dje = 15| |
exp, &/Dje = 20
SST, FLUENT

- Avd Do

0.03 0.04 0.05

Fig. 3 Comparison of experimental and simulated data [48] with solver setup used in this work
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Figure 3 illustrates the NLRC experimental and simulated
data together with the results generated in this work using
the FLUENT flow solver. In the course of validating the set-
tings of the ANSYS FLUENT flow solver, it was found that
the k — w — SST turbulence model generally exhibits good
agreement with the simulations performed by the NLRC.
However, it should be mentioned that in some cases small
deviations from the experimentally determined flow vari-
ables prevail, as can be seen in Fig. 3a. The axial velocity
component # normalised over the nozzle exit velocity Uy,
is used by all simulations from x/Dj, = 5 to x/Dy, = 7.5
is overestimated by a maximum of 25%. With increasing
distance from the nozzle exit plane, this deviation decreases
to less than 3%. However, it should be emphasised here that
the simulations carried out in this work and those of NASA
agree very well. In addition, Bridges and Wernet [48, 49]
explicitly point out an uncertainty in the measurement
results that depends on the axial position and decreases in
the direction of flow. Further consideration of the velocity
profiles in both radial and axial directions in Fig. 3b shows
very good agreement between the experimental and all
simulated data. Also when considering the turbulent kinetic
energy k in Fig. 3d, the simulated and experimental data
agree well qualitatively and quantitatively.

5 Evaluation and analysis of the simulation
results

In this section, the results of the detailed parametric study
of the two-dimensional convergent fluidic coflow Coanda
thrust vector nozzle are discussed initially. Here, the influ-
ences of the fluidic and geometric parameters are examined,
for example, on quantities such as the deflection angle f or
quantities describing the efficiency (total pressure ratio I1,
and total pressure loss coefficient ).

Within the numerical parametric study of the convergent
fluidic thrust vectoring nozzle, about 1000 different param-
eter combinations are calculated. In the following sections,
it is explained which of the geometric and fluidic param-
eter combinations have the most important influence on the
thrust jet deflection of the convergent thrust nozzle.

5.1 Characterisation of different deflection zones

In Fig. 4 the course of the deflection angle f is depicted over
the mass flow ratio st /M, at a primary mass flow of
My, = 0.53kg/s and without a Coandd immersion depth
(¢ = 0mm). Furthermore, it is distinguished between three
cases with different Coanda radius (R70, R100 and R130)
and a constant secondary channel height (h0.5). In the afore-
mentioned figure, three zones with respectively different
gradients of the deflection angle curve can be identified. In
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Mprim = 0.53kg/s,q = 0mm

25— w —
& 13 15
N IN IN
03 |
= 18 2
1© =
<
ﬁ15f } la o o
o I R
‘ _
10! | |
| = R70h0.5
o | ~5-R100h0.5"
B ‘ ----R130h0.5
0 — L | ‘ ‘
0 0.02 0.04 0.06 0.08 0.1
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Fig.4 Trend line of the thrust vector angle (dead zone, control zone,
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the first zone, often referred to in the literature as the Dead
Zone, the secondary mass flow is too low to generate a jet
adhering to the Coanda radius. In this area, the Coandai effect
is thus not functional. In the following so-called Control
Zone, a strong increase of the deflection angle as a function
of the mass flow ratio can be seen. With further increas-
ing mass flow ratios, the change of the deflection angle
decreases until a hypothetical Saturation Zone is reached.
In this zone, an increase in the secondary mass flow leads
only to small changes in the deflection angle. These obser-
vations regarding the deflection behaviour as a function of
mass flow fraction in the coflow Coandd method were also
observed by Mason [20], among others.

For the practical application of the coflow Coanda effect,
this means that the Dead Zone must be exceeded very
quickly if the desired thrust vectoring is supposed to avoid
a hysteresis effect. This is the only way to minimise the time
difference between the deflection command and the actual
deflection of the thrust vector with the desired angle and
thrust.

5.2 Influence of the mass flow ratio, Rand h
on the deflection angle

In Fig. 5a the achieved deflection angle f is plotted
against the mass flow ratio of secondary to primary
mass flow s, /rit,, at a constant primary mass flow of
Hyim = 0.53kg/s and without a Coandd immersion depth
(¢ = 0mm). The mass flow ratio is thereby calculated
in five equidistant steps from 7, /Ay, - 100 = 1% to
Hgee /Mpim + 100 = 10% and is increased incrementally. The
identical process is illustrated in Fig. 5b—d with successively
decreasing primary mass flows ri,,.;.,. These four figures rep-

resent different operating points of the engine (see Table 3).
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Fig.5 Plot of the jet deflection angle § versus the mass flow ratio ritg,. /11y, at different primary mass flows 7z

Based on the four graphs, a trend can be observed that in
the parametric space considered, a reduction of the Coanda
radius leads to an increase in the deflection angle depending
on the mass flow rate considered. For the geometries with a
secondary channel height of 4, = 0.5 mm (h0.5), a deflection
of the primary jet is recognisable from a mass flow ratio of
0.025 independent of the operating point. For the following
analysis, the first operating point (see Fig. 5a) is described
as an exemplary case.

At a mass flow ratio of 0.05 the deflection angle
is p =13.65° for a Coanda radius of R =70mm. For
R =100mm this value decreases to = 11.93° and at
R =130mm further declines towards g = 10.80°. At
R=100mm, f is thus Ag,g_g70 = 12.60% lower than
at R =70mm. Regarding R = 130mm, g is reduced by
Ari30-r70 * 20.87% compared to R =70mm. With an
increasing mass flow ratio of 7t /1y, = 0.075%, this
difference increases at fyg,,, = 17.45°, fioomm = 14.49°
and fso,m = 12.94°, respectively, to Agigo_r70 & 16.9%

Myprim = 0.38kg/s,q = 0mm
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orim 10T the convergent nozzle

and Ags0_g70 ® 25.85%. The maximum thrust deflection
angle f = 20° is reached for a mass flow ratio of 0.1 and
R =70mm. R = 100mm and R = 130 mm yield in a thrust
deflection angle of f = 16.21° and f = 14.83°, respectively.

A similar behaviour can also be observed for the nozzle
geometries with 2, = 1 mm (h1). However, it is noticeable
that with the increased secondary duct height (with respec-
tively identical primary and secondary mass flows) a rel-
evant deflection of the thrust jet can only be achieved with
mass flow ratios > 5%. The increased secondary duct height
leads to a reduction of the secondary nozzle exit velocity
Cg sec and thus to a reduction of the momentum flow ratio
Liee/1yir- As already described in Sect. 2.2, the momentum
flow ratio is often mentioned in literature as an important
influencing variable on the deflection angle of a coflow
Coanda thrust vector nozzle [53]. A further increase of the
secondary channel height to 2, = 2 mm (h2) leads to hardly
any jet deflection angles due to the low secondary nozzle
exit velocity. At a mass flow rate of 10%, the thrust jet is only
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deflected to a maximum of f;,, = 2.35°. Only in case of
h, = 2 mm, barely any difference in the amount of the deflec-
tion angle can be observed when varying the Coanda radius.

Regarding the geometries R70h0.5, R100h0.5 and
R130h0.5 across the graphs 5a to 5d, it can be seen that
for a constant mass flow ratio, the difference between
the deflection angles of these geometries is reduced with
decreasing primary mass flow. For a primary mass flow of
My, = 0.13kg/s this leads to the observation that the deflec-
tion angles with the secondary channel height 2, = 0.5 mm
at Mg /1y, = 0.05 are almost identical, meaning the
Coandi radius has no influence on the deflection angle in
these specific cases.

It can be stated that a reduction in the secondary channel
height has a large positive effect on the deflection angle of
the coflow Coandd nozzle while maintaining an identical
secondary mass flow. As the primary mass flow decreases,
this effect is amplified. However, decreasing the second-
ary channel height leads to very high supercritical nozzle
pressure ratios of NPR= p, 7 ... /Pg . ® 3.9 in the cases of
Hoim = 0.53kg/s and rg, /iy, = 0.1 and thus to a post-
expansion following the secondary channel. This results in
maximum secondary jet Mach numbers of Ma,, = 2.3 and
thus to high-velocity gradients between the primary and the
secondary airflow. Therefore, in the following sections, in
addition to the deflection angle, variables for evaluating the
nozzle efficiency (total pressure ratio I1;, and total pressure
loss coefficient {') are examined as significant total pressure
losses are expected as a result of the overexpanded second-
ary nozzle condition. In addition, it can be stated that similar
deflection angles can be achieved independent of the pri-
mary mass flow and therefore the jet engine operating point,
which has positive effects on the application of the investi-
gated fluidic thrust vectoring nozzle as a control element.

5.3 Influence of the height of the Coanda
immersion depth g on the deflection angle

As a further geometric parameter, the Coandd immersion
depth ¢ is varied from ¢ = O0mm — 4 mm, as shown in
Fig. 6. For this purpose, the identical design and operating
points are considered under variation of g as previously in
Sect. 5.2. In literature, a potentially positive effect due to the
generation of small-scale vortices induced by the step on the
adhesion behaviour of the secondary jet and thus the achiev-
able deflection angle is mentioned [35]. However, this effect
could not be confirmed in the scope of this work. On the
contrary, an increase in the immersion depth is observed to
have a negative influence on the deflection angle, as can be
seen in Fig. 6. The deflection angle decreases from a maxi-
mum value of f,_¢ , = 20° to a value of f,_y,, = 12°ata
mass flow ratio of 10%. At a mass flow ratio of 5%, the maxi-
mum deflection angle is further reduced from f_¢ ,, = 15°
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Fig.6 Vector angle depending on step height

to a value of f,_4,, = 0.8°. The g-dependent trend shown
here in Fig. 6 occurs in a similar manner with a variation of
My, and h, which is why corresponding illustrations are
not presented here.

5.4 Influence on the total pressure ratio

In addition to the behaviour of the deflection angle presented
in Sect. 5.2, the total pressure drop behaviour can be exam-
ined to quantify the efficiency of a thrust vectoring noz-
zle. In Fig. 7 the total pressure ratio I1, = p,¢/p, ; is plotted
against the deflection angle f. Analogous to Fig. 5, the pri-
mary mass flow is reduced in each case. It is noticeable that
the total pressure loss is strongly dependent on the primary
mass flow. At high primary mass flows, high secondary mass
flows prevail in absolute terms. As explained in Sect. 5.2,
this leads to high secondary nozzle pressure ratios and thus
to supercritical flow through secondary channels of high
total inlet pressure p, ;. As a result of the expansion and the
following supersonic flow of the secondary jet downstream
of the secondary channel outlet, high total pressure losses
occur in these cases. A comparison of IT, further shows that
an increasing Coanda radius also has a negative influence on
the total pressure ratio. This is due to the fact that a larger
Coanda radius implies a longer inner cone which again leads
to an increased friction drag. However, this effect tapers off
with decreasing the primary mass flow.

Furthermore, it should be mentioned that the total pres-
sure drop decreases significantly when the secondary chan-
nel height is increased from 2 = 0.5 mm to 4~ = 1 mm. The
previously described post-expansion occurs here as well, but
the increased secondary channel height leads to a reduced
secondary channel exit Mach number of Ma = 1.52 and fur-
ther to a nozzle pressure ratio of NPR~ 2.56 which poses
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Fig. 7 Plot of the total pressure ratio I1;, versus the deflection angle § at different primary mass flows

a significant reduction compared to the NPR observed in
Sect. 5.1.

5.5 Comparison of different influence parameters
on the jet deflection angle

In the previous sections, an influence of the mass flow ratio
on the deflection angle could be determined. However, when
considering nozzles with different geometric parameters, it
is not possible to make a general statement about the deflec-
tion angle to be achieved solely on the basis of a given mass
flow ratio. For this purpose, other fluidic variables must be
examined in addition to the mass flow ratio. As has been
shown, the change in the secondary nozzle exit velocity has
a strong influence on the deflection angle to be achieved.
This is why the influence of the injection momentum flow
I = 1n - cgis investigated in this section. For this purpose, at
the position of the throat-section Ag, the injection momen-
tum flow of the secondary channel is related to that of the
primary channel. In Fig. 8 it can be seen that the curves of
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Fig.8 Influence of the momentum flux ratio on the deflection angle

p are closer together compared to the respective depend-
ence on the mass flow ratio in Fig. 5a. Due to the additional
influence of the velocity on the deflection behaviour, the
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Fig.9 Influence of the kinetic energy flux ratio on the deflection
angle

momentum flow is extended in the next step to the kinetic
energy flow E;, = - c§ (see Fig. 9). The curves of the
different geometric and fluidic parameters are now lying
even closer together. This reveals a more direct relation-
ship between the ratio of the kinetic energy flows from the
secondary to the primary channel, compared to the literature
known relations of mass flow and momentum. Especially
from a kinetic energy flow ratio of Ekm’sec /Ekm,prim =0.15
upwards, a direct correlation to the deflection angle can be
observed. It must be taken into account here that the same
Coandai radius must be considered in each case. Moreover,
this observation is only valid for the area of the Saturation
Zone. Nevertheless, an improved method of predicting the
jet deflection angle more independent of the geometric noz-
zle parameters can be proposed.

6 Summary and outlook

Within the scope of this work, important findings could be
obtained on the influences of geometric and fluidic param-
eters on the operating behaviour of a fluidic thrust vector-
ing nozzle that utilises the coflow Coanda effect. Maximum
deflection angles of = 20° can be achieved with a two-
dimensional convergent fluidic thrust vector nozzle with a
mass flow ratio of st /1, = 10%. Halving the mass flow
ratio to 5% results in a reduced deflection angle of g = 15°.
Thus, deflection angles comparable to current mechanical
systems used in practice, such as in the Lockheed-Martin
F-22, can be achieved (see Table 1). The value of the deflec-
tion angle is mostly independent of the operating point of
the engine. This circumstance has a positive effect on the
implementation of this fluidic thrust vectoring method in
practical applications.

@ Springer

The subdivision of the thrust nozzle behaviour into the
so-called Dead Zone, Control Zone and the Saturation Zone,
which is known from literature, could also be shown by
numerical investigations underlying this paper. In addition,
the ratio of the kinetic energy flows was identified for a more
direct description of the deflection behaviour of a fluidic
thrust vector nozzle. In the Saturation Zone, this ratio now
allows to determine the expected deflection angle at a con-
stant Coanda radius. In literature it is occasionally proposed
that an immersion depth could lead to an earlier adhesion of
the secondary jet with the Coandd radius and thus to a larger
deflection of the thrust jet. However, no positive effect on
the deflection behaviour could be observed here. The total
pressure losses caused by the immersion depth investigated
lead to a loss of energy in the secondary jet and thus to an
earlier detachment of the jet from the Coanda radius.

Furthermore, it was found that an increase in the second-
ary channel exit velocity cg ;. also leads to an increase in the
deflection angle. However, due to the thereby proportionally
rising high nozzle pressure ratios of the secondary channel,
this results in comparatively high total pressure losses.

Based on the previous results, for a future practical appli-
cation of the fluidic coflow Coanda thrust vector nozzle,
a trade-off should be made between the required deflec-
tion angle and the associated total pressure loss. Addition-
ally, the focus should be laid on the operating behaviour of
the fluidic thrust vectoring nozzle. Here, the effect of the
hysteresis effect is of particular importance and should be
investigated with unsteady numerical simulation methods.
In future investigations, it would also make sense to compare
and quantify the difference between the two-dimensional
geometry of the fluidic thrust vector nozzle and that of a
three-dimensional thrust vector nozzle. In preliminary stud-
ies in preparation for this paper, first investigations regarding
the performance of a three-dimensional convergent coflow
Coanda nozzle have been undertaken. Consistent with the
literature, these preliminary investigations have shown that
the deflection angle in the three-dimensional case is signifi-
cantly lower than in the two-dimensional case for the same
design and operating point. Thus, the question to what extent
three-dimensional fluidic thrust vectoring can be realised
with the coflow Coanda effect should be further investigated
within a more detailed study. Furthermore, based on the
investigations performed in this work, experimental studies
using the presented two-dimensional fluidic thrust vector
nozzle would be useful for validation purposes and further
improvements.

The possibility of ejector-assisted augmentation of the
secondary mass flow, for example from ambient air or from a
bypass mass flow, could lead to an improvement in efficiency
of the thrust vector system investigated in this work, as in
this way the required compressor bleed air mass flow could
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be reduced. Finally, the influence of the bleed air extraction
on the jet engine performance cycle must be carried out.
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