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ABSTRACT

EXPERIMENTAL AND NUMERICAL INVESTIGATION OF A JET VANE
OF THRUST VECTOR CONTROL SYSTEM

Sogiitcii, Burak
M.S., Department of Aerospace Engineering

Supervisor: Assist. Prof. Dr. Mustafa Percin

December 2019, B0 pages

Thrust vectoring is generally used in tactical missile systems when attitude control
with conventional control systems is inadequate. One of the most widely used thrust
vectoring method is to employ jet vanes in the divergent section of the rocket motor
nozzle to have the desired thrust vectoring. In the present study, the flow over the jet
vane of a thrust vector control system is investigated using both numerical and exper-
imental techniques. Three dimensional, unsteady and viscous flow over the jet vane
is solved numerically, in which the interaction of high temperature and high speed
combustion gas flow with the jet vane located in the exit plane of the solid rocket
motor nozzle is examined in detail. In addition, static firing tests of a rocket motor,
which contains jet vanes at the nozzle exit plane, are conducted in the static rocket
motor stand of TUBITAK-SAGE. The thrust and the side forces due to the jet vane
are measured for different angles of attack values of jet vanes. The nozzle shock pat-

tern in the presence of the jet vane is also visualized by using the Schlieren technique.



Keywords: jet vane, thrust vector control, solid propellant, solid rocket motor, Schlieren,

Computational Fluid Dynamic
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0z

ITKI VEKTOR KONTROL SISTEMININ JET KANADININ SAYISAL VE
DENEYSEL ANALIZi

Sogiitcii, Burak
Yiiksek Lisans, Havacilik ve Uzay Miihendisligi Boliimii
Tez Yoneticisi: Dr. Or. Uyesi. Mustafa Percin

Aralk 2019 , B0 sayfa

Itki vektor kontrolii, genellikle taktik fiize sistemlerinde geleneksel kontrol sistemle-
riyle yonelim kontroliiniin yetersiz kaldigr durumlarda kullanilir. Roket motoru ¢ikis
konisinde yer alan jet kanatlari, istenilen itki vektoriiniin elde edilmesi icin siklikla
kullanilan itki yonlendirme yontemlerinden bir tanesidir. Bu calismada, itki vektor
kontrol sisteminde yer alan jet kanadinin etrafindaki akis, hem sayisal hem de deney-
sel yontemler kullanilarak incelenmistir. Jet kanad1 {izerindeki ii¢ boyutlu, kararsiz
ve viskoz akis, sayisal olarak ¢oziiliip; yiiksek sicaklik ve yiiksek hizli yanma sonu
gaz1 akisinin, roket motoru liile ¢ikis diizleminde bulunan jet kanadi ile etkilesimi
ayrintili olarak incelenmistir. Sayisal incelemelere ek olarak, liile ¢ikis diizlemindeki
jet kanadi iceren roket motorunun statik atesleme testleri, TUBITAK-SAGE nin statik
roket motoru test rampasinda gerceklestirilmis, itki kuvveti ve jet kanadindan kaynak-
lanan yanal kuvvetler, jet kanatlarinin farkli hiicum acis1 degerleri i¢in Sl¢tilmiistiir.
Liile ¢ikis ekseninde yer alan jet kanadi ile liile sok etkilesimleri ve akig alani, Schli-

eren teknigi ile detayli olarak gorsellenmistir.
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CHAPTER 1

INTRODUCTION

Thrust Vector Control (TVC) systems are used to control the attitude of aircrafts
and missiles. Highly maneuverable missile systems require the aerodynamic control

systems (wings, winglets) and Thrust Vector Control System together.

All TVC systems work the same way: the directional line of the main thrust vector is
deflected so as not to pass through the center of gravity of the vehicle and moment is
generated which will maneuver the vehicle around its center of gravity as shown in

Figure .

Figure 1.1: Sketch of a thrust vector control system working principle

Deflecting the thrust vector generates pitching, yawing and rolling moments. These
moments produce motions such as moving the nose up and down, rolling and turning

the missile.



1.1 Thrust Vector Control Systems

Thrust vector control (TVC) systems are generally divided into two main systems as

moving and fixed nozzle.

TVC Systams

[ 1
Fixed Nozzla Mowvabla Nozzle
I . T 1 I__ "—‘_|
Secondary Injection Mechanical Special Low High Su '
i ; parsonic
Deflectors Systems Subsonic Subsonic
Liguid  Gas — J J ) hine, £
Injection Injection i
— ~Jat Vana Movable }-Flexible Gimbal |-Flaxible
Pintle Joint ’ i Joint
- Inart Warm [~Jet Evator Hingec J
Liguid Gas Movable |-Rotatable - Fluld Bearing/
~Jat Tab Plug Rolling Seal
Reactive “Hot = Fluid Bearing/ !
Liquid Gas [ Jot Probe Rolling Seal - Gimbal
- Sagmented - Gimbal L Hinged
Nozzle
~Ball and
Sochket
“Hinged

Figure 1.2: TVC systems [1]

TVC systems are divided into different types according to working principles. These
are: (1) deflection of burned gases with mechanical guides; (2) rotation of the nozzle;
(3) changing the internal pressure distribution of the nozzle. The first one of these
principles is provided by the use of a jet vane or a jet deflector, the second one by
deflecting the gas out by moving the nozzle with a moving joint, and the third one is
provided by the Secondary Fluid Injection (SFI) systems which allow the additional
fluids to be injected into the nozzle and to change and direct the pressure distribution

within the nozzle [U]. TVC systems will be briefly described in the following sections.

1.1.1 Movable Nozzle Thrust Vector Control Systems

The combustion gas is vectored by the deflection of the nozzle to achieve the de-
sired thrust vector control. Movable nozzle systems are efficient systems. The thrust
loss is far less than the other systems because the system produces thrust vectoring
by changing the nozzle angle and there is no mechanical deflector or other deflec-

tors in the flow that may cause axial thrust loss [9]. Movable nozzle TVC systems

2



are divided into three basic types according to the nozzle exit velocity and divided
into sub-branches according to the control mechanisms. In Figure I3, three basic

movement mechanisms are shown.

Gimble or Hinge Flexible Laminated Flexible Nozzle Joint

Bearing

Figure 1.3: Movable nozzle mechanisms

1.1.1.1 Gimbal Type Nozzle

The TVC systems with moving nozzles are classified by small differences. In mov-
able nozzle systems, the divergent part of the nozzle can be rotated independently of
the convergent part with different mechanical interfaces. In the movable TVC sys-
tem, the external geometry is divided into two parts: the throat and the fixed part.
The expansion part is the moving part and the diverging part is the fixed part. The
outer geometry of the moving part is rounded and integrated like a hinge so that it
can rotate about the fixed part Figure [C4. In this TVC system, sealing is the greatest
problem in the rounded part where the nozzle throat inserted into the mechanically

fixed section [9].



|

|
i
|
'1.
1

Figure 1.4: Gimbal type nozzle

1.1.1.2 Flexible Nozzle Joint

Flexible articulated TVC systems are used today in large strategic and satellite launch-
ing systems as well as in tactical systems requiring 5 — 15° vector angle [9]. Flexible
nozzle joints have a layered structure formed by bonding elastomer and reinforcing
layers to each other and to the front and back rings (Figure I3) [?]. Orientation is
achieved through shear deformation of the elastomeric layers. The reinforcing lay-
ers are made of metal (steel) or composites. The elastomers which are used so far
are silicon, natural rubber and synthetic polyisoprenes. Flexible joint systems can be
used in a wide range of temperatures, making them suitable for submerged nozzle
systems. Flexible joint torque values increase with increasing vector angle, pressure

and aging [10].

The general application is spherical, but there are conical applications [?]. When de-
flected at a certain angle in any direction, the elastomer layers are subjected to shear
deformation and stiffness of the layers rotated by a certain ratio of the total vector
angle [I1]. Flexible nozzle joint design involves the selection of joint configuration,
the number of reinforcement elements and the choice of material, elastomer and en-

vironmental factors.



Nozzle Socket
Nozzle Socket /

Rocket Motor Case Insulation /" seal Ring Flexible Joint
. / exible Join

T A Diverging Part

Nozzle Inlet Insulati -
1 ‘Insulation
Nozzle Throat

Figure 1.5: Flexible nozzle parts [2]

1.1.2 Secondary Injection Thrust Vector Control Systems(SITVC)

Secondary injection TVC systems operate with the principle that the flow of pro-
pellant gases in a fixed nozzle directed by another secondary hot or cold gas that is
injected in (Figure [CA). Secondary injection diverts the gas flow in the nozzle by
perturbing the supersonic flow to create an oblique shock wave. An impulse vector is

provided by the torque generated.



T Secondary Injectant

~— Motor Exhaust Flow - Expansion Shock

Wave

Figure 1.6: Basic flow structure with SITVC [3]

A secondary gas is injected at diverging part of the converging-diverging nozzle
where the flow is supersonic. The pressure distribution in the nozzle is used to di-

rect the side forces acting on the air vehicle as a result of the disturbed flow [3].

The systems using SITVC are generally seen in large and heavy systems. The main
reason why this method cannot be applied to small systems is the volume required
for the additional equipment (secondary fluid reservoir, pump, etc.) needed by the
SITVC system. However, the SITVC system does not require any moving parts and

a mechanical obstacle to create a thrust vector as a gimbaled nozzle or a jet vane. [9]

1.1.3 Fixed Nozzle Thrust Vector Control Systems

In these systems, thrust vector control is provided by deflecting the rocket motor ex-
haust gases using mechanical obstacles. Such systems use a jet vane or a jet deflector,
which mechanically changes the direction of flow at the nozzle exit area (Figure 7).
Jet vanes change the direction of flow by small wings placed on the inner surface of
the nozzle. On the other hand, jet deflector systems provide rotational torque on the
rocket by controlling the gas output with the aid of deflectors moving in the plane of

the nozzle outlet.



!
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|
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!'
|
|
|

Jet Vanes Jet Deflectors-Tabs

Figure 1.7: Jet vanes and jet deflectors-tabs sketch

In the fixed nozzle TVC systems, the vector control basically provides a mechanical
obstacle at the nozzle exit, deflecting the flow. This obstacle for the thrust vector
control causes the loss of axial thrust in fixed nozzle systems more than that of moving

nozzles [Y9].

The jet vane (JV) / jet deflector (JD) system is determined to be useful in relatively
light and small systems, which require higher maneuverability. These systems are

used in a wide range of applications.

1.1.3.1 Jet Deflector / Jet Tab / Jetavator TVC Systems

In these systems, mechanical deflectors are located around the exit area of the nozzle
and the propulsion vector control is provided by this deflector located at the exit of
the nozzle (Figure '8 and [9). These systems do not create a rolling moment on the
missile while generating yawing and pitching moments. Jet deflectors and jet tabs are
blunt structures created with the aim of preventing the flow at the exit of the nozzle.
For this reason, the use of jet deflector and jet vane cause excess power loss. Placing
the JD at the end of the nozzle causes the shock wave to occur before the deflector
and the pressure on the deflector increase. The resulting pressure increase also creates
a side force. This side force is directly proportional to the values of the JD area and

the nozzle exit area. The side force is adjusted by moving the JD at the nozzle outlet

7



enlarging and reducing the nozzle outlet area.

NOZZLE
ACTUATOR
MECHAMNISM
JET TAB
NOZZLE ACTUATOR

MECHANISM

AXIAL JET DEFLECTOR

Figure 1.8: Jet vanes and jet deflectors-tabs [4]

GIMBAL SUPPORT
& SYINEL MOUNT

JETAVATOR

ACTUATOR

Figure 1.9: A sketch of a jetavator [#]

1.1.3.2 Jet Vane TVC Systems

In jet vane TVC systems, a vane is placed at the exit of the nozzle and the vane base
follows the contour of the nozzle. The jet creates yawing and pitching moments in
addition to rolling moment with respect to the missile centerline. The jet vane control

was first used in German V-2 missile [9].



positioning ring — |

Figure 1.10: JVTVC system mounted at the exit from the nozzle assembly [5]

Jet Vane TVC systems are one of the effective TVC systems that are used in missiles.
The vane is characterized by any small fin or plate that is directly placed in the exiting
flow of the nozzle to control the thrust vector (Figure [10). The principle of generat-
ing control forces using jet vanes is similar to producing lift with a supersonic wing at
an angle of attack in a supersonic flow. The pressure difference between the upward
and downward sides of the jet vane provides a force normal to the chord of the jet
vane. The normal force has a component in the lift direction, also referred to as side
force, and it is useful to control the missile. However, the generation of the useful lift
is accompanied by drag, which results in a loss in the thrust force generated by the
propulsion system. The main objective of the design of a jet vane is to generate side
force with minimum drag. The advantages and disadvantages of the aforementioned

systems are summarized in Table ITl.



Table 1.1: TVC systems comparison

TVC System

Advantage

Disadvantage

Flexible Joint

Improved characterization and appli-

cation level, high reliability
Wide operating temperature range
High sealing performance

Negligible "Coulomb" friction

High deflection torque

High volume requirement at vector angles

greater than 15°
Sliding rotating point
Thermal protection requirement

Complex and large control-drive system

The ball-and-

Improved characterization and appli-

cation level, high reliability

Constant axial load requirement for sealing

socket The need for an anti-rotation system to pro-
+20° Thrust Vector Angle vide axial rotation
Low volume High thrust loss
Small drive system needs Unpredictable friction coefficient
Leakage problem
Rotation control High thrust loss
Jet vane
4+10°/ 4 10° Thrust Vector angle Limited to low temperature burned gases or
rocket motor with short duration of burning
Nozzle -free replacement
Low torque requirement Relatively high weight
Fast response capacity High jet vane angle provide small thrust vec-
tor angle
Tet Low risk / High development High thrust loss
e
deflector/tab Low volume Limited to low temperature burned gases or
. rocket motor with short duration of burning
Fast response capacity
The horizontal force is directly pro- High torque
portional to the ratio of the deflector Relatively high weight
area to the nozzle area
SITVC Fast response capacity +6°/ £ 6°Thrust vector angle (Max)

The injected secondary gas impulse

is added to the motor impulse

Less pre-launch control requirement

High weight

Hard to choose suitable fluid
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1.2 Solid Propellant Rocket Motor and TVC Systems

1.2.1 Fundamentals of Solid Propellant Rocket Motor

The general meaning of propulsion is to drive a system forward. Propulsion systems
change the velocity or the attitude of air vehicles, systems or bodies. Propulsion sys-
tems are classified into two categories: (1) system that produces the thrust by ejecting
stored material; (2) system that uses the material from the surrounding environment
to produce thrust. A rocket propulsion system generates thrust by ejecting the stored
and burned highly energetic materials. Ducted propulsion systems include turbojets,
turbofans and ramjets which use stored fuel with the environment as a working fluid.
These propulsion systems include complex components such as rotating parts and

injectors [I2].

Some missiles use simple propulsion systems. These kinds of propulsion systems
generally have a one-time operating system. The system starts to propel and ends
after the motor is burned. These relatively simple systems use a solid propellant
rocket motor. The solid propellant rocket motor consists of a cylindrical case with
propellant bonded to its inner surface, a hollow combustion chamber and a nozzle

to direct the flow of gases out of the chamber. Figure [CT1 shows a schematic of a

p

typical rocket motor.

-

-
Nozzle

lgniter  Propellant Metal
Structure

Figure 1.11: Solid rocket motor [6]

The propellant surface, after reaching its melting temperature forms a liquid layer

called the foam layer which contains a mass of bubbling gaseous products and molten
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propellant. Final combustion gas and metal fuel products are detected in the gas-phase

flame region. These products are convected towards the nozzle (Figure T17) .

Surface Regresses
.

= \\1 Gasses pass
Solid 4— | through flame
. —
Solid Nz //7 —
_"\&
Propellant |—-* \g:;:___..-—' .
CD;;, Liquid/Melt \
~ ¥ Layer Gas Flame
f;,_
NS
g

Figure 1.12: Solid rocket motor and surface burning [6]

A simple rocket motor consists of an external body, a convergent-divergent nozzle,
a fuel core and an igniter. Solid fuel starts burning from the surface by the trigger
provided by the igniter. The produced hot gases increase the pressure swiftly. The
rising pressure allows these gases to be pushed out of the nozzle rapidly. The ejected
mass provides the impulse needed. However, due to the section of the straight throat,
the mass of gas expelled is limited. Therefore, the pressure values of the combustion

and the combustion rate of the solid fuel are also limited.

The solid propellant rocket motor systems have a lower specific impulse (Isp) com-
pared to air-breathing propulsion systems, but they are superior to air-breathing propul-
sion systems in terms of their acceleration capability. In addition, the operation of the

solid propellant rocket motors is independent of the Mach number.
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1.2.2 Internal Ballistic of SPRM

The requirements characterize the features of the rocket motor. The requirements are
achieved by internal ballistic parameters. By considering internal ballistic parameters,

rocket motor internal flow solution can be inspected.

Steady State Regime

N

Pressure ///__ ~\
Tail-off Trainsition
/Regime
T~ lgnition Transition
Regime
.D -
0 1 Time

Figure 1.13: Combustion chamber normalized pressure - time curve

Chamber pressure, as shown in Figure [CT3, is the gas pressure inside the combustion
chamber during the motor operation. The main constraint in the SRM design is the
chamber pressure. Structural components are designed to withstand the maximum

chamber pressure.

Thrust is the base design constraint of a propulsion system. The thrust of an SRM
is the force generated rocket propulsion system acting on the missile in the flight
direction. Thrust (T) is a function of the mass flux, velocity, pressure at the nozzle

exit, ambient pressure and nozzle exit area [13]:

T = meve + (pe - pO)Ae (11)
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1.3 Literature Survey

In order to comprehend the complex flow conditions around jet vanes, many re-
searchers perform experimental and numerical investigations.[9-14]. However, a lim-
ited number of studies in the literature report results of static firing tests with force
and moment measurements by using SRMs and jet vanes in order to understand the

performance of a jet vane under nozzle exhaust conditions. [T0]

Murty and Chakraborty [T4] made numerical analyses to understand a jet vane thrust
vector system of a tactical missile by solving three-dimensional Reynolds Averaged
Navier-Stokes(RANS) equations with k — e turbulence model and the solid walls
were predicted with a standard wall function. They also made a correlation study to
predict side and axial force, and roll moment with different chamber pressure and
vane deflection angles. They created the correlation model that the force generation
of the jet vanes could be obtained without performing a large number of tests using

the model.

Giragosian [15] also mentioned the theoretical background of complex flow around
the jet vane by using linearized supersonic aerodynamic theory. It was mentioned in
this paper that the jet vane test settlement is orthogonal and little interactions were

measured during the static solid rocket motor firing tests with the jet vane.

Hamel, de Champlain and Kretschmer [16] validated a computational fluid dynamics
(CFD) design tool with a wind tunnel test to simulate flow around a jet vane. They
made their tests for two different supersonic velocities and several angles of attacks.
They used Particle Image Velocimetry (PIV) to capture shocks around the vane. They
used the finite volume discretization of the Navier-Stokes equations with the k£ — ¢
standard turbulence model and the implicit solver as a CFD method. The method and
the PIV measurements around the jet vane give a very similar flow structure around

the jet vane.

Rainville, deChapmlain and Kretschmer [I"/] have also carried out extensive work on
a jet vane TVC system. They divided their study into three parts; wind tunnel test
on a scaled jet vane model, CFD modeling and actual rocket motor test such that the

force acting on the jet vanes can be measured. Their study also gives information
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about the jet vane aerodynamic surface material. The vane which they used in their
study, was made of copper infiltrated tungsten (CIT), and the material and combusted
gas interaction was examined. Temperature changes on the jet vane and erosion of
the jet vane control surfaces are included in their study. They validated their CFD

simulations it with force and temperature measurements around the jet vane.

In another study, tests were carried out by using SRMs and jet vanes at the actual
scales [5]. In this study, the jet vane is examined to obtain aerodynamic coefficients
as well as the ablation characteristics. Some jet vanes were produced with different
types of refractor materials such as molybdenum and tungsten. The test motor was
placed in an upright position to the thrust measurement system and the measurements
were carried out. They measured force from ablating jet vanes and improved the
correlation method to predict the area changes of the jet vanes that were produced

from different materials.

In order to visualize the complex flow conditions of nozzle and thrust vector con-
trol systems, literature reviews are done. In the literature reviews, it is seen that the
Schlieren visualization technique is generally performed for compressed air setup
with the converging-diverging nozzle to visualize the flow. The Schlieren visual-
ization system, as understood from all these literature reviews, is used to examine
plume structure [[8-20]. In the case of solid propellant rocket engine or liquid fuel
rocket engine ignition tests, the plume structure formed in hot flow is also examined
with Schlieren system [T]. In addition to the nozzle plume visualization, cold flow
nozzle with thrust vector control systems are examined together. In a study, experi-
ments took place in a supersonic indraft type wind tunnel in which nozzle exit and
jet deflector are structured as 2D [27]. Most of the surveyed literature is about cold
flow implementing the converging nozzle studies are performed on nozzle plume and
rocket nozzle secondary injection thrust vectoring. Most of the surveyed literature is
about cold flow implementation on a converging nozzle to investigate nozzle plume
and rocket nozzle secondary injection thrust vectoring. The effect of TVC systems
on plume, such as secondary injection and jet deflectors, has been generally studied

with the Schlieren visualization system [22].

In the literature, theoretical studies of a supersonic wing guide us to understand the
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structures of the complex flow on a jet vane [23-25]. Moreover, numerical analyses
and experimental studies on a jet vane gives detailed information of the flow around
the jet vane. In these studies, Static Pressure and Mach number distributions on jet
vane were obtained. The detached bow shock wave occurs before the jet vane leading
edge and expansion wave and oblique shock can be seen at the concave and convex
surfaces of the vane, respectively. [26]. However, the literature survey shows that
numerical studies are required to be verified by tests, such as wind tunnel tests and
static ignition tests [, 2’7, P8]. The forces produced by a jet vane at static firing
tests are the actual forces that the jet vane can produce. The static firing tests and the
wind tunnel tests are very costly, but all these tests constitute an essential basis for

the verification of CFD solutions.

1.4 Thesis Objective

The objective of the present study is to develop a solution method to find aerodynamic
performance parameters of a jet vane, which is placed at the exit of the nozzle of an
SRM, in order to use during design studies of the jet vane control surface. The flow
over a jet vane of a thrust vector control system is investigated using the numerical
technique. Three dimensional, unsteady and viscous flow over the jet vane has been
solved numerically, in which the interaction of high temperature and high speed ex-
haust gas flow with the jet vane is examined in detail. In addition, static firing tests of
a rocket motor, which contains jet vanes at the nozzle exit plane, are conducted in the
static rocket motor stand of TUBITAK-SAGE. The thrust and the side forces due to
the jet vane are measured for the different angle of attack values to validate the CFD
approach. The nozzle shock pattern in the presence of the jet vane is also visualized

by using the Schlieren technique.

In this thesis, Chapter 1, TVC systems are presented. The basic operating principles
of the TVC systems and the types of TVC are introduced and the details of the jet
vane TVC system are given. The jet vane TVC system is placed at the exit of an
SRM. Therefore, the solid propellant rocket motors are mentioned in a general way
and performance parameters in static ignition tests are briefly mentioned. In Chapter

2, numerical and experimental setups are described. In Chapter 3, simulation results
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and test results were examined in detail for different vane angles.
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CHAPTER 2

NUMERICAL AND EXPERIMENTAL METHODS

2.1 Introduction

A jet-vane thrust control system is studied both numerically and experimentally in
this thesis. The flow field about a rocket nozzle with a jet vane was solved by the
use of a commercial computational fluid dynamics (CFD) solver Ansys FLUENT.
Three-dimensional Reynolds-averaged Navier-Stokes equations were employed and
simulations were performed for four cases, for which the jet vanes are positioned at

0°, 10°, 20° and 30° angles of attack.

In addition to numerical simulations, static firing tests of a small-scale rocket motor
with a jet vane model were conducted. In these experiments, pressure and force
measurements, and flow field visualizations were performed. The results of these
measurements are used to verify the results of the numerical simulations. In this
chapter, numerical and experimental setups and related methodologies are described

in detail.

2.2 Nozzle and Jet Vane Geometry and Boundary Condition

In supersonic flows, the double-wedge type airfoil profile is generally used (Figure
DTl). The airfoil has sharp leading and trailing edges, so in a supersonic flow, oblique
shocks and expansion waves are formed on the double-wedge airfoil. Drag and lift
on the wing can be predicted by the use of analytical methods [15]. The analytical
methods are shock-expansion theory and linearized supersonic theory can be used to

predict lift and wave drag.
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Oblique Shock Expansion Wave Oblique Shock

Air Flow

M>1

Figure 2.1: Shock structure on double-wedge type airfoil

Usually, leading and trailing edges of jet vanes which are used in TVC systems are
rounded in order to reduce aerodynamic heating at high speeds and to prevent thermal
ablation at the leading edge of the vane. The combustion gas passing through the jet
vane already has a high temperature and a high velocity. Moreover, it contains highly
oxidative materials that may cause mechanical, thermal and chemical ablation. After
rounding the edges, the shock on the wing will be a bow shock wave, as shown in

Figure 7.
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Figure 2.2: Jet vane shock interaction

The jet vane is designed to produce high lift with low drag at nozzle exit flow con-
ditions. For this purpose, a jet vane was designed and some sketches are shown in
Figure 3. Despite the increase in the wave drag, aerodynamic heating at high speeds

is reduced and thermal ablation is prevented.

Figure 2.3: Jet vane drawing

The jet Reynolds number at the nozzle exit based on the bulk velocity is approx-
imately 1.8210%. The high Reynolds number flow passes over the jet vane that is
placed just at the exit of the nozzle. Flow properties, the interaction between the non-

linear shock wave and the jet vane can be analyzed by using numerical approaches.

Figure D4, shows the nozzle and the jet vane fitted to the small-scale rocket motor,
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which will be described in detail subsequently. A jet vane was manufactured for this
study and molybdenum was chosen as the jet vane material. The setup was con-
structed to hold and position the jet vane downstream of the existing nozzle in the jet

vane-nozzle test assembly.

Hozzle Nozzle Case

Jet Vane

Po= 4.2 MPa
—

Te~3000 K

Jet Vane Adaptor

Figure 2.4: Nozzle-jet vane assembly

The combustion gas enters the convergent—divergent nozzle inlet. The properties of
the combustion gas are estimated by using the Chemical Equilibrium Analysis tool of
NASA (NASA CEA). Total pressure and total temperature of the gas are also defined
for the inlet boundary condition. Combustion gases are defined as compressible flow
systems with ideal gas assumption such that it can be analyzed by using the energy,
continuity, momentum and state equations. Compressible flows are usually charac-
terized by the total pressure F, and total flow temperature 7 of the flow. For an ideal
gas, these quantities can be linked to the static pressure (P), the static temperature (T),

Mach number (M) and the ratio of specific heats () by the following equations [9]:

= (1+ - ——M?)71 2.1)

1= (2.2)



These relationships describe the variation of the static pressure and temperature in the
flow as the Mach number changes under local isentropy conditions. Also, the ideal

gas law is written in the following form:

p

P= &g (2.3)

R
M.,
CFD analyses are used to calculate the effects of flow elements such as shock inter-
actions and temperature changes, which are not easy to observe by means of mea-
surements. In this context, a three dimensional solution domain was created for solid
rocket motor and the jet vane. Then, the solution domain was meshed according to
the solver selected for this solution domain. The computational domain for the nozzle

jet vane assembly is given in Figure I°35.

—— Pressure Far Field =

Nozzle - Wall

Jet Vane - Wall /

w0

—— Inlet

—
| —

Jet Vane Adaptor - Wall

Figure 2.5: Computational domain and boundary conditions (pressure far field, inlet

and walls

The pressure inlet conditions of the numerical analysis were obtained from the ex-
periments. The base value of the combustion chamber pressure was taken from the
pressure measurements. The SRM burned gas properties were obtained using NASA
CEA. In this program, the combustion gases were accepted as an ideal gas. The to-

tal temperature, the specific heat ratio and the molecular weight of the combustion
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gases and other chemical and transport properties of these gases were obtained theo-

retically. The variations of the specific heat, the conductivity and the viscosity values

with temperature were tabulated. The obtained gas properties values were used in the

numerical analyses to identify the combustion gases. Consequently, the theoretical

calculations were found to be sufficient at the preliminary design stage. In addition,

the pressure inlet can be verified numerically by taking into account the calculated

gas characteristics and the diameter of the nozzle throat.

Table 2.1: CFD inlet and boundary conditions

Inlet Conditions

Boundary Conditions

Nozzle Inlet Pressure (Bar) 42 Far-Field Pressure (Bar) 0.89
Nozzle Inlet Temperature (K) ~ 3000 Far-Field Temperature (K) | 300
Gas Combustion Gases | Far-Field Gas Air

Fluent defines inlet and boundary conditions as follows:

e Pressure inlet boundary conditions are applied to define the total pressure, to-

tal temperature and flow inlet scalar quantities. In this study, the total pressure

value is selected such that the combustion chamber pressure value remains con-

stant after the SRM ignited.

e Pressure far-field boundary condition is usable only for compressible flows.

The boundary condition is applied to model a free-stream compressible flow at

infinity, with free-stream Mach number and static conditions being specified.
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2.2.1 Computational Grid

2.2.1.1 Comparison of Different Mesh Types

The three-dimensional Reynolds-Averaged Navier-Stokes equations with the k-w Shear
Stress Transport turbulence model (SST k-w model) were implemented to examine
differently meshed solution domains. The enhanced wall treatment approaches im-
plemented in the grids boundary layer. For this wall treatment approach, the first cell
height of the boundary layer was set to y+ of 1. Using a fine mesh at the boundary
layer resolves the turbulent phenomena better in cases such as when shock waves do
interact with boundary layers and impose strong pressure gradients on them. The

main disadvantage of this approach is that it is computationally expensive (y+ ~ 1).

The flow domain around the vane was discretized by using different types of mesh. In
this thesis, the unstructured, structured, hybrid and adaptive grids were implemented.
The main advantages and disadvantages of the used grid types were mentioned. The
effect of each grid type on the resolution was also investigated. The obtained CFD
analysis results were compared with each other. The study was conducted for a jet
vane at a zero degree angle of attacks. The same boundary and initial conditions were
used in the CFD analyzes and the same turbulence model was selected for all models.

The cell sizes around the vane were tried to be kept similar for the different grid types.

In this study, firstly, a three-dimensional solution grid, which is formed of unstruc-
tured mesh elements, was studied. The unstructured triangular and tetrahedral grid
is simple to create for complex geometries. However, the unstructured grid is not
aligned with the stream as good as the structured grid. This misalignment causes
inaccuracy when simulating the flow. In order to understand the unstructured grid
effect on the simulation, the unstructured mesh element was generated. The jet vane
and the jet vane adaptor surface were meshed with relatively small triangular cells,
and a smooth transition from surface to flow domain was prescribed. In Figure I3,
the computational domain can be seen. To get finer grid cells around the jet vane,
smaller triangular cells were implemented on the jet vane surface. A close-up view
of the mesh around the vane surface and the boundary layer on the jet vane is given

in Figure '@ and 72, respectively.

25



Figure 2.6: Unstructured triangular surface mesh

Nozzle Exit Axis

Jet Vane
Boundary Layer

Figure 2.7: Unstructured tetrahedral grid type, centerline slice view of vet vane mesh

and boundary layer

Within the scope of the studies, a structured grid was formed by using hexahedral
elements and CFD analysis was performed for this grid as well (Figure I8, Figure "9
and ZT0). The main advantage of hexahedral cells is that they are arrangeable cells
to follow the flow pattern. On the other hand, generating and arranging structured
grids for accurate simulations about complex three-dimensional geometries is a tricky

subject.
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Figure 2.8: Domain for structured mesh
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Figure 2.9: Structured hexahedral mesh
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Figure 2.10: Hexahedral grid on jet vane - side and front view

In addition to the tetrahedral and the hexahedral grid studies, a solution domain (Fig-
ure TTl) was discretized with a hybrid grid. In the hybrid grid, the nozzle and the
jet vane surfaces were meshed with quadrilateral elements; the nozzle volume was
meshed with hexahedral elements, the flow domain was meshed with tetrahedral ele-
ments as shown in Figure and 'T3. The vane surface has a rectangular grid and
the boundary layer around the vane was modeled with a pyramid grid. The advantage
of the hybrid grid is the tetrahedral grid in the inviscid part domain and the use of a
pyramid grid in the viscous part of the flow domain. Therefore, the boundary layer

can be modeled more accurately than the unstructured tetrahedral grid.
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Figure 2.13: Hybrid grid on jet vane - side and front view

Different types of grids are examined and the domains and Mach number contours:
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Figure 2.14: Domain and Mach number of section view of the jet vane - (Left to right

tetrahedral, hybrid and hexahedral meshes)
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In this part of the study, the solution grid using the tetrahedral adaptive mesh approach
was reconstructed to use the adaptive mesh approach, Figure 'TS. Mesh adaptation
updated according to the change of pressure gradient. With the adaptive grid, the
shock zones can be captured more accurately as shown in Figure T6. The flow
formed on the vane was solved in more detail. Although cell adaptation extends some

amount of solution, the results are highly consistent with the test results.

Figure 2.15: Tetrahedral and adaptive tetrahedral grid

Mach Number: 02 04 06 08 1 12 14 16 18 2 22242628 3 9234 MachNumber: 02 04 08 08 1 1214 1618 2 2224 2628 3 3234

Figure 2.16: Mach contours of tetrahedral (Left) and adaptive tetrahedral (Right)

mesh

The comparison of the results that were obtained in the mesh examination study is
given in Table 7. In spite of the fact that some of the test results are very close to
the numerical analysis results obtained with hexahedral mesh, meshed with adaptive
tetrahedral grid results are also very close to each other and severe loss of time is

prevented.
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Table 2.2: Comparison of drag forces

Cell Type Drag (N) | Experimental Drag (N) | % Relative Difference
Tetrahedral 18.541 6.263741
Hexahedral 17.531 0.868814

Hybrid 18.069 1738 3.964327
Adaptive Tetrahedral | 17.754 2.151899

When the grid effect is examined, it is clear that the solution domain modeled with
the hexahedral elements gives the closest result. However, meshing with the hexahe-
dral and hybrid element type takes too much time. This loss of time increases with
the complexity of geometry. It is crucial to reduce the loss of time in places where
engineering studies are performed. The adaptive grid was chosen as the solution grid
to be used in the numerical simulations due to its ease of application and the adaptive

grid gave the second-best result in the computational grid study.

2.2.1.2 Mesh Independence Study

The adaptive tetrahedral grid was established and then the grid convergence study
was performed until the results of the analyses were independent of the changes in
the number of grid points. In order to examine the effect of the grid on the numerical
simulations, the jet vane at the angle of attack of 0 degrees first meshed with a grid
of 1.2 million cells. The lift and drag were obtained. Grid cell size was then reduced
near the jet vane while keeping the first cell height the same. The number of cells
in the solution volume was increased to 3, 4, 8 and 10 millions, respectively and the
steady-state analyses with SST k-w turbulence model were performed using these
grids. The change in lift and drag force values of the meshes for the different number
of grid cells were found and compared to the force values obtained from the test result

of the jet vane at 0 degree AoA. Comparison of the results are given in Table 23.

Mesh with 10 million grid cells was selected and analysis continued. Although this
cell number prolonged the solution time, it gave very close results with the experiment

result.
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Table 2.3: Unstructured solution grids comparison of computation cost

AoA Turbulence Grid Element Calculation % Differences
(deg.) Model Number (M) Time
~ 1.2 14 (hr) 8.29
~3 25 (hr) 6.62
0 SST k-w ~ 4 1.5 (day) 6.27
~ 8 5 (days) 3.43
~ 10 10 (days) 2.15

2.2.1.3 Solver and Turbulence Models

The treatment of turbulence in the Reynolds-Averaged Navier-Stokes (RANS) equa-
tions is at the center of most practical Computational Fluid Dynamics (CFD) ap-
proaches. The hypothesis behind the RANS equations (also called Reynolds decom-
position) is that the time-dependent turbulent velocity fluctuations can be dissociated
from the mean flow velocity. The functions of the velocity fluctuations, known as
the Reynolds stresses, require a turbulence model (e.g., the two-equation k-¢ and k-w

models) to produce solvable equations for a close system [2Y9].

In order to determine the turbulence model to be utilized in this thesis, specific anal-
yses have been performed. There are many methods for turbulence modeling in the
Fluent program. As referred to in the literature study, the k-¢ realizable model has fre-
quently been applied as the turbulence model in nozzle and thrust vector applications
[12]. Despite the relatively low demand in computational cost in many engineering
applications, consistent results have enabled the use of the k-¢ realizable turbulence
model in many subject fields. Besides this model, the k-w model was also used for the
numerical analysis. The k-w model has a success of capturing shock interactions with
shock and boundary layer. The three dimensional Reynolds-Averaged Navier-Stokes
equations with the k-w Shear Stress Transport turbulence model (SST k-w model)
were also used to solve the thesis problem. The SST k-w model has refined the model

regarding the standard k-w model.
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In these studies, while solution times and computational load are not taken into ac-
count, the compatibility of the results with the test is taken into consideration. The
mentioned turbulence models are used for the vane at 0 and 20 degrees. The adaptive
tetrahedral solution grid is selected as the solution domain mesh. The element num-
ber is 10 million and adaptation regarding pressure gradient continued until each drag

force values between iteration less than % 0.1.

The outcomes of the numerical analysis are compared in Table -4 and Table 'S and
the turbulence model compatible with the test is selected as the SST k-w model which

provide best approximation to the experimental results.

Table 2.4: Comparison of numerical analyses with realizable k-¢ and test results

Numerical analysis Test % Difference
k - ¢ Realizable
AoA (Deg.) | Lift (N) | Drag (N) | Lift (N) | Drag (N) | Lift(N) | Drag(N)
0 0 18.34 0 17.38 0 5.52
20 101.8 56.44 121.4 50.25 16.15 12.32

Table 2.5: Comparison of numerical analyses with SST k-w and test results

Numerical analysis Test % Difference
k - w SST
AoA (Deg.) | Lift (N) | Drag (N) | Lift (N) | Drag (N) | Lift(N) | Drag(N)
0 0 17.75 0 17.38 0 2.15
20 112.4 46.83 121.4 50.25 7.41351 6.81

The numerical studies are carried out in order to obtain the computed flow fields
for all cases (0°, 10°, 20°, 30° angles of attacks). For the numerical study, com-
mercially available ANSYS software is used to compute the three-dimensional flow
field. Reynolds-Averaged Navier-Stokes equations are solved along with the k-w
Shear Stress Transport turbulence model. The considered turbulence models have

been utilized in the adaptive tetrahedral grid for the different angles of attacks. y™
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values on the jet vane are less than 1. Second order upwind discretization is em-
ployed for flow and turbulence computations for higher accuracy. For the first and
second-order coupled solver of the numerical scheme simulations, the convergence
of a solution must be determined well in order to get the correct lift and drag values
of the jet vane. Convergence is often measured by the change of residuals of the flow
field parameters such as continuity, X, y and z velocities, momentum and energy with

turbulence quantities £ and w.

— L

cD-CL

o Iteration 1.00e+04

Figure 2.17: Change of lift and drag coefficient value with iteration

In addition to all, the lift and the drag coefficients and the mass balance between noz-
zle inlet and outlet are also checked for convergence (Figure IZT7). The simulations
are accepted as converged when the lift and drag coefficients are not changing and
mass flow rate differences between nozzle throat and nozzle inlet reached 10~ kg/s

between consecutive iterations.

2.3 Experimental Setup and Methods

The performance of a solid propellant rocket motor can be investigated with a number

of tests. The SRM performance can also be obtained by using different simulation
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tools. However, a test provides more valuable data even though the test cost is high.
The performance parameters of a SRM is provided by static firing tests. In the static
firing test, the SRM is ignited after mounting the motor on a test bench. Time variation
of thrust and pressure are the leading performance parameters of the SRM and the
data are obtained from this static firing test. TUBITAK-SAGE has experiences with
the design and test of solid propellant rocket motors. Full-scale solid rocket motor
and Ballistic Evaluation Motor (BEM) can be tested at TUBITAK-SAGE. The BEM
is a small-scale test motor that is basically used for verification of solid propellant
properties. However, in this study, BEM is used with the jet vane to test and obtain
the vane characteristics. BEM technical drawing can be seen in Figure . I8. BEM
contains nozzle, nozzle case, solid propellant and propellant case, igniter and sensor

adapters.
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Figure 2.18: BEM technical drawing

The solid propellant regresses from its surface when it is running. The propellant
regression in unit time is a crucial parameter of SRM and called as the burning rate.
The burning rate of solid propellants is dependent on running conditions such as the
pressure in the combustion chamber. The combustion chamber pressure is a substan-
tial factor affecting the burning rate. The selected motor and the burning rates of the
propellant at demanded burning rate/pressure are obtained by specific nozzle throat

diameter. A certain nozzle diameter is used for this study.
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2.3.1 Experimental Model

In this thesis, subscaled SRM (Ballistic Evaluation Motor-BEM) internal flow CFD
analysis was made by using a subscale jet vane which was designed in TUBITAK
SAGE. Moreover, comparative analysis and validation of the numerical simulations
with the results obtained from the static firing tests of the BEM-jet vane were per-
formed. The lift and drag produced by a jet vane placed at the exit, in radial axis of
the SRM nozzle were obtained with static firing tests. The aerodynamic properties of
designed jet vane were found for the actual flow conditions. Figure 2ZZT9 shows the

technical drawing of BEM with jet vane.

Mozzle Case
Nozzle Motor Case Measurement System Adaptor
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letWane Adaptor  pocket
Motor

Figure 2.19: Solid rocket motor, nozzle and jet vane technical drawing

In the design phase of the rocket motor and the TVC system, performance tests were
carried out with real-scale static motor firing setup. In these tests, axial thrust, side

force and roll torque were measured.

In Figure 220, SRM parts were gathered for the integration process (a SRM case, a
nozzle and nozzle case, a solid propellant with a steel liner.) Generally, composite
propellants are used with metal liners. The liner is used for pouring the liquid phase
propellant into it, and then propellant and liner bonds together after the propellant cool
down. After quality control tests are done for propellants such as X-ray photography

and geometrical measuring, the propellant can be used in the BEM tests.
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Figure 2.20: Ballistic Evaluation Motor parts

Figure 2.21: Assembling the BEM

Nozzle case integration process was taken and integrated with the motor case using
mechanical tooth interface as shown in Figure X1, After nozzle case was assembled,

jet vane adaptor and jet vane were bolted the nozzle case.
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Figure 2.22: Jet vane takes place on nozzle exit plane

After the experimental model was prepared, the complete system was taken to the test
bench. At the test bench the pressure transducer and ignitor were assembled to the

rocket motor case.

At the end the BEM with jet vane was connected to the Multi-Dimensional Thrust
Measurement System (Figure Z773). The system was carefully aligned in order to get

test data without any misalignment issues.

Figure 2.23: Test bench alignment
39



2.3.2 [Experimental Setup and Force Measurement System

The solid rocket motors are tested statically to analyze the performance of solid pro-
pellant based upon thrust generated. Measurements related to performance and re-
liability of thrust systems are necessary at the stages of Solid Rocket Motor devel-
opment, evaluation and verification. The main variables measured during the static
firing tests are the thrust, the combustion chamber pressure and various temperature
data. There are various methods for thrust (axial and lateral) measurement such as
direct force measurement, measurement of exit properties of exhaust gases and mo-
mentum balance establishment. The most common feature of these methods is using
direct force measurement that requires a special mechanism. The mechanisms for
measuring force which is called Thrust Measurement System are basically composed
of a fixed lattice, a mobile carrier system, support columns, load cells and a calibra-

tion system.

One of the most important parameters of the SRM static testing is to measure the
thrust produced by the SRM. The produced thrust was measured using a Thrust Vec-
tor Control (TVC) test system structure with load cells. The forces and moments of
the rocket motor were measured during firing with respect to the six degrees of free-
dom of the test system. The designed stand is capable of measuring axial and lateral

(misaligned) thrust components and rolling moment of the rocket motor.

In the design phase of the SRM and the TVC system, performance tests were car-
ried out with static motor ignition which is called ground tests. In these tests, axial
thrust, lateral thrust and rolling torque were measured. TUBITAK-SAGE developed
"Multi-Axis Thrust Measurement System (MATMS)" to carry out these types of mea-

surements [[Z]. The solid model image of "MATMS" is given in Figure D24

40



Force
Solid Rocket
Load Senaor Sensors

Calibration Weights

Concrete Base

Support Bearing Calibration Assemnbly

Figure 2.24: Solid model view of MATMS with calibration parts [[7]

In the MATMS, torque is measured at the back of the rocket motor and the axial thrust
is measured with a 3-component load sensor placed at the back of torque sensor. The
lateral thrust values are measured with the hexagon part by 3 load cell standing at

120° with respect to each other (Figures 2275 and ).

Fi,  Torque Sensor Load Cell
:F"f/"' lII ﬂn"' Global Transfer Unit i F F2
; Fl— A Thrust
// r
é il 7 Fe
“

3 DOF Load Sensor B F:!,F4 F3

Figure 2.25: Diagram of measurement system, rocket motor and nozzle [7]
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Figure 2.26: SRM-JV assembly mounted on the MATMS

Details of the sensors are given in Table IZ6:

Table 2.6: Properties of sensors

Number | Sensor Model Type Range Accuracy
1 3 Axis Load Sensor | HBM U10M 0-50kN | 4 % (Full Scale)
1 Torque Sensor PCB 2301-01A | 226 Nm | 1 % (Full Scale)
3 Load Cell OMEGA | LCGB-1K | 455kg | 1 % (Full Scale)

The measurements were made considering the distance between sensors that measure
lateral thrust because the vane is on the nozzle outlet axis. The forces generated by
the vane are obtained by equalizing the resultant force of the values read from the
three force sensors standing at an angle of 120 degrees relative to the hinge on the test
system to the moment formed by the jet vane located in the axis of the nozzle outlet.
In order to obtain the drag force on the jet vane from static test firings of the solid
rocket motor; first, thrust of the rocket motor was measured without the jet vane.
Then, a second static firing test of SRM-JV assembly was conducted. Difference

between the two measured thrust values gives the drag force on the jet vane.

The alignment of SRM-JV on the MAMTS is highly important. The misalignment of
the test part on the test stand and the test stand itself causes measuring incorrect force
values and force directions. A whole SRM-JV assembly was connected to the mea-
surement system (MATMS) and before each test a laser tracker was used to align the

model. After making the alignment, calibration of the MATMS was performed using
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calibration weights. Calibration coefficients were produced and validated in many
tests (one of the tests from validation study, Figure Z27) conducted by TUBITAK-
SAGE.

&

R 1-7) ] —

SAGE

Figure 2.27: An image from static firing test

2.3.3 Pressure Measurement and Data Acquisition System

The pressure data was acquired in the SRM combustion chamber to understand the
performance of the solid rocket motor. The thrust data also identifies the SRM perfor-
mance yet pressure and axial thrust data are generally examined together to interpret
the performance of components, which are SRM and nozzle. A pressure transducer
was used to acquire pressure data at the static firing tests. Kulite XTL-193-190M-210
BARA high-frequency piezoresistive pressure transducer was used for all tests in this
thesis. The data acquisition was carried out with IMC CRONOSflex data acquisition
system with CRFX/ICPU2-8 IEPE-ICP and universal modules, as shown in Figure
D 28. The data sampling rate was set to 100 kHz.

Figure 2.28: IMC CRONOSflex data acqusition system

The plume geometry images were collected during all static firing tests to understand
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SRM behavior. Photron SA-X2 high speed camera was used for recording the varia-
tions in the plume geometry at 3000 frames per second. A trigger signal was used to
synchronize the firing of the SRM and the image recording, such that these processes

can start at the same time.

Ambient pressure and temperature were also measured and recorded before each test,

which were implemented inthe numerical analysis.

2.3.4 Schlieren Flow Visualization

In the 17th century, Robert Hooke first mentions that, density variation in inhomo-
geneous media refracts the light passing through. He discusses this phenomenon in
his famous book Micrographia. For this discovery he explained many phenomena
like the twinkling of stars. Hooke's original Schlieren system uses two candles, a
lens, a human eye and also an observer at the same time. In his book he uses lenses
to understand the refraction of the candle plume and the book includes diagram and
sketches of refraction of the candle plume, the Fig 30 from reenactment of Hookes

shadowgraph technique [30].

Candia used lor light source

Figure 2.29: Robert Hookes Schlieren system sketch
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Figure 2.30: Schlieren of a candle

After Hooke, Christiaan Huygens invented a new version of the Schlieren to check
glass blanks. He used the Schlieren to look for striae in glasses and nowadays it is
called optical shop test. This historical development of the Schlieren continued and in
the 19th century August, Toepler re-invested the Schlieren and gave the name that we
use today. Toepler’s Schlieren studies were published by Ostwalds Classics of Exact
Science. At the same time with Toepler, J. B. Leon Foucault also used a technique,
called knife-edge test to check parabolic mirrors, but Toepler focused on the scientific
way of this technique. By using scientific way means that Toepler investigated shock
waves at first. The Schlieren techniques mostly have been used by scientists and
engineers to illustrate shock and expansion wave. So Toepler opened a new field that
the Schlieren technique can develop. He managed to visualize the Schlieren image of

an electrical spark spherical shock wave in air medium [3T].

The scientific side of the Schlieren visualization has improved in years and more
scientists started to use this visualization technique such as Ernst Mach and Peter
Salcher. Mach and Salcher managed to see and take photograph of the oblique shock
waves around supersonic bullet [R]. Mach and Salcher then started to work on su-
personic airstream. They made an experiment that compressed air passing through
a converging nozzle and they succeeded to get first Schlieren photograph of a super-
sonic jet as shown in Figure 37 [8]. From the beginning of the Schlieren to now,
many scientists, engineers and ballisticians have worked on observing supersonic flow

conditions and shocks.
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Figure 2.31: Nozzle exit Schlieren image [K]

In this thesis, Toepler’s Z-type Schlieren system was installed to visualize the flow
field at the nozzle exit region with a jet vane. The BEM static fire test was performed
at known boundary condition as mentioned in the numerical part of this section. In
this test, pressure was measured also to understand whether the SRM is working
well at design conditions, so the flow conditions are the same as numerical boundary

conditions.

The Schlieren system was installed on the MATMS. This system consists of a light
source (short-arc xenon lamp), two adjustable 10 inc parabolic mirror, a knife edge

adjustable in all three axes, a plain mirror and a viewing screen (Figure 2Z37).

Mirvor

A »
11

Figure 2.32: Z-type Schlieren layout drawing with MATMS
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Figure 2.33: Schlieren layout on MAMTS

The Schlieren images were recorded with a high speed camera (Photron SA-X2) and
an ordinary camera (JVC GC-PX 100BEU). High speed camera was connected to the

data acquisition system for taking images synchronously at 5000 fps.

With the installed Schlieren setup, images were collected during static firing tests
with the jet vane at 0°and 30° AoA. The obtained experimental Schlieren visuals are

compared with the numerical analysis.

2.4 Analysis Methods

The experimental Schlieren imaging results used to describe the flow patterns over

the jet vane in a quantitative manner as shown in Figure 234

47



Figure 2.34: Schlieren visuals of BEM with jet vane static firing test

Numerical Schlieren pictures are generated for capturing shocks and expansion waves
on a jet vane from the computed flow fields. The numerical Schlieren is defined from
density gradient field at the jet vane section plane [37]. 2D section of jet vane lateral
center is extracted from the numerical simulation and the density gradient is obtained
in this plane as follows. Numerical and experimental Schlieren visuals around the jet

vane are compared in Figure Z39.

B dp 2 dp 2
- ¢ (20)+ () 03
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Figure 2.35: Comparison of (a) experimental and (b) numerical Schlieren visualiza-

tion of the flow through jet vane

The Schlieren visualization studies were also carried out in order to investigate the
supersonic flow on the SRM nozzle and the jet vane at 30 degrees AoA. The Z-
type Schlieren technique is a two-dimensional flow visualization technique. It can
visualize phenomena occurring in a two-dimensional section within the flow domain.
Even though the Schlieren technique yields two-dimensional images, the resultant
images are essentially superposition of several streamwise planes. To validate our
numerical analysis with the Schlieren technique, we divided the flow volume around
the vane into evenly spaced sections (see Figure 36) and superimposed the images
in these sections (Figure 237). Thus, the three-dimensional effects of the flow around

the deflected vane can be captured by numerical the Schlieren.
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Figure 2.36: Flow domain near the vane obtained from numerical simulations is sliced

into 5 planes

Figure 2.37: (a) experimental and (b) numerical Schlieren visualization of the flow
through the jet vane at 30 degree AoA
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CHAPTER 3

RESULTS AND DISCUSSIONS

In this thesis study, the flow topology around the jet vane is described and discussed
in detail for different angles of attack. The prominent flow structures around the
jet vane in the supersonic flow are investigated and fully three-dimensional numerical
simulations were performed. The numerical results of these simulations are compared
and verified with the results obtained from the static firing tests of the solid rocket
motor-jet vane model. Special attention is given to the interaction between the hot
exhaust gas and the jet vane. Schlieren visualization results are used to obtain the
general flow patterns around the jet vane and subsequently to validate the numerical

solver.

3.1 Flow Topology of a Jet Vane at 0° AoA

The jet vanes shape is identical to a supersonic wings shape. Both of them have a
double wedge airfoil with an aspect ratio. Hence, supersonic wings can guide us to
understand a jet vane’s characteristics. Theoretical study of a double wedge airfoil,
numerical and experimental studies on a supersonic wing may help us understand the
structures of the complex flow on a jet vane [?23-25]. The Figure BT illustrates the

flow phenomena around a vane at the AoA of 0° in a supersonic flow.
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Figure 3.1: Schematic of 3-D flow physics around a generic jet vane

From the vane leading edge to the trailing edge: a very strong bow shock wave is
established in front of the jet vane because the leading edge of the vane is rounded to
reduce aerodynamic heating. A lambda shock occurs as a result of the separation of
the boundary layer at the front of the bow shock. The strong bow shock wave ramifies
near the flat plate on which the vane is placed. The tip of the leading edge creates a
main oblique shock (Oblique Shock (1)) wave because of the concave corner surface.
The flow decelerates through the oblique shock at the tip. After the oblique shock, the
flow at the tip of the vane continues and encounters a convex surface. Then the flow
at the vane tip expands and continues to the trailing edge. The flow expands across a
series of expansion fans due to the flow encountering convex surfaces. On top and side
surfaces along the vane, expansion waves are formed due to these convex geometrical
shapes. Towards the back of the jet vane, the flow at the tip encounters a convex
corner. The flow starts to expand at the corner and continues to expand through the
surface. As a result of this expansion, the flow velocity increases such that an oblique

shock (Oblique Shock (2)) wave is formed. On the side surfaces towards the rear part
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of the vane, expansions take place and the oblique shock (Oblique Shock (3)) waves
form at the trailing edge because of the concave edge effect. Then, there occurs a

wake flow downstream of the vane.

The numerical (CFD-based) and experimental Schlieren results are compared incFig-
ure B2). The flow around the vane which is placed at the exit of a nozzle differs from
a single vane in a supersonic flow in the sense that there occurs an interaction between

the vane and the supersonic exhaust gases.

Figure 3.2: (a) Experimental and (b) numerical Schlieren visualization of the flow

through the jet vane

Following the described numerical approach, the simulation was completed for the
vane at zero angle of attack. The normalized Mach contours (Figure B3, B4) are
plotted to study the interaction between the flow patterns of the jet vane and the hot

exhaust gas flow.

53



Wach Number(Max-Momnalized)
1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1

b

(ﬁf}’

i Expansion Wave

[

Lamda Shock

Figure 3.3: Normalized Mach contour-side view [0°— case]

¢ L
o =
=
&
{0 //
|

Expanslun Wave
! g
/ ‘\\jﬁ
'/ f
A Expanslun Wave

Free Jet Boundary

_Bow Shock

Figure 3.4: Normalized Mach contour-top view [0°— case]
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As seen in the figures, the flow around the vane consists of a bow shock, the oblique
shocks, the expansion waves and the wake vortices. Also, It is seen from the contours
that a lambda shock occurs in the area where the vane is mounted on the base plane.
In addition to the numerical simulation outputs and the Schlieren images which are
shown before, the density gradient can easily be seen to created shocks and expan-
sion waves. The similarity in shocks and expansions angles was observed with the

Schlieren technique.

The numerical results are given in detail. Pressure distribution on the vane surface,
the contours of total temperature, total pressure, Mach number of the cross-sectional
plane of the solution domain and the vane at 0°angle of attack are presented (Figure
B3 and B6). The lift and drag values which are obtained in the numerical simulations

and in the experiments will also be presented.
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Figure 3.5: Total temperature (K), total pressure (Pa), Mach number-section view

BRI

from side and , Mach number-section view from top at zero AoA

The computed surface pressure distribution on jet vanes for zero AoA is presented
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(Figure B6). After the bow shock, the pressure distribution took form at the leading
edge of the jet vane. The rounded corner changed the shock characteristic at the vane
edge. The stagnation pressure occurred away from the surface of the vane. However,
the pressure reaches its highest value at the leading edge of the vane. The pressure
distribution on the vane surfaces changes according to the deflection. The absence
of any deflection in the jet vane causes the pressure distributions on the upper and
lower surfaces to be equal so that the jet vane can not produce lift. With this pressure

distributions, only the drag force occurs.
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Figure 3.6: Surface pressure distribution at zero AoA

In the experimental part, tests were performed and test data were gathered with the
mentioned sensors and data acquisition system. In Figure B720, a visual from static

the SRM firing test.
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Figure 3.7: Image from static firing test

Firstly, pressure measurements are essential for comparing theoretical calculations
with the test case. The pressure value is used to assess the SRM performance. In ad-
dition, the pressure value obtained in the test case constitutes the boundary condition
of numerical analysis. The pressure values obtained from tests give very close values
to the theoretical value of which calculations done by NASA CEA. The lateral force
values obtained from the force measurement system with the 3 load cells. Taking into
account the geometry of these sensors standing at 120 degrees, the lateral force is
calculated by using the load cells data (See Appendix A). The results of the pressure

measurement and force measurements are given in Figure B8.
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Figure 3.8: Measured pressure and load cells data for O degree. (5, F3, F})

Images of the jet vane before and after the test, are given in Figure B9.No ablation
occurred on the jet vane, so the forces only changed due to the pressure acted on it,

yet the jet vane shape did not change.

Figure 3.9: Jet vane view before and after static firing

The results are obtained from tests and analyses. % Differences between tests and
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experiments are found with the given formula:

Valueexperimental - Valuenumerical

x 100 (3.1)

%error =
Valuenumerical

Table 3.1: Comparison of experiment and numerical simulation results for the jet

vane at zero degree AoA

Numerical | Experimental | % Differences
Lift Force (N) 0 0 0
Drag Force (N) 17.754 17.38 2.151898734

3.2 Effect of AocA

3.2.1 Lift and Drag Generation

The jet vane generates aerodynamic forces analogous to the supersonic wing gener-
ating force at an angle of attack. The deflection in the jet vane changes the pressure
distributions on the upper (suction side) and lower surfaces (pressure side). The pres-
sure difference between the upper and lower sides of the vane creates a force normal
to the chord of the jet vane. When the normal force is decomposed into force com-
ponents, the force perpendicular to the flow direction corresponds to the lift (lateral

force) and the component in the flow axis forms the drag.

3.2.2 Flow Fields

In this part, the numerical solution and test results of 10°, 20°and 30° jet vane angles
are given in detail and the results of the numerical solutions and the measurements

are compared.

Following the described numerical approach, the simulation was completed for the
vane at 30 °angles of attack. The normalized Mach contours (Figure B10) are plotted
to examine the interaction between the flow patterns of the jet vane and the hot exhaust

gas flow.
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Figure 3.10: Normalized Mach contour of the jet vane at 30 degree AoA.

When the jet vane is deflected, a bow shock (detached shock) occurs at the head of the
vane (Oblique Shock (1)+Oblique (2)+Normal Shock). At the blunt nose of the vane,
the velocity decreased to subsonic speeds because of normal shock. An oblique shock
forms at the pressure side of the vane and pressure increases at that side (Oblique
Shock (1)). At the suction side, pressure decreases dramatically because of massive

flow separation.

In the described numerical approach, the simulation was completed for the vane at
20 and 10 degree angles of attack. The normalized Mach contours (Figure and
BIT) are also plotted to examine the interaction between the flow patterns of the jet

vane and the hot exhaust gas flow.
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Normalized Mach Contour

Figure 3.11: Normalized Mach contour of the jet vane at 20 degree AoA.
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Normalized Mach Contour

Figure 3.12: Normalized Mach contour of the jet vane at 10 degree AoA.

The values of pressure in the pressure side of the vane increase with a positive angle
of attack and at the suction side surfaces, the shock weakens, eventually causing
expansion at a higher angle of attack. In addition, with the increment of the angle
of attack, the vortex becomes stronger and the vortex center moves toward the nose.
However, with the effect of plume shocks at 20 degrees, the plume oblique shock
interacts with the vane on the upper surface. Therefore, the vortex core did not move

toward the nose.
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The pressure distributions on the vane for 10, 20 and 30 degrees were obtained nu-

merically (Figure B13).
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Figure 3.13: Pressure distribution of the jet vane - from top to bottom 10, 20 and 30
degree (Upper Surface-Left, Lower Surface-Right)

Shock and expansion waves on the jet vane and plume-jet vane interaction were cap-
tured with numerical Schlieren approach. As a result, it can be said that the numerical
Schlieren was validating our CFD solver, mesh structure and endmost our force val-

ucs.

63



The equally spaced sections were examined separately for the 3D case. The sections
are named as -1.5D, -0.75D, 0, 0.75D and 1.5D (Figure B14). The section Ois located
in the middle of the solution domain. Sections -0.75D and 0.75D are placed at equal
distances from the center (section 0). Section -1.5D and 1.5D are also placed at an
equal distance from the center. Sections -1.5D and -0.75D are placed at the upper
surface side of the vane and sections 0.75D and 1.5D are placed at the lower side of

the vane.

X

0.75D ;1 gp

Figure 3.14: Flow domain near the vane is sliced into 5 planes

Section -1.5D is located at a small distance away from the leading edge of the vane.
In this section, the jet vane-plume interaction is not observed. Section -0.75D shows
the phenomena that occur at the tip of the vane. A lambda shock on the vane tip and
oblique shock on the concave surface of the wing are seen in section -0.75D. Further-
more, the compression waves from the plume and the oblique shock are intricate. In

the image taken from the section 0, the bow shock and the boundary layer of the jet
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vane adaptor interact at the lower side of the vane. As a result of this interaction, a
lambda shock occurrs. In addition, it is also observed in this section that the strong
bow shock placed in front of the vane deflects the nozzle plume. The oblique shock
on the concave surface at the trailing edge of the vane is clearly visible in the sec-
tion 0.75D. Also, the formation of wake vortices behind the vane are observed in this
section. In section 1.5D, it is seen that the oblique shock formed at the trailing edge
of the vane is weakened in the plume and continued downstream. The result of the
plume interaction with the jet vane adaptor, an oblique shock is placed at the edge of

the adaptor. Furthermore, wake vortices on the vane trailing edge are observed in this

section (Figure B-13).
Section -1.5D Section -0.75D
Section 0 Section 0.75D

Section 1.5D

Figure 3.15: Visual of sections obtained from the numerical solution domain for 30°
AoA
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Figure 3.16: (a) Experimental and (b) numerical Schlieren visualization of the flow

through the jet vane at 30 degree AoA

The Schlieren system did not capture shock and expansion waves sharply. The inter-
action of the jet plume and separated flow on the vane was clearly demonstrated. The
forces generated by the vane were found with the numerical analysis and given in the
Table B3:

Table 3.2: Numerical simulation results for 0°, 10°, 20°, 30° AoA cases

Numerical Simulation

AoA (Deg.) | Lift (N) | Drag (N)
0 0 17.754
10 49.72 20.287
20 1124 46.83
30 138.8 60.7
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In this study, the effect of the vane on the inner flow of the nozzle is also examined.

In Figure BT, BT8 and B9, the top view of the Mach contours plot are given. The

fact that the vane is sufficiently far from the nozzle outlet ensures that no shock wave
enters into the nozzle. Furthermore, the presence of the vane is not large enough to

increase the outlet pressure and create a blocking effect in the nozzle diverging part.
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Figure 3.17: Top views of the Mach contour for the jet vane at 10 degree AoA
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Figure 3.18: Top views of the Mach contour for the jet vane at 20 degree AoA
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Figure 3.19: Top views of the Mach contour for the jet vane at 30 degree AoA

In the experimental part, the tests were performed and test data were gathered. An
image which was captured during the static firing test at 20 degrees AoA is shown in

Figure B20.

Figure 3.20: A visual during a static firing test - 20° AoA

Area of the jet vane surfaces did not change in the tests so that the control forces that
are created by the vane were constant under the same surface pressure during the test.

In Figure B21], the SRM-J Vs images before and after static firing tests.
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Figure 3.21: The SRM-JV assembly before and after tests

Firstly, the pressure data are important for comparing theoretical calculations with the
test cases for different AoA. The lateral force values obtained from the measurement
system with the 3 load cell. The drag of the jet vane at 10, 20 and 30 degree angles
were calculated as a loss of axial thrust (Figure B=27).

The axial force of the nozzle without vane mounted and the axial force obtained from
the vane mounted tests at different angles are given in the graph (Figure B22). Drag
force is increased with an increasing jet vane angle. This is seen in the graphs as a

loss of axial thrust. In short, this is the drag force created by the jet vane.
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Figure 3.22: Thrust curves [0°, 10°, 20°, 30°— cases]
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The lift and drag of the jet vane obtained from the tests and the numerical simulations

are given in Table B73.

Table 3.3: Comparison of the experimental and numerical simulation results for four

Ao0As
Numerical Experimental % Difference
AoA (Deg.) | Lift (N) | Drag (N) | Lift (N) | Drag (N) Lift Drag
0 0 17.754 0.234 17.38 0.234 | 2.1519
10 49.72 20.287 50.64 21.13 1.81675 | 3.98959
20 112.4 46.83 121.4 50.25 7.41351 | 6.80597
30 138.8 60.7 151 65.33 8.01325 | 7.0871

It has been observed that the pressure difference between the surfaces of the vane
increases with the increase of the angle, and consequently, the lift increases. The
lift changes linearly up to 20 degrees and the increase are not linear due to massive

separation at 30 degrees.

70



CHAPTER 4

CONCLUSION

The interaction between hot exhaust gas and the jet vane has been studied in detail
and the results of numerical analysis and SRM-JV tests are given. Initially, the work-
ing environment of the jet vane is defined to reveal a numerical analysis model. The
solution domain and mesh models are established by examining the working environ-
ments of the jet vane. In order to better understand the flow physics around the vane,
the appropriate turbulence model and a wall function are studied. With the selected
models, the shock characteristics around the vane are examined in detail in order to
obtain the vane aerodynamic performance accurately. Regarding the flow physics, a
very strong bow shock wave is established in front of the jet vane and a lambda shock
occurs as a result of the separation of the boundary layer at the front of the bow shock.
The tip of the leading edge creates a main oblique shock wave because of the concave
corner surface and after the oblique shock, the flow at the vane tip expands and con-
tinues to the trailing edge. The flow expands across a series of expansion fans due to
the flow encountering convex surfaces. All these phenomena have a direct effect on
the forces generated by the vane by changing the pressure distribution on the vane. In
addition, shock plume interactions and the effect of the vane on the inner flow of the

nozzle are examined with the numerical analysis model.

The computational results are compared and verified with the results obtained from
the static fire tests of the rocket motor and jet vane model. The experimental Schlieren
imaging results are also considered to qualitatively utilize the flow over the jet vane
so that numerical analysis is verified with the Schlieren technique. The experimental
Schlieren imaging results are considered to utilize the flow over the jet vane qual-

itatively and the numerical Schlieren is defined as a density gradient magnitude at

71



the jet vane section plane. 2D section of the jet vane lateral center is taken from
the simulation and the density gradient is shown from this plane. Capturing shocks
and expansion waves on jet vane with the numerical Schlieren is validating our CFD
solver, mesh structure and the calculated force values. Comparison of the test results
and numerical results give approximately 8% amount of error at maximum AoA. All
the investigations revealed that the numerical analysis approach is demonstrated the

jet vane aerodynamic characteristics successfully.

For future work;

e More precise turbulence modeling should be used to capture the physical phe-
nomenon better. Detached Eddy Simulation (DES) or Large Eddy Simulation
(LES) can be used accurately to resolve the time evolution of flow around the

jet vane with the internal flow field of the nozzle.

e The CFD study can be extended to model chemical ablation for different refac-
tor material that jet vane is made. The transient analysis coupled with erosion
model can be used to determine the geometry change due to ablation at the
leading edge of the vane. The ablation characteristics can be found and pres-

sure distribution on the jet vane can be captured accurately.
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APPENDIX A

LOADING CONDITIONS

Ms
T }h Fx
4

¥G FE'T Fz
Faz

Fsz |Tz

Figure A.1: Test Motor Free Body Diagram in Horizontal Axis (x-y plane)

The static equilibrium equations in the rocket motor x axis:

ZFZ:O; T,+ F, — F, =0

T, : Axial thrust read from load sensor (force on horizontal (x) axis formed on sup-
port)
F,, : Friction force between the rocket motor flange side to load sensor

F, : Actual axial thrust

The static equilibrium equations in the horizontal axis:

Y Fy=0;  T,+Fy+F,+F,=0

ZMZ:O’ Msz+aFay+LFy+Mzh:O(MSZZO,MZ]-L:O)
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T, : The force on the horizontal (y) axis on the support side

F,, : Horizontal (y) axis component of the force generated by the nozzle side F) :
Horizontal (y) component of lateral thrust

F, : Horizontal force resulting from friction in the joint between the motor and the
support

M, : The friction-induced moment in the joint between the rocket motor and the
support

M., : Hinge Torque on Jet Vane

a : Distance between the point where the motor is connected to the support arm to the
motor front side load sensor

b : Distance between motor front side load sensor and motor center of gravity

c : Distance between motor center of gravity and load cell located in motor nozzle
side

d : Distance between jet nozzle side and load gauge

Ay ,, e
Fsy WT? (E‘L Fy
ay

Figure A.2: Test Motor Free Body Diagram in Vertical Axis (z-x plane)
The static equilibrium equations in the vertical axis:

ZFz:Oa Tz+Fsz+Faz_G+Fz:0

> M, =0; My —(T. — Fo.)(a+b) = bFo. + cFy. + (c+ d)F. + My, = 0

T, : Force on the vertical (z) axis formed on the support side

F,. : Lateral thrust vertical (z) component on load cell which take place on rocket
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motor nozzle side

F, : Lateral thrust vertical (z) component

F, : The vertical force comes from the friction between the motor and the support
joint

M, : Moment occurring from friction between the rocket motor and the support

M., : Hinge Torque on Jet Vane

The measured load cells and pressure data for each angle can be seen in Figure A3,

A4 and A3.
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Figure A.3: Measured pressure and resultant force of 3 load cells data (F5, Fj, F})
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Figure A.4: Measured pressure and resultant force of 3 load cells data (F5, F3, Fy)
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Figure A.5: Measured pressure and resultant force of 3 load cells data (F5, F3, F})
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