THE EFFECTS OF GEOMETRIC DESIGN PARAMETERS ON THE FLOW
BEHAVIOR OF A DUAL PULSE SOLID ROCKET MOTOR
DURING SECONDARY FIRING

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

SUAT ERDEM ERTUJRUL

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF MASTER OF SCIENCE
IN
AEROSPACE ENGINEERING

NOVEMBER 2012



Approval of the thesis

THE EFFECTS OF GEOMETRIC DESIGN PARAMETERS ON THE FLOW
BEHAVIOR OF A DUAL PU LSE SOLID ROCKET MOTOR
DURING SECONDARY FIRING

Submitted by SUAT ERDEM ERTnU paRial Lfulfillment of the
requirements for the degree ®aster of Science in Aerospace Engineering
Department, Middle East Technical Universityby,

Prof. Dr. Cana¥ Z GE N
Dean, Graduate School Nftural and Applied Sciences

Prof . Dr. Ozan TEKKNALP
Head of Departmen#erospace Engineering

Assoc Prof.Dr . Dil ek Funda KURTULUKEK
SupervisorAerospace Engineeriig Dept., METU

Prof. DrAbdul | ah ULAK
Co-SupervisorMechanical Engineering Dept., METU

Examining Committee Members:

Assoc Prof. Dr.Si nan EYK
Aerospacdengineering Dept., METU

Assoc.Prof. Dr.Dilek Funda KUR U L U k
AerospacéEngineering Dept., METU

Pro. DrAbdul | ah ULAK
Mechanical Engineering Dept., METU

Assoc. Prof. DrrOf uz UZOL
AerospacéEngineering Dept., METU

Ujur ¥. MBXUN,
Roketsan Missilesntustries Inc.

Date: 16/11/2012



| hereby declare that all the information in this document has been obtained

and presented in accordance with academic rules and ethical conduct. | also
declare that, as required by these rules and conduct, | have fully cited and

referenced all material and results that are not original to this work

Name, Last name : Suat ErdenERTUJ RUL

Signature



ABSTRACT

THE EFFECTS OFRGEOMETRICDESIGN PARAMETERS ON THE FLOW
BEHAVIOR OF A DUAL PULSE SOLID ROCKET MOTOR
DURING SECONDARY FIRING

Ertujrul, Suat Erdem
M.Sc., Department oierospacdengineering
Supervigr: Assoc.Prof. Dr.Di | ek Funda Kurtul uk
CoSupervisor: Prof . Dr. Abdul | ah

November2012, 106 Pages

The ability of a populsion system is very crucial for the capability of a missile or a
rocket systemUnlike liquid propellant rocket motorthe only control mechanism of

the thrust value is the propellant geometrysolid propellant rocket motar§Vhen

the operation ofsolid propellant rocketmotor has started, it cannot be stopped
anymore. For this main reason the advance of dual pulse motorotegy has
started. The aim of this study is to investigate the geometrical effects of design
parameters on the flow behavior of a dual pulse solid propellant rocket motor by
using commercial Computational Fluid Dynamics (CFD) methods. For the CFD
analyss, a generic dual pulse rocket motor model is constituted. Within this model,
initially four different geometry alternatives of Pulse Separation Device (PSD) are
analyzed.To begin PSD analyses,esh sensitivity analyses are performed on one
PSD geometry lternative. By definedgrid size, the analyses of PSD geometry
alternatives are performed. Computed results were compared in terms of flow

behavior (flow streamlines, vel ocity di s
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with each other. With the select®®&D geometry alternativbe effects oL/D ratio
(LengthiDiameter ratio)of first pulse chambeA chamdApspratio (Chamber are@S5D
opening area)and Apsi/Ay, ratio (PSD opening area/Throat areapn the flow
behavior is investigated. Flow analyses aegfgomed by simulating the unsteady
flow of second pulse operatiolVith the performed analyses, it is aimeddentify
generic geometric definitiorfer a dual pulse rocket motor

Keywords: Dual Pulse Solid Rocket MotorPulse Separation Device/ortex
SheddingCombustion InstabilityFLUENT
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CHAPTER 1

INTRODUCTION

In solid propellantocket motorghe only control mechanism of the thrust value is
the propellant geometry unlike liquid propellant rocket motors. When the operation
of the motor has started, it cannot be shut off. For this main reason the advance of

dual pulse motor techimgy has started.

For solid propellant rocket motors, one of the compulsive phenomena is the existence
of pressure oscillations during rocket motor operation. For rocket motors, pressure
oscillations mainly arise due itoternal flow dynamicsgeometricacomplexities and
ingredients of propellant. These pressure oscillations are the main cause of
combustion instability phenomena in rocket motors. Combustion instability can
perturb the overall stability of the rocket or missile system, and in the woest cas

may result with motor case failuf27, 30]

Pressure oscillation phenomenon is an important concern for dual pulse rocket motor
systemsduring secondary firinglue to their complex geometrical characteristics.
Geometrical complexities arise mainly di@ the geometry ofpulse separating
device PSD. Flow has a converging and diverging behavior which may result in

vortex shedding around PSD region.

Since the geometry of the PSD has a significant effect on the flow behavior during

the second pulse mataperation, four different PSD geometry alternatives are
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analyzed for flow behavior within this work. The PSD geometries are designed to
investigate the effect of existence of hub geometry at the center, and the effect of
opening number and geometry. Flamalyses are performed by simulating the

steadystate flow of second pulse operation for the PSD geometry selection analyses.

Within the selected PSD geomettire effects ofother geometrical parametermn
flow behaviorareinvestigatedvith varying L/Dratio of first pulse chamber,/A7A¢
ratio and Asp/Achy ratio. These analyses cases amnductedby simulating the
unsteady flow of second pulse operati@vith these analyses, it is aimed to optimize

the geometrical parameters of geneli@l pulse roket motorgeometry.

For all flow analyses, first pulse chamber is assumed as empty during second pulse
operation as in the case of actual dual pulse rocket motor operation. For
simplification, grain modeling of second pulse motor is not done. It isresbthat

there is uniform flow inlet in second pulse chamber before PSD geometily
simulating end burning grain geometry exists in second pulse motor. For
simplification purpose, inlet flow is assumed as ideal gas, and it is also assumed that
inlet flow has 1000 psi pressy@1 Mach velocityand 3000 K temperature that can

be assumed as the chamber flow properties of a typical rocket jhbfor

Computational Fluid DynamicsCED) analyges were performed with commonly
used flow analyze program FLUHNFor Fluent input file, solid model was created
by I-DEAS 3D modeling software, and mesh model was created in GAMBIT for the
surfaces and the volume. After creating mesh in GAMBIT, boundary mesh was
created in TGRID boundary meshing software and finhime mesh was recreated

in GAMBIT over boundary layer mesh.

For flow-field visualization CFBDPost and TECPLOT post processing programs were

used. These outputs wartlized to comprehenthe detailed physics of the flow.

The generalcontent of the thesiis divided intdfive main sections. The first chapter

consiss of introduction. The scond sectioncomprisesliterature survey which

2



mainly gives information about solid rocket motors, dual pulse solid rocket motors,
and combustion of solid rocket motois the third sectionCFD modelingwork and
analysismodels are definedl'he fourth sectioncovers the results of the analyses
performed within the overall studyhe fifth chapter gives the concludj remarks of

the overall study, and the references@mvidedat the end

1.1 Scope and Content of the Thesis Study

Dual pulse rocket motor can be considered as a new concept for rocket motor
propulsion technologyDuring first pulse operation, a dual pulse motor works like
classical motor operation on the dumion that PSD works properly. However,
second pulse operatidmasa great number oflifference than a classicatocket

motor operation.

With this thesis studysecondary firing of alual pulse rocket motor internal flow
dynamics ignvestigated The dfects of geometrical parameters are observed for the
flow behavior during the second pulse operatibhe study is divided into two
sections.In the first section a pulse separating device geometry is tiiedbe
analyzed for different design alternatugy steadyflow analyses. With the selected
PSD geometry, unsteadpw simulationsare performed with varying geometrical
parametersin the second section of the studyhe resultsof the analysesare
examined in PSD region and first pulse combustiormtiea. All the analyses are

performed with commercial CFD fluid analggprogram FLUENT.

With the help of theanalyses, the disturbances and irregularities are inspected in the
first pulse chambeinternal flow, because these disturbances create vorezidsiy

in combustion chambeBesides thisvortex sheddingesultsin oscillatory behavior

in combustion chambeAs a result of performed analyses, it is aimed to achieve
design experience, and backgrolkmsbwledge forthe geometrical design parameters

of a dual pulse motattesign.



2.1 Solid Propellant Rocket Motor Fundamentals

CHAPTER 2

LITERATURE SURVEY

Solid rocket motors SRMs) are simply energy transferring systems used for

generating thrustAs the name emphasizes, it has the propellantlid orm which

is composed with oxidizer and fuel. Compared to other rocket motor systems, SRM

has less complexitg n d

mo s t of t he

t

me

t hey

donot

shelf life. In an SRM, thrust is generated with the conversion of propéltdremical

energy to kinetic energy by combustion process. High pressure and high temperature

combustion product gases are ejected through a convaliyiegging nozzleby

geneating thrustforce The main components ofnaSRM are specified and

representeth Figurel.

Motor Case

/5

Igniter

Propellant Grain

Insulation

Nozzle

e WA

Figure 1 General Layout of a Solid Propellant Rocket Motor



2.1.1 Sub-componens of an SPRM
2.1.1.1Motor Case:

During combustion process, motor case contains the solid propellant asthndts

to the internal pressurdlso, motor case works as a structure that transmits the
thrust to remaining sections of missile or a rocket system. Therefore motor case
should be structurally rigid enough to carry internal pressure and other system
loadings like thrust force, bending momenfigght loads etcHigh-resistance steels,

high strength aluminum alloys or composite materials (glass, kevlar, carbon) are
usuallyused for motor case materials. In order to protect the motor case from heat
effects & combustion products, motor case is internally insulated.

The external shape design is also a concern for motor cases; mainly cylindrical body
iIs connected to a spherical dome for rocket motors. Howeeo dynamical
concerns or system requirements rhiayt the structural design purposes. [1]

2.1.1.2Propellant Grain:

As the name explains, the propellant is solid pHasé&SRMs Propellant contains
both fuel and oxidizer inside which are enough for burning process. Due to this
advantage, SRMs can be used linreavironmental conditions. Design of propellant
grain geometryand selection of propellant typetermines the thrust profile of a

rocket motor.

Composite propellant and double base propellant are the main types of propellants
used in SRMsDouble basegropellants are composed of two monopropellants. One
of these monopropellants haggh-energy characteristicdsut unstable behavior in
combustionwhile the other monopropellants works like a stabilizer but it has lower
energy properties. In composite pedlants,oxidizerand plastic binder materials are
contained together. Fdhe purpose oincreasing the heat of combustjanetallic

additiveslike aluminum particlesan beexploited[3].



There exist two types of propellant production for SRMs. Ormase bonded type in
which propellant is casted directly into insulated motor case with a mandrel that
gives the geometry of propellant grain. The second production method is called
cartridgeloaded grain. In this case, propellant is produced by castingpids and

placed in motor case by mechanical or chemical methods.

2.1.1.3Insulation:

During rocket motor operation, high temperature combustion products may decrease
the resistance of the motor case. In order to prevent motor case, insulation materials
are appkd between casing and propellant grain. The minimum thickness of
insulation is preferred for effective motor design.haveless thickness, low thermal
conductivity and high heat capacity are required for insafatnaterials. Most
popular insulation matwls used for rocket motor insulaticere EPDM (Ethylene

Propylene Diene Monomer) and NBR (Nitrile Butadiene Rubber).

2.1.1.4Nozzle:

Combustion products of a rocket motor are extracted from nozzle. Nozzle works for
converting the thermal energy of the combustioroducts into kinetic energy.
Nozzles have typically convergirdjverging geometry to accelerate the flow
efficiently. The inner wall of a nozzle should be smooth without any protrusion in

order to avoid the blockage of the flow.

Thereexist three noza types; subsonic, sonic, and supersoR@r. rocket motors,
supersord nozzle type is used to achieve higher nozzle exit velocities. The ratio of
inlet pressure to exit pressure is sufficiendévelop a supersonic flow at the nozzle
exit. Also, supersoit nozzles are grouped according to application case like
submergedhell shapedgontoured or conicalozzleq4].

With the increased velocity and ingredients in propellant compositmmpustion

productsarehavingmore erosive behavior. Accordinglyaterial selection becomes

very compulsive task in nozzle design. The erosion characteristics should be minimal
6



especially in throat sectionGraphite, refractory metals, carbon containing
composites or ceramics are commonly used materials at throat sgetido their

well erosive and thermal characteristics. In the remaining parts of the nozzles
reinforcedplastic liners are preferred due to their low cost, mechanical resistance

and light weight specialties.

2.1.1.5Igniter:

Igniter can be called as the star@f the combustion process. With the given
electrical signal, igniteis activated and the propellant grain containing both fuel and

oxidizer starts to be transformed into hot combustion products.

For an igniter design, ballistic requirements are defililkeal ignition time, shock

level, and igrtion transient characteristics]. In order to satisfy the system
requirements, the igniter should be clarified firstRyrogenic Igniters, Spark
Igniters, Catalytic Igniters and Laser Igniters are the main iggnitsystem
technologiesPyrogenidgniters are the most widely used technology in SRMs due to

its simplcity, reliability and low cos{9]. The pyrogenic igniters are composed of
squib, primary charge, and secondary charge. The electrical signal acthates
squib, and squib ignites the primary charge of the igniter which has less amount of
charge. Then, the primary charge activates the secondary charge which is commonly
composed with energetic powders or a solid propellant. These processes take place in
a small casing called as igniter casing. Finally, secondary charge is ejected from the
holes of the igniter casing to start the burn of propellant surface.

2.1.2 Performance Parameters of a Solid Rocket Motor

For a solid rocket motordesign work, the requiremenlike thrust level, operation
time, geometrical limits should be clarified at the beginning. Then, the designer
works for building up a rocket motor within the expected mission requirements.
During design process, some input parameters are used likellanbourn rate,
specific impulse,and propellant density By optimizing these parameterthe
designer aims to achievke requirements stated for rocket motor performanhe.
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output performance parameters can be derived with simplified equationsthze w

given in the following sections.
2.1.2.1Thrust:

Thrust is themagnitude of thdorce generatetor the missile or a rocket systelmy

the rocket motor in order to transfer the desired payload to the desired distance
Thrust is themain requirement for a ket motorsystem. Thrust is generated by
expelled mass (the exhaust) flowing through the nozzle at high velddisy.
governing equation of thrust &s follows

F=C.AR @)

Cr is the thrustoefficient Ay is the throat area of the nozzle, angdifthe pressure
value of the combustion chamber. Thrasefficientof a motor is affected by the
ballistic design of a propellant grain and nozdesign The equation of thrust
coefficientis given by

a(gr1)a@ 4g-18 o5
20° 4 2 oonlg éPec?‘a %0 &P - P GA
Ce (g- V&g +1) gl 58 u'E 5 Op @
g-1)clg+l)= g Cev oy ¢ N *An

(where g is the specific heat ratio of propellait. nozzle exit area, fhozzle exit
pressure, Rpis the ambient pressyre

2.1.2.2Total Impulse:

Total impulse igepresented by the total area under thtins¢ curve and defined as
the time integral of the thrust over operating duration of the motor. Total impulse is

definedasthe following equation:

t
I, = pfdt 3
0



2.1.2.3 Specific Impulse:

Specific impulse is @scribedas the thrust produced by a unit mass of a propellant
over a burning time of one second.another approagispecific impulse of a motor

is identified as the ratio of total impulse to propeliameight. Accordingly, with the

use of knownspecific impulsevalue, thedesignercan easily obtain the required
propellant weight for a given total impulse requirement. This is a practical approach

used in conceptual design phase.

_ F _c*C;
m_dotg, o/

4

sp

2.1.2.4Chamber Pressure:

Chamber pressure is the pressure value of the gaseous combustion products inside
rocket motor. The chamber pressure has limitations for the maximum possible value
that may be experiencetlring motor operations, because the motor case thickness

is decided according to this possible maximum chamber pressure value. Thereby,
chamber pressure should be taken into account seriously during design process in
order not to face with a motor caseuee. For expressing the chamber pressure in
equationsthe following expresions and assumptions anade use of

Burn rate of a propellant is expressed with:
r, =ak 5)

(where a and n ithe characteristics of the propellant)

Total mas of burned propellant can be demonstratefbllows:

m_dot, =r,7r A, (6)

The mass flar through nozzle throat can be symbolizethe following equen:



RA,

meZC—*
_dot, ==

()

with the assumptiothattotal burned propellant mass is equal to mass flow through
the nozzleand combining equations 5 and 6

é_ C ();lr‘l:
F)C:&a'ob:"p 8 (8)

2.2 Dual Pulse SPRM Definition

The most important advantage of liquid propellant rocket motor over a solid
propellant rocket motor iprobablythe ability of control of thrust on command.
When there is no need for the thrusttroh liquid rocket motois needless due to its
complexity. Besides the useof solid rocketmotor hasmore advantages whepre-
programmed thruswvariation is required. Throughout the years of solid rocket
development, engineers worked for increasing ttirast profile flexibility . Duat
pulse rocket mototechnology isdeveloped to respond the need of thrust profile

flexibility .

A dual pulserocketmotor is asystemwhich carries two individual propellant grains
within one combustion chamber. Comparedatsingle or multi motor concept the
main difference is theombustion productgenerated by both grains flow through

the same nozzléSeeFigure?2)

Pulse Separation Device .
Second First Chamber
Chamber TTRR R — 7 —— Nozzle
/
- Y Y . — Y IR 4 Y
Second Vi
Igniter Second Propellant First Propellant First Igniter
Grain Grain

Figure 2 General Layout of a Du&ulse Solid Propellant Rocket Motor
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In a dual pulserocket motor operation, two separate combustion processes are
performed with two different grains. When the first grain is pulsed, the second grain
is protected from hot and pressurized gases with the gelsaration mechanism.
Then, after some preefined time the second grain is puls@dth the ignition of
second pulsethe pulse separation mechanism allows the flow of combustion gases
formed by the second graifb]. However, diring the flow of second pude
combustion gases aselbjected to geometric complexities until being discharged at
the nozzle exit.The flow passage geometry especially the PSD mechanism has
complexities that influence the flow behavior during second pulse operation. The
flow passagehas mainly convergingdiverging behavior.The flow behavior of
combustion products during second pulse operation is tried to be undebstood

means otombustion stabity analysis of the rocket motfit2].

For the design of a dual pulse rocket motioe, inain challenging issue is the thermal
and mechanical design of the pulse separation device. The separation device should
be resistant enough to withstand the mechanical and thermal loading of a first pulse
combustion. When the first grain is ignited {@duced high temperature and high
pressure gashould be inhibited from second pulse side by P&&ordingly, the
structural properties of the mechanism should be very strong and it should be
thermally insulatedht the first grain sideThen with the ativation of second pulse,

the mechanism must allow the flow of combustion gabkesugh the first pulse
combustion chambeAlso, the mechanism should be resistanthe flow of second

pulse combustion gaseshe mechanism should nbe melt by spreadingmetallic
particles that may damage thezzleof the rocket motorf-or having a reliableual

pulse rocket motor syem, PSD should have very high reliabilitgue to its

complexity and being the main part of the motor system.

Nozzle design of a dual pulsecket motor is another challenging issue. Operating
for two different combustion processes is a hard job for a nozzle assembly. An
optimization process should be carried to find out the most efficient nozzle
characteristics that meets the requiremehibxth motor pulses.

11



2.2.1 Advantagesof Dual PulseConcept

Rocket motors are employédar both civilian and military applications. The mission
requirements of the overall system identify the thtuse behavior of the rocket
motor. The use of dual pulse k&t motor is required when the use of discrete thrust
time behavior is needed dual pulserocket motorsystemhas both advantages and

disadvantages.

The velocity of a missile or a rocket system is evaluated by the thrust and drag forces
applied tothe system.Compared to a boasustain rocket motor system, dual pulse
rocket motor can achieve higher ranges and more impulsive attacks at the end game.
The main advantage of a dual pulse system comes with flexibility of choosing the
operation time of secongulse[15]. The comparison of a boestistain type rocket

motorand dual pulse rocket motor is provideglowin Figure3.

Burnout second pulse, short range
engagement

Burnout boost-sustain motor

End boostphase

Burnout second pulse,
medium range
engagement

Velocity

Coast phase

Double pulse
motor

Burnout first
pulse

Boost-sustain motor

Distance

Figure 3 Comparison of the Velocitipistance BehaviorfdHyperwelocity Missiles
with BoostSustan Motor and Two DualPulse Motor Systend5]

From the figure it is seen that the missile can achieve higher kinetic energyeatithe
of flight with a dual pulse system@ndlonger effectiveranges can be acquiredth

thesame mass of motor
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The required discrete thruine profile can also be achieved by discrete rocket
motorconcept like dual pulse rocket matéctually, the main comparison should be
done between thmotor system®f using two separate rocket motmnceptand a
dualpulse motorconcept Becauseof the same thrudtme profile, the same
performancecan be achieved with these two rocket motor concepts.

When these two concepts are comparkd,main advantage of a dual pulse system
over a two separat@cket motor system is the mass reduction of the rocket motor.
With the use of dual pulse concept, a single nozzle and a motoutiiasaion is
possible. Although PSD brings some extra weight, dual pulse systamachieve

the same mission requirememsth reduced mass compared to a separate rocket
motor system. Reduced mass brings up, incegaseelocity and range for a missile

or a rocket system.

2.2.2 PSD Concepts Usedlor Dual PulseRocket Motors

For dual pulse motor technology, pulse separation dasithe fundamentavork
which has to be deaWith in detail. Fora PSD design,hereexist many different
applications. For this work, these applications are divided thtee different
concepts with respect to application type namely; valsmg PSD applications,
expandabld’SD applications andfrangible PSDapplications Detailed information

about these systems jgesentedn the following section.

2.2.2.1ValveUsing PSD Applications

Valve is a device that regulates or controls the flow of a fluid byioge closing, or
partially closing. Valves have majority of applicatiarea but most commdp, they
areused inpipe fittings in order to manage the flow of a fluid. In dual pulse motor
systems, valves may be used as a pulse separating system. ABX8Bllyorks like

a valve between the two pulses, but this time valve does not require multifunctioning.
For a dual pulse system requirement, one opening property is enough; however as the
nature of combustion, compulsive mechanical and thermal requirearenheeded

for a valve applicatio.
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In the literature, valve using PSD applications are available. Actually, a valve using
pulse separating mechanism is developed for a dual pulse rooket by Bayern

Chemie Company, whicis demonstrated by static figs [15]

For valve using pulse separation devicemny other peoplbavespent time. They
havetaken outa patent for their worl17, 18]

For a valve using PSD desiginematerials of a valve should be attentively selected
due tothe needf resisine to heat and corrosion. The support on which the valve
will be located and the system that will move the valve are complicated systems and
they have high cost ardbor. Also, the weight of a complex mechanism will be too
much. Another fact about valve @ation to a PSD is that these devices have
moving parts and mechanisms so Yadve application for PSD has loweliability

level.

2.2.2.2ExpandablePSD Applications

For the expandable type of separating mechanism concept, there exist different types
of applications. An example developmeitexpandable pulse separating mechanism

iIs given bya German Patent Authority Offenlegungsschrift (No: DE3637967A1)
[20]. The mechanism is simply made up witheasticinsulation material, and the
insulation material covs the second pulse propellant grain. Due to insulation cover,
the second pulse propellant grain is protected from the combustion prodéicss of
pulse. Then, with the ignition of second pulse grain, glastic insulationcover
expands due to the gasgsnerated from second pulse propellant. As the insulation
material expands, a hole is expected to be initiated at the nozzle side of the
separation material. Then, the combustwaducts of the second pulse a&jected
through the expanded insulation matd. The operation iglepictedin Figure 4-

Figure?.
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Figure 4 CrossSection of the Motor Concept and Ignition of First Pulse [20]
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Figure 6 Ignition of the Second Grain [20]
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Figure 7 Translation of thé&lastic PSDwith thelgnition of the Seconrain [20]

The above mentioned concept of a PSD application is used in a missile system
named MSA, and it is demonstrated by successful flight {25t26)].
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Another expandable PSD application was developed by Bayern Chemie Company
which has the crossection ofPSD mechanism iRigure8.

2™ Pulse Tube 2™ Pulse Rod Telescopic Telescopic Structure,
Grain Grain Structure Extended
N7 )56
T XA

=

2™ pulse Cartridge Thermal Port Between Tube and 2™ Pulse Rod Grain,
Ieniter Barrier Rod Displaced

Figure 8 Crossi Section of a an Expandable PSD Application Developed by Bayern
Chemie Company [15]

The driving requirement of the systesithe use oan expandable second pulse grain
that has no loadarrying interface with the combustion chamber case. As shown in
above figure, PSD acts as a protector of second pulse grain during first pulse
operation.The structure in the middle has the capabilitgxgpanding which also acts

as a holder of second pulse rode grain. When the structure is expanded with rod
propellant grain, the combustion of second pulse can be initialized with the occupied
gap between case bonded and rod grain. This system is also stiextezh with

successful statigrfngs by Bayern Chemie Compafib].

The expandable PSD systems seem to be ergonomic and efficient, but the afesign
the systems are complex and the materials used in PSD require advanced properties.
Furthermore the relability of frangible PSD application systems is weak due to

complexitiesand material dependent behavio

2.2.2.3Frangible PSD Applications

Most common application of a pulse separating mechanism is frangible ones due to
their simplicity and reliability. Thisystem separates the first and second combustion
chambers with a frangible bulkhead. The frangible bulkhead explodes by the effect

of the detonators or second combustion cl
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Frangible PSD application is mairdy integratedtructure standing between two
pulses.The system protects its integrity during first pulse operation, and then the
mechanism allows the flow of second pulse products with the activation of second
pulse. The important thing is that, the segregatediglag from the mechanism
should not damage the nozzle grain assembly. These particles should be soft and
small enough not to give damage to the nozzle. In nfiemgible applications, a

metal diaphragns used for opening the passage of second pulseayas fl

Throughout thditerature many patents for frangible PSD application types [22, 23,
and 24 are to be foundAdditionally, LFK NG, and Javelin are the missile systems
developed with dual pulse motor technology, and these systems use frangible PSD

apgicationsfor pulse separatiofi3, 14,and 13.

High strength metals like steel alloys, titanium, tungsten or molybdenum can be used
for the main supporting body in frangible PSD application case. Since there should
be an insulation cover at the heateated zones of the supporting body, thermal
effectsare not needed to be considered. For insulating the supporting body, molding
techniques over metal supporting body should be used due to complex shape of the
structure. As a molding insulation materidlica phenolic or elastomeric materials

can be simply appliegrovided that the resion characteristics of the insulation

material should be carefully selected.

For the diaphragm material, aluminum alloys are the possible solutions due to their
poor resigance to high temperature values and lower strength values wrt many other
metals. Additionally, elastomeric insulation materials can be easily apgpliéost

pulse side of the diaphragm structure to protect the PSD structure from the heat

effects of firs pulse chamber operations.

In this thesis work, the PSD application of a dual pulse rocket motor is chosen as the

frangible application due to its wide usage and high reliability.
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2.3 Combustion Instability in SPRM

Over the last 40 years, combustion ingigbphenomenon in rocket motohas been

tried to be investigated. Lots of solid rocket motbese experienced combustion
instability problens during the development phase. Combustion instability in a
rocket motor can cost motor developers millions afais to eliminateCombustion
instability maysometimespresent in a rocket motor, but it may not cause system
problems and can be tolerated in a motor. Even in these cases, combustion instability

must be characterized and understood.

Combustion instabty is the interaction of combustion and/dluid dynamic
processes with arninherent oscillatory mode inside the combustion chamber.
Combustion instability can lead to ballistic pressure changes, can couple with other
motor components such as guidancehoust vector control, and in the worst case,
cause motor structural failurBropagated ngssure oscillations in a rocket motor can

take the form of longitudinal, tangential, and, more rarely, radded27].

Longitudinal Oscillations

Tangential Oscillations Radial Oscillations

Figure 9 Solid Rocket Motor Acoustic Mode Typg27]

Since the mechanism of combustion instabitigsnot beentotally understood yet,
the reasosof combustion instability can be categorized into three main categories;
[33]
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1 Flow Pattern Two-phase flow behavior and turlence has an influence on

combustion flow.

1 Propellant CombustionJnsteady combustion of a metad propellant has

particle damping effects. The particle damping behavior is investigated
experimentallyfor different particle sizeR27].

! FudéstracCoulgéi @gdéstructured i s unders

motor case, or nozzleDuring rocket motor operation,geometrical
complexities (joints, cavities, holes... etc.) contribittedisturbances in the

internal flowwhich resultin vortex sheddig.

The effects of geometrical disturbances are analyzed both numerically and
experimentally by many different researchers-328. It is believed thatthe
highest oscillatioa in pressure occwhen vortex shedding frequency coincide

with the notor longtudinal acoustic modg8].
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Figure 10 Example of Motor Experiencing Combustion Instability [32]

As stated before, pressure oscillations can take three different acoustic modes;
longitudinal, tangential and radigR7]. Longitudinral mode has the most dominant

effect among these three modes as showkigare10.
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Vortex-shedding phenomenon is defined as tésult of a strong coupling between

the instability of mean flow shear layers ambastic motions in theombustion
chamber[35]. When the vortexshedding frequency is the same as the natural
frequency of the combustion chamber, the pressure oscillation reaches maximum.
Also, pressure oscillations reatdrge values when the vorteskedling frequency is

close to the frequency of one of the acoustic modes [29].

— A e—
Acoustic
Field
—_—

Acoustic Field Generated
by Coupling between Shed
Vortices and the Existing

Shedding Acoustic Field
Process Shed
- Vortices

/)
/]

Figure 11 Generation of an Acoustic Field by Vortex Sheddizyj

Especially, during development sfpbace shuttleolid rocket boostergke Titan 4 and
Ariane P230 designes observed apressure oscillation problerf80, 31]. The
analysesexperimentsand observationgoint out thatyortex shedding is the source
of the pressure oscillationand he inhibitor material remainetdetween propellant

segmentgreatevortex shedding.

NOZZLE CAVITY
INHIBITION

OBSTACLE VORTICES

NOZZLE

Figure 12 Vortex Shedding in Segmented Solid Rocket MotGFD Analyses

Result)[31]
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CHAPTER 3

NUMERICAL METHODS

Governing Equations

The commercial CFD code FLUENT has been successfully usedpfuications
related to solid rocket motors [28]. FLUENT uses a contobime based technique

for discretization and numerical solution of field equations. This approach has the
coupled solution method that solves the governing equations of continuity,
momentum, energy equations simultaneously. Because the governing equations are
nortlinear and coupled, several iterations are needed to achieve converged solution.
An implicit discretization of time derivatives has been chosen and the Sutherland

viscosity lav is involved with three point coefficient method [7, 8].

In FLUENT, densitybased solvers always use the stationary frame formulation
whereas pressuigased solvers can use both of the formulations. In this study,
densitybased solverare used andovening equations of fluid flow are defined in a

steadily frameaccordingly7, 8];

1 Conservation of mass:

£+DOE:O 9)
ut

r
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M Conservation of momentum:
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1 Conservation of energy:
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Here,vb, is the velocity with respect to the rotating framé,is the velocity with
respecttothestationaryfmaandﬁ? is the #Awhirl o velocity

moving frame).AdditionaIIy,l‘ij is the symbol of viscous stress teos for a

Newtonian fluid.

Forthe derivéion of conservation equationsiass, momentum andengy balance is
appliedon the faces of Huid element, which is assumed asiafinitesimal control
volume. Detailed derivation method$ these equatis can be found in textbooks
[39].
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3.1 PSD Geometry Selection Studies

For a dual pulse rocket motsystem, the flow behavior of second pulse is critical in
terms of the stability of a missile system. The pressure oscillations that exist in a
rocket motor arédormed due tachaoticflow existing in the chamberAccordingly,

flow of a second pulse graiteuld be disturbed minimally by the PSD application.

Then, PSD geometry needs to be studied in detail.

For defining Pulse Separation Device (PSD) geometry, four different geometry
alternatives are analyzed for flow behavidrhe geometries are designed to
investigate the effect of existence of hub geometry at the center, and the effect of
opening number andghape As the flow oscillations are reduced the pressure
oscillations are minimized. Minimizing the pressure oscillations has an important

role onacotstic behavior ofrocket motorcombustion.

To perform PSD Optimization analyses, analyses requirements should be clarified

like boundary conditions, turbulence model, mesh size... etc. For CFD amork

selection of turbulence modeliterature review ismade For turbulence model
selection, the most widely used turbulence models for these kinds of applications k

K-¥ , a-rwd SIST ar e [16nMeThde majnaspeeialty of standardyk
turbulence model is accuracy and numerically stable solutiohgrtmilent flows at

near wall region.On the other handk-U t ur bul ence model has
accurate solutions in shear type flows and well behavior in the far Tieldiather

with these two modelk-¥ SST model provi-desotdke pr o]
wall region, and transitions to the propertigsk-U mo d e | away. from
Besides this knowledge, an investigation is carried out for selecting the most suitable
turbulence model inocket motor chamber flow by comparing static test results [41].

The results of performed analyses also shows the better characteridties ofS S T
turbulencemodel in rocket motor internal flow analyseéccordingly, k¥ S ST

model is chosen as the optimum turbulence model within the frame of this work.

For definingmesh size, extra work needed to be done. Mesh sensitivity analyses are

performed with four differengrid sizes with the first PSD geometry alternative.
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Then, grid size is decided and used at the analyses of other PSD geometry

alternatives.

For the flow analyses, first pulse chamber is assumed as empty during second pulse
operation as in the case of actual dual pulse rocket motor operation. Flow analyses
are performed by simulating the stestgite flow of second pulse operation. For
simplification, grainmodeling of second pulse motor is not done. It is assumed that
there is uniform flow inlet in second pulse chamber before PSD geometry like
simulating end burning grain geometry exists in second pulse motor. For
simplification purpose, it flow is assune as ideal gaand it is also assumed that

inlet flow has 1000 ps(6.894.757 Pa) pressurg 0.1 Mach velocity,and 3000 K
temperature that can be assumed as the chamber flow properties of a typical rocket

motor.

The dimensions of the model used for thdORf@ometry selection studies are given
in Figure13. Different PSD geometry alternatives are implemented into this generic
motor case model, and then analyzed for the flow behaMase values are selected
for simulating a generic dual pulse rocket mog@ometrywhich can vary with
respect to system requirements.

904
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Figure 13 Dimensions of Dual Pulse Rocket Motor Mo¢&im)
3.1.1 Mesh Sensitivity Analyses

At the beginning of the PSBeometry sealction analysesnesh sensitivity analyses
should be performed in order to achieve accurate flow solutérgood balance
between the accuracy and the computing time of the analyses should be obtained by

choosing the appropriate grid size. Four differaesh sizes are used for defining the
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suitable or acceptable grid size by considering the accuracy of result and computing

time for the analyses. For @sh sensitivity analyseghe initial PSD design

alternatives selected and used

For the meslsensitivity analyses, total mesh number of the models are reached by

proportionally increasing the mesh sizes. With the proportional increase of the mesh

sizes, the following total mesh numbers are achieved:

Table 1 Mesh Information for MesBensitivity Analyses

Casel Case?2 Case3 Case4
Number of Elements 4.291480| 3.752131 | 3.125846 | 2.257.867
Grid Size 1.6 1.8 2 2.5
Number of Nodes | 1.495550| 1.285961 | 1.101481 | 831299
Tetrahedral 2.047679| 1.852751 | 1.455606 | 949667
Wedges 2.243802| 1.899380 | 1.670240 | 1.308200

3.1.2 Analyses Performed for PSD Design Alternatives

For CFD computations of PSD design alternativeB, faill model steady analyses

are performed with the following solver dés:
Solver Model: Density Based/Implicit/3D/Staly

Viscous Model:K-¥

(SST)
Solution Material: | d e a |

Gas

Boundary Conditions: Givenin Table2.

(Viscosity

Mo d el

Table 2 Boundary Conditions used in PSD Analyses

Zone Tupe Total Gauge Pressure Total

yp Pressure (Pa (Psi) Temperature (K)
Inlet Pressure Inlet 6.894.757 6.846.494 3000
Outlet| Pressure Outlet - 101.325 300
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In order to prepare an input file for FLUENT, a mesh model should be created with
the clarified properties of the model. Timtial mesh model is created in GAMBIT

for the surfaces and the volume. After creating surface and volume mesh in
GAMBIT, boundary mesh is created in TGRID boundary meshing software. Finally,

volume mesh is recreated in GAMBIT over the generated boutelgymesh.

C Geometry Design )

I

CAD Model

Surface Grid (GAMBIT)

Triangular Elements

I

Boundary Layer Grid (TGRID)
Wedge Elements

Volume Grid (GAMBIT)
Tetrahedral Elements

Numerical Solution (FLUENT)

Figure 14 Analysis Model Generation Procedure

Table 3 Mesh Number Information for PSD Alternatives Analyses Models

Alternative-1 | Alternative-2 | Alternative-3 | Alternative-4
Number of Elements| 3.752131 | 3.796069 | 3.448816 3.544124
Number of Nodes 1.285961 1.328723 1.218285 1.236.607
Tetrahedral 1.852751 | 1.794.049 1.598.396 1.686.664
Wedges 1.899380 | 2.002020 1.850420 1.857.460
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3.1.2.1PSD Alternativel AnalysisModel:

The initial altenative of PSD design has four triangular openings which has
increasing flow area at the outédiameterside. For reducing the reflections of the
incoming flow, kind of hub geometry is designed at the central area. The CAD

modeling of first PSD alternativie shown inFigure15.

Figure 15CAD Modelof PSD DesigrAlternative-1

With the designed PSD alternative, an input file for fluent is gener&téule
creating the mesh model, the PSgion is meshed with smaller mesh size. Since the
flow behavior around the PSD is more critical, the remaining model is meshed
accordingly. The detailed views of the mesh files for Alternativeare given in

following figures.

Figure 16 General Mesh Layout for AlternativeMeshCase2 (Mesh # 3.752.131)
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Figure 17 General Mesh Layout of PS&hd Boundary Layer Mesh fédternative 1
MeshCase2

3.1.2.2PSD Alternative2 Analysis Model

The second alternativef PSD design has five circular openings which are
distributed regularly. Fothe purpose ofichieving comparable results with PSD
Alternative 1, the total opening area of PSD Alternat®/és designed as the same
with the Alternativel. Also, for reducinghe reflections of the incoming flow, kind

of hub geometry is designed at the central area as in the case of PSD Alternative

The CAD modeling of second PSD alternative is showFfigurel8.

Figure 18 CAD Model of PSD Design Alternative

The mesh model of Alternativ2 has the same behavior of PSD Alternativevith
the same concern. The detailed views of the mesh files for Altersaiveprovided
in Figure19 andFigure20.
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Figure 20 General Mesh Layout of PSD and Boundary LayesiVi®rAlternative-2
3.1.2.3PSDAlternative-3 Analysis Model

The third alternative of PSD design has six circular openings which are distributed
regularly. For achieving comparable results with other PSD alternatives, the total
opening area of PSD Alternati&is designed as the same with other alternatives.
Unli ke other PSD design alternatives,
area.Additionally, the benefits of a hub geometry will be observed if exists. The
CAD modeling of PSD Alternativ8 is siown inFigure21.
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Figure 21 CAD Model of PSD Design Alternativ@

The mesh model of Alternativ@& has the same behavior of other PSD alternatives

due to same concern. Thietailed viewsof the mesh moddlor Alternative3 are
demonstratedh Figure22 andFigure23.
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Figure 23 General Mesh Layout of PSD and Boundary Layer Mesh for Alterndtive
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3.1.2.4PSD Alternative4 Analysis Model

The fourth andast alternative of PSD design has six circular openings which are
distributed regularly as ié case of Alternativ8. For achieving comparable results
with other PSD alternatives, the total opening area of PSD Alterréis/éesigned

as the same with other alternativédso, for observing the effects of hub design
clearly, there id9ub geomeir design at the central ardashould be noticed that, the
only difference between the design of Alternat/@nd Alternativet is the hub

geometry designfhe CAD modeling of PSD Alternativ&is presentedn Figure24.

S

h

Figure 24 CAD Model of PSD Design Alternativé

The mesh model of Alternativé has the same behavior of other PSD alternative
models due to same concern. The detailed views of the mesh model for Altednative

are givenn Figure25 andFigure26.

Figure 25 General Mesh Layout for Alternative 4 (Mesh.541.124)
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Figure 26 General Mesliayout of PSD and Boundary Layer Mesh for Alternatdve

3.1.2.5PSD Alternativel and PSD Alternative8 UnsteadyAnalysis Modes:

With the performed steady analysesh e s el ecti on of PSD desi
be carried outclearly. Then, it is decided tperform unsteady flow analyses with

PSD Alternativel and PSD Alternativ8. To perform these unsteady analyses, mesh
sensitivity analyses should be performed initiallifor unsteady analyses,
axisymmetric fluid models will be used for PSD Alternativard PSD Alternative3

in order to save computation time. After performing mesh sensitivity anagses

define the reasonable grid size, the fluid models givefrigure 27 and Figure 28

will be used for unsteady analyses.

Figure 27 General Layout of PSD Alternative Fluid Model (1/8 Section of Model)

Figure 28 General Layout of PSD Alternatis@ Fluid Model (1/6 Section dlodel)

After performingmesh sensitivity analyses with PSD Alternativethe following

mesh models are generated with the defined grid size.
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Figure 29 General Mesh Layout of PSD Alternatitg Mesh # 397.137)

Figure 30 General Mesh Layout of PSD Alternati@gMesh #481.415

3.2 Effects of Generic Geometrical Parameters on Secondary Firing

Flow

In the first section of numerical methods, the most effective PSD geometry
alternative is tried to be definednang four differat design alternatives. In the
presentsection,performed numerical studies for investigatihg effects of generic

geometrical design parametevsl be clarified fora dual pulse rocket motor system.

Forthedesign of a DPRM systera,designer shoultle able tayive decisions for the
genericgeometricabarametersbecausehese geometrical decisions have influences
on the flow behavior of secondary firinig. the present studyy/D ratio of first pulse
chamber, Aspy/A ratio and Asy/Achambratio are considered as generic geometrical
design parameters of a dual pulse systéra.designer habackgroundknowledge
about the influences of thegenericgeometrical parameters on flow behavior, more

effective rocket motor designs can béiawved.

Unsteady flow simulations are performed with FLUENT softwaneifivestigatng
the effectsof generic geometrical parameters on secondary firing.fldwring
unsteady analyses, the same turbulence model and boundary conditions are used with

the PSD geometry selection studies. However, due to computational source
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limitations, 1/8sectionof the fluid model ismodeled for axisymmetri@analyss

computations.

When 1/8 section of the fluid model is investigated insteafdilbfnodel solutions,
tangential flow behavior may be investigatezhly partially. Due to rotational
behavior of the flow inside combustion chamber, somespafrtthe tangential
oscillations may be suppressed. However, as stated in s2@jahe mostdominant
oscillations exist in longitudinal mode duetke direction of the fluid flowinside the
combustion chambe82]. Even though the behaviaf the flow is desired to be
investigated bya full model, the number of analysis model cases and awailabl
computation source led to perform unsteady flow simulatatis 1/8 section of the

fluid model.

Figure 31 General Layout of Fluid Model used in Unsteady Analyses$&(&ion of
Model)

For the investigation of generic geomedl parameters effects; L/D ratio of first
pulse chamber, &dAw ratio, and AnamfApsp ratio will be studied. For
investigation of these geometrical parameters effects, unsteady flow simulations are
performed.The figure below shows the definitions othese geometric parameters

with the generic analysis model.
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Figure 32 CrossSection of a Generic Analyses Solid Model
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During the CFD analyses performetbr the investigation of these geometrical
parameters effectsl/8 section b fluid model is usedwith the following solver

details:

Solver Model: Density BasediZxplicit/3D/Ungeady
Viscous Model:K-¥ ( SST)
Solution Material: | deal Gas (Viscosity Model #ASuth

Boundary Conditions: Given inTable4

Table 4 Boundary Conditions used in Analyddedels

Zone Type Total _ Gauge P_ressure Total
Pressure (P§ (Psi) Temperature (K)

Inlet Pressure Inlet 6.894.757 6.846.494 3000

Outlet| Pressure Outlet - 101.325 300

In order to prepare an input file for FLUENThe same methodology is used as
mentioned irsection3.1.2

For the investigation of the effects of the geometric parameters on flow behavior,
different analyses models are generated with the below defined parameters. These
parameters are attentively selected to obtain general backignoianmation about

the influences of these parameters on the flow behaliaw.analyzed model cases

have the following geometric specialties in terms of these generic parameters.

Table 5 Values ofGeometricParameters used at Agaés Models

Analysis Model L/D ratio Apst/An ratio | Achamb/Apsp ratio
No PSD Case 3.33 - -

Generic Model 3.33 2.70 3.78
Model Casel 2.50 2.70 3.78
Model Case2 4.20 2.70 3.78
Model Case3 3.33 3.38 3.78
Model Caset 3.33 2.25 3.78
Model Cases 3.33 2.70 2.13
Model Cases 3.33 2.70 5.06
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After performing mesh sensitivity analyses, a grid size is defined for the remaining
analyses models. According to defined grid size,aiecomingmesh information

for the analyses modehsesare given inlrable6.

Table 6 Mesh Information foAnalyss Models

Analysis Model NEukranrgg;tc; f Nul\rlr:) bdeersof Tetrahedral Wedges
Generic Model 397.137 138.127 219.797 177.340
No PSD Case 357.241 122.3%6 203.021 154.220
Model Casel 390.594 135.382 216.574 174.020
Model Case2 383.925 135.779 206.445 177.480
Model Case3 429.187 151.771 228.036 200.800
Model Case4 477.196 164.042 268.036 209.160
Model Caseb 294.294 111.284 141.854 152.440
Model Caseb6 429.346 152.452 227.726 201.620

3.2.1 Mesh Sensitivity Analyss Models

Before starting the unsteady analysases, a mesh sensitivity anadjsi required to

be performed in order to achiemeaoderatemesh sizewhich isvery important for

both saving tB computing time and obtaining a relative accurate resulgjood
balance between the accuracy and the computing time of the analyses should be
obtained by choosing the appropriate grid staur different mesh sizes are used for
defining the suitable axcceptable grid size by considering the accuracy of result and
computing time for the analyses. For mesh sensitivity analys$@ssection of the
selected PSD desigalternative(Alternative-l) in the first section of the studis

used.(SeeFigure3l)

For the mesh sensitivity analyses, total mesh number of the models are nedlhed
the proportional increasef the grid size. Grid size is mainly increased at the mid
section of first pulse chamb@anith the propational increase of thgrid sizes, the

following total mesh numbers are achieved:
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Table 7 Mesh Number Information for Mesh Sensitivity Analyses

Vel\r/?;:;]ne Fine Mesh Ml\jil:r:n Coarse Mesh
gluer:'nbeirt;f 480.080 | 397.137 278.770 172.679
Grid Size 1.8 2.2 2.5 3
Number of Nodes 166.268 138.127 98.221 64.137
Tetrahedral 264.620 219.797 154.082 89.383
Wedges 215.460 177.340 124.688 83.296

3.2.2 Generic Analysis Model

For the generic modethe selected PSD design alternativethe first section of the
present study is used@his generic model is selected and used for the comparison of
the geometrical parameter effects on the flow behauothe first section of the
study, 3-D full model was used during steady analyses; hewen the second
section computation capability does not permit the full model flow simulations.
Instead of full model 1/8 model is used for axisymmetric flow simulations. The

CAD model of the fluid is given ifigure33.

/

Figure 33General Layout of Fluid CAD Model for Generic Model

For the generation of input file for flow simulations, mesh model is constitfted
fluid model with the same procedure of steady flow analyses. The gerewvaand

detailed view of mesh modateshown inFigure34 andFigure35.
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Figure 34 General Mesh Layout for Generic Model

Figure 35General Mesh Layout of PSD and Boundary Layer Mesh for Generic
Model

3.2.3 No PSD Casénalysis Model

For investigating the effect of PSD structure existence in thesedtion of a
chamber, a model is created which does not have PSD strucitinghi&/ model it is
aimed to observe the internal flow behavior. The dimensional values of model and

data sampling points are showrHigure36.
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Figure 36 Dimensional Values and Datar8pling Points of No PSD Cagmm)
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For generating an analysis model, a mesh model is constituted within 1/8

axisymmetric fluid model.

Figure 37 General Mesh Layout for No PSD Case Model

3.2.4 Investigation of L/D Ratio Effect on Flow Behavior

In order to investigate the effect of L/D ratio fafst pulse chamber, two analyse
models are formed aralit coming results are compared with the generic model. The
generic model has the L/D ratio of 3.Fr the first model case L/D ratiolieduced

to 2.9, and it is increased to ODZXor the second model cas€he details of the

analyss models are given thefollowing sections.

3.2.4.1 Analysis Model Casel.:

Model Casel is constituted by decreasing the chamber length of the first pulse
chamberfor 126 mm The remaining geometrical dimensions are kept same with
generic modelThe dimensional values of model cdsand data sampling points are

given inFigure38.
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Figure 38 Dimensonal Values andata Sampling Poistof Model Casel (mm)
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For generating an analysis model, a mesh model is constituted within 1/8

axisymmetric fluid model.

Figure 39 General Mesh Layout for Model Case

3.2.4.2 Analysis Model Case2:

Model Case? is constituted byincreasing the chamber length of the first pulse
chamberfor 146 mm The remaining geometrical dimensions are kept same with
generic model. The dimensional values of model-Ramed data sampling points are
providedin Figure4O0.
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Figure 40 Dimensional Values andata Sampling Poistof Model Case2 (mm)

For generating an analysis model, a mesh model is constituted within 1/8

axisymmetric fluid model.

Figure 41 General Mesh Layout for Model Ca2e
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3.2.5 Investigation of Apsp/A Ratio Effect on Flow Behavior

In order to investigate the effect ob&/Aw ratioon a DPRM conceptwo analysis
models are formed and out coming results @mpared with the generic model
specified in this studyThedesign ofgeneric model has th&psy/Ar, ratio valueof
2.70. For the design oimodel case, Apst/Ar, ratio is increased to .38 and it is
decreaed t02.25 for the model casé design The detds of the analyse models are

explainedn thefollowing sections.

3.2.5.1 Analysis Model Case3:

Model Case3 is constituted bgcaling up the PSD structuM/ith this modification

outer diameter of the PSD geometry is increased to 150 mm meaning-taa A

ratio of 3.38.With the modified PSD geometry, motor case geometry is redesigned
in order to have a smooth geometrical transition between the casing and the PSD
structure.The remaining geometrical dimensions are kept same with generic model.
The dmensioml values of model cas® and data sampling pointsre shownin

Figure42,
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Figure 42Dimensional Values and Data Sampling Points of Model Ggsam)
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For generating an analysis model, aesm model is constituted within 1/8

axisymmetric fluid model.

Figure 43 General Mesh Layout for Model Ca8e
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3.2.5.2 Analysis Model Case4:

Model Cased is constituted by scaling down the PSD structure. With this
modification outer diamter of the PSD geometry is increased to 100 mm meaning
that Ass/Ar ratio of 2.25With the modified PSD geometry, motor case geometry is
redesigned in order to have a smooth geometrical transition between the casing and
the PSDstructure Theremaininggeometrical dimensions are kept same with generic
model. The dimensional values of model edsand data sampling points are

presentedn Figure44.
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Figure 44 Dimensional Values and Dasampling Pointef Model Case4 (mm)

For generating an analysis model, a mesh model is constituted within 1/8

axisymmetric fluid model.

Figure 45General Mesh Layout for Model Cade

3.2.6 Investigation of Achamb /Apsp Ratio Effect on Flow Behavior

In order to investigate the effect of.AnmdApsp ratio of first pulse chamber, two
analy®s models are formed and out coming results are compared with the generic
modelas in the case of other geometrical parametdrs.generic modadesgn has

the AchamdApspratio of 379. For the first model casé chamdApspratiois reduced to
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2.13and it is increased tihe value ob.06for the second modelase. The details of

the analyse models are given thefollowing sections.
3.2.6.1 Analysis Model Case5:

Model Caseb is constituted by decreasing tligameter value of the first pulse
chamber. The remaining geometrical dimensions are kept same with generic model
design By decreasing the chamber diameter vaftem 160 mm to 120 mm,
AchamidApspratio of first pulse chamber is reduced to 2.TBe dimensional values of

model casé and data sampling points aleown in Figure46.
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Figure 46 Dimensional Values and Data Sampling Poiritsodel Cases (mm)

For generating an analysis model, a mesh model is constituted within 1/8

axisymmetric fluid model.

Figure 47 General Mesh Layout for Model CaSe

3.2.6.2 Analysis Model Case6:

Model Case5 is constituted byincreasng the diameter value of the first pulse
chamber. The remaining geometrical dimensions are kept same with generic model.
By increasing the chamber diameter value 160 mm to 185 mgggm#Apsp ratio of
first pulse chamber iscreasd to value of5.06 Thedimensional values of model
case6 and data sampling points are giverrigure48.
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Figure 48 Dimensional Values and Data Sampling PooftModel Cases (mm)

2, &

185
135

2160

For generating an analysismodel, a mesh model is constituted within 1/8

axisymmetric fluid model.

Figure 49 General Mesh Layout for Model Caée
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CHAPTER 4

ANALYSES RESULTS

4.1 PSD Geometry Selection Analyses Results
4.1.1 Mesh SensitivityAnalyses Resiis of PSD Alternative-1

In order to show themesh sensitivityanalyses resultperformed with PSD
Alternative 1, defined lines, plaes, and crossectionsbelow are derived and used
from the 3D fluid model:

CS-1: Crosssection of full model at XY Plane

CS2:Crosssection of full model at 45U rotate

Figure 50 Cross Section Definitions on Fluid Model

x=0.22 Plane:Plane formed by crossection of full model at x=0.22 m
x=0.35 Plane:Plane formed by crossection of fll model at x=0.35 m

x=0.50 Plane:Plane formed by crossection of full model at x=0.50 m
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x=0.22 x=0.35 x=0.50
Plane Plane Plane

Figure 51 Plane Definitions on Fluid Model

Velocity magnitude contourat CS-1, x=0.22,x=0.35 and x=0.50 planesfor all mesh

size casearedemonstrateth Figure52 andFigure53.
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Figure 52 Velocity MagnitudeDistribution at CS1 for Casel-4
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x=0.22 Plane x=0.35 Plane x=0.50 Plane

CASE-1

CASE-2

CASE-3

CASE-4

vy I S

Magnitude [m/s] o 19 30 30 40 50 60 70 80 90 100

Figure 53 Velocity MagnitudeDistribution at x=0.22, x=0.35, and x=0.50 Plane for
Case 4

From the velocity magnitude coni, it is seen thageneral flow behavior of flow
solution is not affected too muclor different mesh sizesHowever, when the

velocity contours are examined in detailith the increasing mesh number flow
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behavior becomes more systematic and reg@gpecially, in velocity contoursof
x=0.35 plane the effect of mesh size is clearly observed.

While investigating the velocity magnitude contours, the colors of the given figures
may indicate that the velocity magnitude value is fixed with the maximune \alu
scaling chart in nozzle region. For investigating the flow behavior in PSD region
especially, the scaling of the contour values is limitgdcordingly, the velocity
magnitude value is not understandable at nozzle redtimce the aim of this study

is observing the flow pattern in first pulse chamhbbe actual velocity magnitude
comparison for nozzle sectiomvill not be obgrved clearly in velocity magnitude
contour figures. For an example case, detailed velocity magnitude contour at nozzle
region is given in Figure 54 for case2. The velocity magnitude contour igery

similar for all the analyses cases investigateithis thesis work.

Velocity -

Magnitude [m/s] g 230 480 690 920 1150 1380 1810 1840 2070 2300

Figure 54 Velocity Magnitude Distributio at Nozzle Region for Case

Since enthalpy gives information about the kinematics of the flow, the variation of
enthalpy value around PSD region is compared for the all mesh sizeenthihbpy

variation contours are given in the following figure.
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Figure 55 Enthalpy Distribution at C8 for Case 4

When the variation of enthalpy value is compared for allntleshcases, a major
differencein higher enthalpy values can bbservedAdditionally, dark bluecolored
contours show that Cadeand Case has difference and well organized flow
behavior compared to other cases.

In addition to flow behavior observations at crgsstions flow properties for all

mesh cases are investigated.iate-1 and NzzleExit Line. With the specified lines,
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it is aimed to observthe effect of mesh number on the flow pattdrhe definition

of Line-1 and Nozzle Exit Line are formed inside the fluid model with the definitions
given below:

Line 1: Line formedwith the intersection of G& and x=060 Planes.

Nozzle Exit Line: Line formed with the intersection of €S and1 mm before
nozzle exit Plane

Velocity magnitudevaluecomparison ofnesh casekine-1 is given inFigure56.
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Figure 56 Velocity MagnitudeValue Distribution Comparison @ Ling

From the velocity value comparison figures at different lines, segs thatCasel
(Very Fine Meshjnd Case (Fine Meshhasclosevelocity variations.

Velocity magnitude ang@ressure valiearealsoinvestigated at the nozzle exior
having suitable observation, Nozzle Exit Line is formed 1 mm before the nozzle exit
plane to eliminate theffects of bourdary conditions The variationof velocity

magnitude angbressure value at the nozzle exit line for all mesh sizes are given in
Figure57 andFigure58.
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Figure 57 Velocity MagnitudeValue Distribution Comparison @ Nozzle Exit
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Figure 58 Pressuré&/alue Distribution Comparison @ Nozzle Exit

From the above figue it can be clearly dered that, mesh size has a proportional

effect on the value of velocity end pressure and Cdsand Cas has very close
behavior at nozzlexit.
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To summarize the overall warkn order to find out the suitable mesh size and
acceptable computation timepesh sensitivity analyses are performed with four
different mesh cases. Within this mesh sensitivity analyfsésfollowing mesh sizes

are studied:

Table 8 Mesh Numbeand Computation Timiformation forMesh Cases

Case Number Number of Elements Computation Time
Case 1 4291480 57 hour
Case 2 3752131 41 hour
Case 3 3125846 33 hour
Case 4 2257867 23 hour

Within the performed analyses for defining mesh size, it is clearly observed that grid
size has an important effect on tlegaracy of the resultant solution and computation
time for CFD analysis.

The solution results are compared and evaluated in ternfiowf behavior at
different locations of flow solutionsThe investigated flow properties show that
Casel (finest mesh cay and Case (Fine Mesh)givessimilar and moreaccurate
flow solutions than other caséghereby, in order to have reliable flow solutions and
save computation time, &e2 is chosen as the grid size for the remaining PSD
geometry optimization analys ases meaning that total mesh number will be
around 3.750.000.

4.1.2 Analyses Results of PSD Alternative

In order to show theesultsof analyses, defined lines, planes, and ceesdions

beloware derived and used from thé3Jull model of Alternative2:

CS-1: Crosssection of full model at XY Plane

CS-2: Crosssection of full model at XZ Plane
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Figure 59 Cross Section Definitions ohlternative2 AnalysisModel

The definitions of x=0.22, x=0.35, and x=0.50 planes are the sarsgeasied in

Alternative 1l analysis model.

Velocity magnitude contours at €IS CS2, x=0.22, x=0.35 and x=0.50 planes for

Alternative2 are given irFigure60-Figure62.
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Figure 60 Velocity MagnitudeDistribution at CS1 for Alternative2
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Figure 61 Velocity MagnitudeDistribution at C& for Alternative2
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Figure 62 Velocity MagnitudeDistribution at x=0.22 Plane, x=0.35 Plane and
x=0.50 Plane for Alternativ@

(For detailed velocity magnitude contour at nozzle regionf-gpee54)

4.1.3 Analyses Results of PSD Alternative3

In order to show the analgs results, defined lines, planes, and ceestionsbelow
are derived and used from thé3ull model of Alternative3:
CS-1: Crosssection of full model at XY Plane

CS-2: Crosssection of full model at XZ Plane

Figure 63 Cross Section Definitions on Fluid Model

The definitions of x=0.22, x=0.35, and x=0.50 planes are the same as specified in
Alternative 1l analysis model.
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Velocity magnitude contours at €IS CS2, x=0.22, x=0.35 and x=0.50 planes for
Alternative-3 are given irFigure64-Figure66.

Velocity [ns]

Figure 64 Velocity MagnitudeDistribution at CS1 for Alternative3

Velacity [ms]

Figure 65 Velocity MagnitudeDistribution at C& for Alternative3

Velocity
Magnitude
[m/s] 0 10 20 30 40 50 60 70 80 90 100 110 120

Figure 66 Velocity MagnitudeDistribution at x=0.22 Plane, x=0.35 Plane and
x=0.50 Plane for Alternativ8

(For detailed velocity magnitude contour at nozzle regionf-gpee54)
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4.1.4 Analyses Results of PSD Alternative!

In order to show the resultsf analyses defined lines, planes, and crassctions

beloware used for Ald.

CS-1: Crosssection of full model at XY Plane

CS-2: Crosssectionof full model at XZ Plane

Figure 67 Cross Section Definitions on Fluid Model

The definitions of x=0.22, x=0.35, and x=0.50 planes are the same as specified in

Alternative 1l analysis model.

Velocity magnitude contours at €IS CS2, x=0.22, x=0.35 and x=0.50 planes for
Alternative4 are given irFigure68-Figure70.

Velocity [nw's]

Figure 68 Velocity MagnitudeDistribution at CS1 for Alternative4
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Figure 69 Velocity MagnitudeDistribution at C& for Alternative4

/—\

Magnitude

ms] 0 10 20 30 40 50 60 70 80 90 100 110 120
Figure 70 Velocity MagnitudeDistribution at x=0.22 Plane, x=0.35 Plane and
x=0.50 Plane for Alternativé

(For detded velocity magnitude contour at nozzle region, Bggire54)

4.1.5 PSD Geometry AlternativesSteadyAnalyses Result Comparisons

For the PSD geometry selection, the flow behavior should be investigated for each
altemative. The main purpose is to see the turbulent behavior of the flow with the
change of PSD geometry. If the turbulent behavior is less in the flow, pressure

oscillations will reduce directly.

Streamlines are the snapshot of the flow field characteyjdtiecause they are the
family of curvatures that are tangent to the velocity vector of a fluid element.
Streamlines show the summary of tbemplex dynamic®f the flow behavior in a
fluid. Accordingly, streamline characteristimger velocity magnitudeantoursof the

flow solutiors around PSDregion are investigated Figure 71 shows the streamline

behaviorof PSDgeometry alternativeeat CS1 and C&2.
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Figure 71 StreamlineVisualizationsaround PSD5eometry for alPSD Design
Alternatives @CS-1 and C&2
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A vortex exists when instantaneous streamlines mapped onto a plane normal to the
vortex core exhibit a roughly circular or spiral pattern, when viewed from a reference
frame moving with the vortex cof86]. In thefigure above vortex structures can be
observed clearly. Alternativeé and Alternative2 has nearly no vortex structures at

the specified cross sections. Accordingly, it can be derived that PSD Alterhative
and PSD Alternativ& has less disturbing behavion secondary @iw with respect

to other alternatives.

By observing the turbulent kinetic energy characteristics of the flow, the
irregularities in the flow can be characterized. With this aim, turbulent kinetic energy
contours of each PSD alternativas CS1 and CS&2 are given inFigure 72 and
Figure73.

Alternative-1

Alternative-2

Alternative-3

Alternative4
Turbulent Kinetic - -
Energy 0 15 30 45 B0 75 90 105 120 135 150

Figure 72 Turbulent Kinetic Energy Contours at €5for PSD Alternatives
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For CS1, it is seen that Alternativk and Alternative3 has lower values of turbulent
kinetic energy. In other words, flow is less disturbed Afternativel and

Alternative 3 due to PSyeometryapplication at these alternatives.

Alternative-l

Alternative2

Alternative-3

Alternative4

Turbulent Kinetic -

Energy 0 1% 30 45 60 75 80 105 120 135 150

Figure 73 Turbulent Kinetic Energy Contours at dSor PSD Alternatives

The pressure oscillations iracket motor mainly arise due to the vortex shedding in
flow structure. When irregularities or disturbances occur, the flow becomes

turbulent, and turbulence increases the kinetic energy of the flow.

A PSD design can be considered like an aerodynamigrdesince we desiriewer

disturbances on the flowehavior And it is known that low values of turbulent

kinetic energy represent better aerodynamic propedres less disturbed flow
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pattern From Figure 73, it is seen that Alternativé and Alternative3 has better
aerodynamic propertieamong dl PSD alternativesiue to their turbulent kinetic

energy contours at C&

Furthermore, velocity magnitude at the central ismievorth to be investigated for
compari®n of PSD design alternatives. The definition of central linshiswn in
Figure 74. And, the velocity magnitudeariations of four alternatives around PSD

aregiven inFigure75.
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Figure 75 Velocity Magnitude Comparison at the Central Line (Around PSD)
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The velocity magnitudesfdAlternative2 and Alternatived show that lere exist
perturbationsand reverséow after PSD geometrylhisflow patternis not observed

at Alternativel and AlternativeS.

With the performedflow visualizations the resultant decision of PSD geometry
alternative should not be done strictly.davthough PSD Alternativé seems to have
better aerodynamic characteristics, it is decided to observe the flow pattern for

Alternative 1l and Alternative3 with unsteady flow simulations.

4.1.6 PSD Alternative-1 and PSD Alternative3 Unsteady Analyse Results

Comparison

After peforming mesh sensitivity analysthatis given in part 4.2.1the grid size for
unsteady simulations is chosafith the selected grid sizéhe analysis models are
generated for PSD Alternatiie and PSD Alternativ8. The vorticity nagnitude
contours are compared at time instantasec and 10 mseandshown in Figure76.

Time Analysis
(msec) Model

Vorticity Magnitude Contours

PSD
Alternative-l

PSD
Alternative-3

PSD
Alternaive-1

10

PSD
Alternative-3

vVoriciy [

Magnitude | 700 1400 2100 2800 3500 4200 4800 5600 6300 7000

Figure 76 Vorticity MagnitudeContourComparison oPSD Alternativedand 3 at C4
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The velocity magnitude contours of PSD alternaivand PSD alternativ@ are
compared at time instants 5 msed &9 msec, and shown kigure77. (For detailed

velocity magnitude contour at nozzle region, Bepire54)
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Figure 77 Velocity MagnitudeContourComparisorof PSD Alternativedand 3 at
Cs1

From the vorticity magnitude contour distributions, tieetifier effect of the inlet
geometry is clearly observed. For PSD alternaBigeometry, additional vortices are
generated at the second pulse side of the PSD geometry. The reason of this variation
between the flow behaviors of these two geometries sexigé to inlet geometry
difference. Inlet geometry works as a flow organizer when the second pulse is
activated. Pretty similar flow approach is observeligire 77. Velocity magnitude
contours for PSD alternag-3 show that velocity magnitude reduces at the inlet
section of PSD structure. Accordingly, flow is disturbed before getting into the

empty first pulse chambeAlso, mass flow rate variations with time confirthis
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behavior as seen iRigure 78. Even though both PSD alternatives have the same
opening area, mass flow rate is higher in PSD Alterndtive
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PSD Alt-3 |-
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Figure 78 Mass Flow Rat€omparisorof PSD Alternative 1 and @ Nozzle Exit

From theperformed steady and unsteahalyses, it is proven that PSD alternatlve
is the most suitable alternative among four specified geometry alternatives. Because
of this, the remaining unsteady simulations to analyze the effects of geometrical

parameters W be performed with PSD alternatilegeometry.
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4.2 Effects of Geometrical Parameters on Secondary Firing Flow
Analysis Results

4.2.1 Mesh Sensitivity Analyses Resultfor Unsteady Simulations

With the performed analyses in the first section of the studgna&ric PSD design
alternative is selectedVith the use of this selected PSD geometry the generic
geometrical parameter effects will be investigated by unsteady simulations. To
perform these unsteady simulatioasnoderate mesh size is tried to be adteby

mesh sensitivity analyseA.moderate grid size is needed to be achieved both having
accurate flow solution and having reasonable computation time conéamsill
unsteady simulations, axisymmetric fluid model (1/8 section) is used in order to save

computation time.

The vorticity magnitude contowomparison for different mesh sizes at-CiS done
to observe the grid sizffect Vorticity magnitude contours are comparedtfe2, 5,

10 msec instants and givenFagure79.
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Figure 79 Vorticity MagnitudeContourComparison of Mesh Cases at-CS
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Figure 79 Vorticity MagnitudeContourComparison of Mesh Cases at-C& cont 6 d)

From the contours given iniglre above the effect of grid size can belearly
observed. Even though the general behavior of the flow seems to be thatsame,
variations are becoming more regular and detailed as the grid size is redticed

detailed observation
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In addition to vorticity magnituel velocity magnitude contours are compared for
different instants at the same cross sectiime snapshots of velocity magnitude

contours at t=1 and t=5 msec are givefigure80.
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Figure 80 Velocity MagnitudeContourComparison of Different Mesh CaseCs1
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With the velocity magnitude contours, the same behavior with vorticity magrnstude
observed, meaning thas the grid size is reduced; velocity magnitude contours are
becoming more accuratelowever, vas a result ofletailed inspectiarit is seen that

ther isn 0 t too much difference between fi
behavior seems to hery much similar.(For detailed velocity magnitude contour at
nozzle region, segigure54)

Besides the investigation &bw contous at CS1, sane numerical investigations
are performed for observing the flow propestfor different grid sizeshe locdions
of datasampling points are shown gure81.

Center W

Sampling Point

L 4

Head End
o Sampling Point

Figure 81 Data Sampling Point Locations at S

Headend pressure value, center pressure value, center velocity magnitude value and
mass flow rate value at nozzle exit are monitored during mesh sensitivity analysis.
The variations of mass flow rate awénter velocity magnitude are given time

following figures.

68



Yery-Fine Mesh |-
Fine Mesh

Medium Mesh
Coarse Mesh

M
o

Mass Flow Rate (kg/sec)

0.004 0.006 0.008 0.01

Time (sec)

0 0.002

Figure 82Mass Flow Rat€omparison @ozzle Exit (t=0- t=0.01 sec)
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Figure 83Mass Flow Rat€omparison @Nozzle Exit(t=0.002- t=0.01 set
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Figure 84 Velocity Magnitudevalue Variation Comparison @Center Point (=0
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The numerical imestigations performed during mesh sensitivity analyses are
presentedhn thefiguresabove By the out coming variations of pressure, velocity and
mass flow rate valueat data monitoring locationst is seen thata proportional
variation existawith the grid size. Howeverflow hasvery similar behavior for very

fine and fine mesh casas in the case of contours investigated atlCS

Another important criteriorof selecting a mesh size is computation time with the
available computationapacity(Quadcore i7 processor, 12 GB RAMComputation

time spent duringnesh sensitivityanalyss casesare given inlable9.

Table 9 Mesh Number and Computation Time Information for Mesh Cases

Mesh Cae Number of Elements | Computation Time
Very Fine Mesh 480.080 a 6.3 dag
Fine Mesh 397.137 a Fayd
Medium Mesh 278.770 a4.0days
Coarse Mesh 172.679 a3.ldays

With the overall evaluation of mesh sensitivity analyses, fine mesh case seems to be
reasonableselection both foflow solutions and computation procegscordingly,

grid size model of fine mesh casaised in remaining unsteady analyses cases.

4.2.2 Analyses Result®f No PSD Case and Generic Model

The analysis results of no PSD case and genaodel are given together in order to
observe the influence of PSD structure on flow behavior. The veloapnitude

contours of two analysecases argivenin Figure86 for different time instants.
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Figure 86 Velocity Magnitude Contour Comparison of No PSD Case &édbie

From the velocity magnitude contouesmajor difference isobserved due to PSD
structure existence at the nsdction of the analysis model. Flow velocity does not
increase too much in no PSD case which is a preferred phenomenon for a rocket

motor chamber in general sengEor detailed velocity magnitude contour at nozzle

Model

region, sed-igure54)
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Z Vorticity value is another variable that is observed to investigate thepidtern
for analysis resultef no PSD case and generic modelzorticity contous are given
in Figure87.
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Figure 87 Z Vorticity Contour Comparison of No PSD Case & Generic Model

Z vorticity contours are plottedithh respecto Z axiswhichis normal to CSL. Since
the red colored contours show positive valaes blue colored contours show the
negative values for Z vorticitythe contoursshow the rotational behavior of the

internal flowespecially in generic model analysis case
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