
 

 

 

 

 

 

 

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 ERTUĴRUL 

 

 

 

 

 

 

 

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 ERTUĴRUL in partial fulfillment of the 

requirements for the degree of Master of Science in Aerospace Engineering 

Department, Middle East Technical University by, 

 

 

Prof. Dr. Canan ¥ZGEN     _______________ 

Dean, Graduate School of Natural and Applied Sciences 

 

Prof. Dr. Ozan TEKĶNALP     _______________ 

Head of Department, Aerospace Engineering 

 

Assoc. Prof. Dr. Dilek Funda KURTULUķ   _______________ 

Supervisor, Aerospace Engineering Dept., METU 

 

Prof. Dr. Abdullah ULAķ     _______________ 

Co-Supervisor, Mechanical Engineering Dept., METU 

 

 

 

Examining Committee Members: 

 

Assoc. Prof. Dr. Sinan EYĶ     _______________ 

Aerospace Engineering Dept., METU 

 

Assoc. Prof. Dr. Dilek Funda KURTULUķ   _______________ 

Aerospace Engineering Dept., METU 

 

Prof. Dr. Abdullah ULAķ     _______________ 

Mechanical Engineering Dept., METU 

 

Assoc. Prof. Dr. Oĵuz UZOL    _______________ 

Aerospace Engineering Dept., METU 

 

Uĵur ¥. ARKUN, M. Sc.     _______________ 

Roketsan Missiles Industries Inc. 

 

Date: 16/11/2012 

 



iii  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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

and presented in accordance with academic rules and ethical conduct. I also 

declare that, as required by these rules and conduct, I have fully cited and 

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

 

 

 

Name, Last name     : Suat Erdem ERTUĴRUL        

 

Signature            : 

 

 



iv 

 

 

 

ABSTRACT 
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Ertuĵrul, Suat Erdem 

M.Sc., Department of Aerospace Engineering 

Supervisor: Assoc. Prof. Dr. Dilek Funda Kurtuluĸ 

Co-Supervisor: Prof. Dr. Abdullah Ulaĸ 
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The ability of a propulsion system is very crucial for the capability of a missile or a 

rocket system. Unlike liquid propellant rocket motors, the only control mechanism of 

the thrust value is the propellant geometry in solid propellant rocket motors. When 

the operation of solid propellant rocket motor has started, it cannot be stopped 

anymore. For this main reason the advance of dual pulse motor technology 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 

analysis, 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, mesh sensitivity analyses are performed on one 

PSD geometry alternative. By defined grid size, the analyses of PSD geometry 

alternatives are performed. Computed results were compared in terms of flow 

behavior (flow streamlines, velocity distribution, turbulent kinetic energyé etc.) 
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with each other. With the selected PSD geometry alternative the effects of L/D ratio 

(Length/Diameter ratio) of first pulse chamber, Achamb/APSD ratio (Chamber area/PSD 

opening area) and APSD/Ath ratio (PSD opening area/Throat area) on the flow 

behavior is investigated. Flow analyses are performed by simulating the unsteady 

flow of second pulse operation. With the performed analyses, it is aimed to identify 

generic geometric definitions for a dual pulse rocket motor. 

 

 

Keywords: Dual Pulse Solid Rocket Motor, Pulse Separation Device, Vortex 

Shedding, Combustion Instability, FLUENT 

 



vi 

 

 

 

¥Z 

 

 

 

¢ĶFT DARBELĶ ROKET MOTORLARINDA FARKLI GEOMETRĶK  

TASARIM PARAMETRELERĶNĶN ĶKĶNCĶL ATEķLEME  

ANINDAKĶ AKIķA OLAN ETKĶLERĶ  

 

 

Ertuĵrul, Suat Erdem 

Y¿ksek Lisans, Havacēlēk ve Uzay M¿hendisliĵi Bºl¿m¿ 

Tez Yºneticisi: Do­. Dr. Dilek Funda Kurtuluĸ 

Ortak Tez Yºneticisi: Prof. Dr. Abdullah Ulaĸ 

 

Kasēm 2012, 106 Sayfa 

 

 

 

Ķtki sisteminin sahip olduĵu kabiliyetler, roket veya f¿ze sisteminin yetenekleri 

a­ēsēndan ciddi ºnem taĸēmaktadēr. Sēvē yakētlē roket motorlarēnēn tersine, katē yakētlē 

roket motorlarēnda itki deĵiĸiminin tek kontrol yºntemi yakēt ­ekirdeĵinin 

geometrisidir. Katē yakētlē bir roket motorunun operasyona baĸladēĵē andan itibaren 

tekrar durdurulmasē m¿mk¿n deĵildir. Bu ºnemli gerek­e nedeniyle ­ift darbeli roket 

motoru teknolojisi baĸlamēĸtēr. Bu ­alēĸma ile hesaplamalē akēĸkanlar dinamiĵi 

(HAD) metodlarē kullanēlarak, ­ift darbeli roket motorlarēndaki geometrik tasarēm 

parametrelerinin ikincil ateĸleme anēnda oluĸan akēĸa etkilerinin incelenmesi 

ama­lanmēĸtēr. HAD analizlerini ger­ekleĸtirebilmek i­in genel bir ­ift darbeli roket 

motoru modeli oluĸturulmuĸtur. Oluĸturulan bu modelle ilk olarak dºrt farklē darbe 

ayērma mekanizmasē (DAM) tasarēm alternatifi i­in analizler yapēlmēĸtēr. DAM 

analizlerine baĸlayabilmek i­in, oluĸturulmuĸ bir DAM alternatifi ile ­ºz¿m aĵē 

hassasiyeti ­alēĸmalarē yapēlmēĸtēr.  Belirlenmiĸ ­ºz¿m aĵē boyutu ile DAM tasarēm 

alternatiflerinin analizleri tamamlanmēĸtēr. Elde edilen sonu­lar akēĸēn davranēĸē 
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a­ēsēndan (akēĸ ­izgisi, hēz daĵēlēmē, t¿rb¿lans kinetik enerjisi.. vs.)  birbirleri ile 

kēyaslanmēĸtēr. Karĸēlaĸtērmalar sonucunda se­ilmiĸ olan DAM geometri alternatifi 

ile birinci darbe motorunun L/D (boy/uzunluk) oranēnēn, Achamb/APSD (Yanma odasē 

alanē/DAM a­ēklēk alanē) ve  APSD/Ath (DAM a­ēklēk alanē/Nozul boĵaz alanē) 

oranēnēn motorun ikinci darbesindeki oluĸan i­ akēĸa olan etkileri incelenmiĸtir. Bu 

akēĸ analizleri zamana baĵlē olarak ikincil motor operasyonundaki akēĸ simule 

edilerek yapēlmēĸtēr. Ger­ekleĸtirilen analizler ile ­ift darbeli roket motorlarē tasarēmē 

i­in genel geometrik tanēmlamalarēn elde edilmesi ama­lanmēĸtēr. 
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CHAPTER 1 

 

 

INTRODUCTION  

 

 

 

In solid propellant rocket motors the 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 technology 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 to internal flow dynamics, geometrical complexities 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 worst case, 

may result with motor case failure [27, 30]. 

 

Pressure oscillation phenomenon is an important concern for dual pulse rocket motor 

systems during secondary firing due to their complex geometrical characteristics. 

Geometrical complexities arise mainly due to the geometry of pulse 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 motor operation, 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. Flow analyses are performed by simulating the 

steady-state flow of second pulse operation for the PSD geometry selection analyses. 

 

Within the selected PSD geometry, the effects of other geometrical parameters on 

flow behavior are investigated with varying L/D ratio of first pulse chamber, APSD/At 

ratio and APSD/ACH1 ratio. These analyses cases are conducted by simulating the 

unsteady flow of second pulse operation. With these analyses, it is aimed to optimize 

the geometrical parameters of generic dual pulse rocket motor geometry.  

 

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 is assumed that 

there is uniform flow inlet in second pulse chamber before PSD geometry as if 

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 pressure, 0.1 Mach velocity, and 3000 K temperature that can 

be assumed as the chamber flow properties of a typical rocket motor [11].  

 

Computational Fluid Dynamics (CFD) analyses were performed with commonly 

used flow analyze program FLUENT. For 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 final volume mesh was recreated 

in GAMBIT over boundary layer mesh. 

 

For flow-field visualization CFD-Post and TECPLOT post processing programs were 

used. These outputs were utilized to comprehend the detailed physics of the flow. 

 

The general content of the thesis is divided into five main sections. The first chapter 

consists of introduction. The second section comprises literature survey which 



3 

 

mainly gives information about solid rocket motors, dual pulse solid rocket motors, 

and combustion of solid rocket motors. In the third section, CFD modeling work and 

analysis models are defined. The fourth section covers the results of the analyses 

performed within the overall study. The fifth chapter gives the concluding remarks of 

the overall study, and the references are provided at 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 technology. During first pulse operation, a dual pulse motor works like 

classical motor operation on the condition that PSD works properly. However, 

second pulse operation has a great number of differences than a classical rocket 

motor operation.  

 

With this thesis study, secondary firing of a dual pulse rocket motor internal flow 

dynamics is investigated. The effects of geometrical parameters are observed for the 

flow behavior during the second pulse operation. The study is divided into two 

sections. In the first section, a pulse separating device geometry is tried to be 

analyzed for different design alternatives by steady flow analyses. With the selected 

PSD geometry, unsteady flow simulations are performed with varying geometrical 

parameters in the second section of the study. The results of the analyses are 

examined in PSD region and first pulse combustion chamber. All the analyses are 

performed with commercial CFD fluid analysis program FLUENT.  

 

With the help of the analyses, the disturbances and irregularities are inspected in the 

first pulse chamber internal flow, because these disturbances create vortex shedding 

in combustion chamber. Besides this, vortex shedding results in oscillatory behavior 

in combustion chamber. As a result of performed analyses, it is aimed to achieve 

design experience, and background knowledge for the geometrical design parameters 

of a dual pulse motor design.  
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CHAPTER 2 

 

 

LITERATURE SURVEY  

 

 

 

2.1 Solid Propellant Rocket Motor Fundamentals 

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

generating thrust. As the name emphasizes, it has the propellant in solid form which 

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

has less complexity and most of the time they donôt require maintenance during their 

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

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

combustion product gases are ejected through a converging-diverging nozzle by 

generating thrust force. The main components of an SRM are specified and 

represented in Figure 1. 

 

Figure 1 General Layout of a Solid Propellant Rocket Motor 
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2.1.1 Sub-components of an SPRM 

2.1.1.1 Motor Case: 

During combustion process, motor case contains the solid propellant and withstands 

to the internal pressure. Also, 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 moments, flight loads etc. High-resistance steels, 

high strength aluminum alloys or composite materials (glass, kevlar, carbon) are 

usually used for motor case materials. In order to protect the motor case from heat 

effects of combustion products, motor case is internally insulated. 

 

The external shape design is also a concern for motor cases; mainly cylindrical body 

is connected to a spherical dome for rocket motors. However, aero dynamical 

concerns or system requirements may limit the structural design purposes. [1] 

 

2.1.1.2 Propellant Grain: 

As the name explains, the propellant is solid phase for SRMs. Propellant contains 

both fuel and oxidizer inside which are enough for burning process. Due to this 

advantage, SRMs can be used in all environmental conditions. Design of propellant 

grain geometry and selection of propellant type determines the thrust profile of a 

rocket motor.  

 

Composite propellant and double base propellant are the main types of propellants 

used in SRMs. Double base propellants are composed of two monopropellants. One 

of these monopropellants has high-energy characteristics but unstable behavior in 

combustion, while the other monopropellants works like a stabilizer but it has lower-

energy properties. In composite propellants, oxidizer and plastic binder materials are 

contained together. For the purpose of increasing the heat of combustion, metallic 

additives like aluminum particles can be exploited [3]. 
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There exist two types of propellant production for SRMs. One is case 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 

cartridge-loaded grain. In this case, propellant is produced by casting in molds and 

placed in motor case by mechanical or chemical methods. 

 

2.1.1.3 Insulation: 

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 applied between casing and propellant grain. The minimum thickness of 

insulation is preferred for effective motor design. To have less thickness, low thermal 

conductivity and high heat capacity are required for insulation materials. Most 

popular insulation materials used for rocket motor insulation are EPDM (Ethylene 

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

 

2.1.1.4 Nozzle: 

Combustion products of a rocket motor are extracted from nozzle. Nozzle works for 

converting the thermal energy of the combustion products into kinetic energy. 

Nozzles have typically converging-diverging 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. 

 

There exist three nozzle types; subsonic, sonic, and supersonic. For rocket motors, 

supersonic nozzle type is used to achieve higher nozzle exit velocities. The ratio of 

inlet pressure to exit pressure is sufficient to develop a supersonic flow at the nozzle 

exit. Also, supersonic nozzles are grouped according to application case like 

submerged, bell shaped, contoured or conical nozzles [4]. 

 

With the increased velocity and ingredients in propellant composition, combustion 

products are having more erosive behavior. Accordingly, material selection becomes 

very compulsive task in nozzle design. The erosion characteristics should be minimal 
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especially in throat section. Graphite, refractory metals, carbon containing 

composites or ceramics are commonly used materials at throat section due to their 

well erosive and thermal characteristics. In the remaining parts of the nozzles, 

reinforced-plastic liners are preferred due to their low cost, mechanical resistance 

and light weight specialties.  

 

2.1.1.5 Igniter:  

Igniter can be called as the starter of the combustion process. With the given 

electrical signal, igniter is 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 defined like ignition time, shock 

level, and ignition transient characteristics [6]. In order to satisfy the system 

requirements, the igniter should be clarified firstly. Pyrogenic Igniters, Spark 

Igniters, Catalytic Igniters and Laser Igniters are the main ignition system 

technologies. Pyrogenic igniters are the most widely used technology in SRMs due to 

its simplicity, reliability and low cost [9]. The pyrogenic igniters are composed of 

squib, primary charge, and secondary charge. The electrical signal activates the 

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 motor design work, the requirements like 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 like propellant burn rate, 

specific impulse, and propellant density. By optimizing these parameters, the 

designer aims to achieve the requirements stated for rocket motor performance. The 
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output performance parameters can be derived with simplified equations that will be 

given in the following sections.  

2.1.2.1 Thrust: 

Thrust is the magnitude of the force generated for the missile or a rocket system by 

the rocket motor in order to transfer the desired payload to the desired distance. 

Thrust is the main requirement for a rocket motor system.  Thrust is generated by 

expelled mass (the exhaust) flowing through the nozzle at high velocity. The 

governing equation of thrust is as follows:  

cthF PACF =                      (1) 

CF is the thrust coefficient, Ath is the throat area of the nozzle, and PC is the pressure 

value of the combustion chamber. Thrust coefficient of a motor is affected by the 

ballistic design of a propellant grain and nozzle design. The equation of thrust 

coefficient is given by: 
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(where g is the specific heat ratio of propellant, Ae nozzle exit area, Pe nozzle exit 

pressure, Pamb is the ambient pressure) 

 

2.1.2.2 Total Impulse: 

Total impulse is represented by the total area under thrust-time curve and defined as 

the time integral of the thrust over operating duration of the motor. Total impulse is 

defined as the following equation: 

ñ=
t

0

t FdtI                       (3) 
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2.1.2.3  Specific Impulse: 

Specific impulse is described as the thrust produced by a unit mass of a propellant 

over a burning time of one second. In another approach, specific impulse of a motor 

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

use of known specific impulse value, the designer can easily obtain the required 

propellant weight for a given total impulse requirement. This is a practical approach 

used in conceptual design phase. 

00
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sp ==                     (4) 

 

2.1.2.4 Chamber 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 experienced during 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 case failure. For expressing the chamber pressure in 

equations, the following expressions and assumptions are made use of. 

 

Burn rate of a propellant is expressed with: 

n

cb aPr =
                        (5) 

(where a and n is the characteristics of the propellant) 

 

Total mass of burned propellant can be demonstrated as follows: 

ppbp Ardotm r=_                        (6) 

The mass flow through nozzle throat can be symbolized as the following equation: 
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with the assumption that total burned propellant mass is equal to mass flow through 

the nozzle, and combining equations 5 and 6:  
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2.2 Dual Pulse SPRM Definition 

The most important advantage of liquid propellant rocket motor over a solid 

propellant rocket motor is probably the ability of control of thrust on command. 

When there is no need for the thrust control, liquid rocket motor is needless due to its 

complexity. Besides, the use of solid rocket motor has more advantages when pre-

programmed thrust variation is required. Throughout the years of solid rocket 

development, engineers worked for increasing the thrust profile flexibility . Dual-

pulse rocket motor technology is developed to respond the need of thrust profile 

flexibility .  

 

A dual pulse rocket motor is a system which carries two individual propellant grains 

within one combustion chamber. Compared to a single or multi motor concept the 

main difference is the combustion products generated by both grains flow through 

the same nozzle. (See Figure 2) 

 

Figure 2 General Layout of a Dual Pulse Solid Propellant Rocket Motor 
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In a dual pulse rocket 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 pulse separation mechanism. 

Then, after some pre-defined time the second grain is pulsed. With the ignition of 

second pulse, the pulse separation mechanism allows the flow of combustion gases 

formed by the second grain [5]. However, during the flow of second pulse, 

combustion gases are subjected 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 passage has mainly converging-diverging behavior. The flow behavior of 

combustion products during second pulse operation is tried to be understood by 

means of combustion stability analysis of the rocket motor [12].  

 

For the design of a dual pulse rocket motor, the main 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 the produced high temperature and high 

pressure gas should be inhibited from second pulse side by PSD. Accordingly, the 

structural properties of the mechanism should be very strong and it should be 

thermally insulated at the first grain side. Then with the activation of second pulse, 

the mechanism must allow the flow of combustion gases through the first pulse 

combustion chamber. Also, the mechanism should be resistant to the flow of second 

pulse combustion gases. The mechanism should not be melt by spreading metallic 

particles that may damage the nozzle of the rocket motor. For having a reliable dual 

pulse rocket motor system, PSD should have very high reliability due to its 

complexity and being the main part of the motor system. 

 

Nozzle design of a dual pulse rocket 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 requirements of both motor pulses.   
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2.2.1 Advantages of Dual Pulse Concept 

Rocket motors are employed for both civilian and military applications. The mission 

requirements of the overall system identify the thrust-time behavior of the rocket 

motor. The use of dual pulse rocket motor is required when the use of discrete thrust-

time behavior is needed. A dual pulse rocket motor system has both advantages and 

disadvantages.  

 

The velocity of a missile or a rocket system is evaluated by the thrust and drag forces 

applied to the system. Compared to a boost-sustain 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 second pulse [15]. The comparison of a boost-sustain type rocket 

motor and dual pulse rocket motor is provided below in Figure 3. 

 

Figure 3 Comparison of the Velocity-Distance Behavior of Hypervelocity Missiles 

with Boost-Sustain Motor and Two Dual-Pulse Motor Systems [15] 

From the figure it is seen that the missile can achieve higher kinetic energy at the end 

of flight with a dual pulse system and longer effective ranges can be acquired with 

the same mass of motor.  
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The required discrete thrust-time profile can also be achieved by discrete rocket 

motor concept like dual pulse rocket motor. Actually, the main comparison should be 

done between the motor systems of using two separate rocket motor concept and a 

dual-pulse motor concept. Because of the same thrust-time profile, the same 

performance can be achieved with these two rocket motor concepts.  

When these two concepts are compared, the main advantage of a dual pulse system 

over a two separate rocket motor system is the mass reduction of the rocket motor. 

With the use of dual pulse concept, a single nozzle and a motor case utilization is 

possible. Although PSD brings some extra weight, dual pulse systems can achieve 

the same mission requirements with reduced mass compared to a separate rocket 

motor system. Reduced mass brings up, increases in velocity and range for a missile 

or a rocket system. 

 

2.2.2 PSD Concepts Used for Dual Pulse Rocket Motors 

For dual pulse motor technology, pulse separation device is the fundamental work 

which has to be dealt with in detail. For a PSD design, there exist many different 

applications. For this work, these applications are divided into three different 

concepts with respect to application type namely; valve using PSD applications, 

expandable PSD applications, and frangible PSD applications. Detailed information 

about these systems is presented in the following section. 

 

2.2.2.1 Valve Using PSD Applications 

Valve is a device that regulates or controls the flow of a fluid by opening, closing, or 

partially closing. Valves have majority of application area, but most commonly, they 

are used in pipe fittings in order to manage the flow of a fluid. In dual pulse motor 

systems, valves may be used as a pulse separating system. Actually, PSD works 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 requirements are needed 

for a valve application. 
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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 rocket motor by Bayern 

Chemie Company, which is demonstrated by static firings [15]. 

 

For valve using pulse separation devices, many other people have spent time. They 

have taken out a patent for their work [17, 18]. 

For a valve using PSD design, the materials of a valve should be attentively selected 

due to the need of resistance 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 and labor. Also, the weight of a complex mechanism will be too 

much. Another fact about valve application to a PSD is that these devices have 

moving parts and mechanisms so the valve application for PSD has low reliability 

level. 

 

2.2.2.2 Expandable PSD Applications 

For the expandable type of separating mechanism concept, there exist different types 

of applications. An example development of expandable pulse separating mechanism 

is given by a German Patent Authority Offenlegungsschrift (No: DE3637967A1) 

[20]. The mechanism is simply made up with an elastic insulation material, and the 

insulation material covers the second pulse propellant grain. Due to insulation cover, 

the second pulse propellant grain is protected from the combustion products of first 

pulse. Then, with the ignition of second pulse grain, the elastic insulation cover 

expands due to the gases generated 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 combustion products of the second pulse are ejected 

through the expanded insulation material. The operation is depicted in Figure 4-

Figure 7. 
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Figure 4 Cross-Section of the Motor Concept and Ignition of First Pulse [20] 

 

Figure 5 Cross-Section of the Motor after Ignition of the First Grain [20] 

 

Figure 6 Ignition of the Second Grain [20] 

 

Figure 7 Translation of the Elastic PSD with the Ignition of the Second Grain [20] 

The above mentioned concept of a PSD application is used in a missile system 

named MSA, and it is demonstrated by successful flight tests [25, 26]. 
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Another expandable PSD application was developed by Bayern Chemie Company 

which has the cross-section of PSD mechanism in Figure 8. 

 

Figure 8 Cross ïSection of a an Expandable PSD Application Developed by Bayern 

Chemie Company [15] 

The driving requirement of the system is the use of an expandable second pulse grain 

that has no load-carrying 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 capability of expanding 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 demonstrated with 

successful static firings by Bayern Chemie Company [15]. 

 

The expandable PSD systems seem to be ergonomic and efficient, but the designs of 

the systems are complex and the materials used in PSD require advanced properties. 

Furthermore, the reliability of frangible PSD application systems is weak due to 

complexities and material dependent behavior.  

 

2.2.2.3 Frangible PSD Applications 

Most common application of a pulse separating mechanism is frangible ones due to 

their simplicity and reliability. This system separates the first and second combustion 

chambers with a frangible bulkhead. The frangible bulkhead explodes by the effects 

of the detonators or second combustion chamberôs pressure and temperature. 
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Frangible PSD application is mainly an integrated structure standing in 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 segregated particles 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 many frangible applications, a 

metal diaphragm is used for opening the passage of second pulse gas flow. 

 

Throughout the literature, many patents for frangible PSD application types [22, 23, 

and 24] are to be found. Additionally, LFK NG, and Javelin are the missile systems 

developed with dual pulse motor technology, and these systems use frangible PSD 

applications for pulse separation [13, 14, and 15]. 

 

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 heat affected zones of the supporting body, thermal 

effects are 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 material, silica phenolic or elastomeric materials 

can be simply applied provided that the erosion characteristics of the insulation 

material should be carefully selected. 

 

For the diaphragm material, aluminum alloys are the possible solutions due to their 

poor resistance to high temperature values and lower strength values wrt many other 

metals. Additionally, elastomeric insulation materials can be easily applied to first 

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

effects of first 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 instability phenomenon in rocket motors has been 

tried to be investigated. Lots of solid rocket motors have experienced combustion 

instability problems during the development phase. Combustion instability in a 

rocket motor can cost motor developers millions of dollars to eliminate. Combustion 

instability may sometimes present 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 instability is the interaction of combustion and/or fluid dynamic 

processes with an inherent oscillatory mode inside the combustion chamber. 

Combustion instability can lead to ballistic pressure changes, can couple with other 

motor components such as guidance or thrust vector control, and in the worst case, 

cause motor structural failure. Propagated pressure oscillations in a rocket motor can 

take the form of longitudinal, tangential, and, more rarely, radial modes [27]. 

 

Figure 9 Solid Rocket Motor Acoustic Mode Types [27] 

Since the mechanism of combustion instability has not been totally understood yet, 

the reasons of combustion instability can be categorized into three main categories; 

[33] 
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¶ Flow Pattern: Two-phase flow behavior and turbulence has an influence on 

combustion flow. 

¶ Propellant Combustion: Unsteady combustion of a metalized propellant has 

particle damping effects. The particle damping behavior is investigated 

experimentally for different particle sizes [27]. 

¶ Fluid-óstructureô Coupling: Here óstructureô is understood as restrictors, grain, 

motor case, or nozzle. During rocket motor operation, geometrical 

complexities (joints, cavities, holes... etc.) contribute to disturbances in the 

internal flow which result in vortex shedding. 

 

The effects of geometrical disturbances are analyzed both numerically and 

experimentally by many different researchers [28-31]. It is believed that the 

highest oscillations in pressure occur when vortex shedding frequency coincide 

with the motor longitudinal acoustic mode [28]. 

 

Figure 10 Example of Motor Experiencing Combustion Instability [32] 

As stated before, pressure oscillations can take three different acoustic modes; 

longitudinal, tangential and radial [27]. Longitudinal mode has the most dominant 

effect among these three modes as shown in Figure 10.  
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Vortex-shedding phenomenon is defined as the result of a strong coupling between 

the instability of mean flow shear layers and acoustic motions in the combustion 

chamber [35]. When the vortex-shedding frequency is the same as the natural 

frequency of the combustion chamber, the pressure oscillation reaches maximum. 

Also, pressure oscillations reach large values when the vortex-shedding frequency is 

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

 

Figure 11 Generation of an Acoustic Field by Vortex Shedding [34] 

Especially, during development of space shuttle solid rocket boosters like Titan 4 and 

Ariane P230, designers observed a pressure oscillation problem [30, 31]. The 

analyses, experiments, and observations point out that, vortex shedding is the source 

of the pressure oscillations, and the inhibitor material remained between propellant 

segments create vortex shedding.  

 

Figure 12 Vortex Shedding in Segmented Solid Rocket Motor (CFD Analyses 

Result) [31] 
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CHAPTER 3 

 

 

NUMERICAL METHODS  

 

 

 

Governing Equations 

The commercial CFD code FLUENT has been successfully used for applications 

related to solid rocket motors [28]. FLUENT uses a control-volume 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 

non-linear and coupled, several iterations are needed to achieve converged solution. 

An implicit discretization of time derivatives has been chosen and the Sutherland 

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

 

In FLUENT, density-based solvers always use the stationary frame formulation 

whereas pressure-based solvers can use both of the formulations. In this study, 

density-based solvers are used and governing equations of fluid flow are defined in a 

steadily frame accordingly [7, 8]; 

 

¶ Conservation of mass: 
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¶ Conservation of momentum: 
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Here, rv
C
 is the velocity with respect to the rotating frame, v

C
 is the velocity with 

respect to the stationary frame and ru
C

 is the ñwhirlò velocity (velocity due to the 

moving frame). Additionally, ijt  is the symbol of viscous stress tensor for a 

Newtonian fluid. 

 

For the derivation of conservation equations; mass, momentum and energy balance is 

applied on the faces of a fluid element, which is assumed as an infini tesimal control 

volume. Detailed derivation methods of these equations can be found in textbooks 

[39]. 
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3.1 PSD Geometry Selection Studies 

For a dual pulse rocket motor system, 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 are formed due to chaotic flow existing in the chamber.  Accordingly, 

flow of a second pulse grain should 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 behavior. The geometries are designed to 

investigate the effect of existence of hub geometry at the center, and the effect of 

opening number and shape. As the flow oscillations are reduced the pressure 

oscillations are minimized. Minimizing the pressure oscillations has an important 

role on acoustic behavior of rocket motor combustion. 

 

To perform PSD Optimization analyses, analyses requirements should be clarified 

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

selection of turbulence model, literature review is made. For turbulence model 

selection, the most widely used turbulence models for these kinds of applications k-Ů, 

k-ɤ, and k- ɤ SST are investigated [16, 19]. The main specialty of standard k-ɤ 

turbulence model is accuracy and numerically stable solutions of turbulent flows at 

near wall region. On the other hand, k-Ů turbulence model has generally more 

accurate solutions in shear type flows and well behavior in the far field. To gather 

with these two models, k- ɤ SST model provides the property of k-ɤ model near 

wall region, and transitions to the properties of k-Ů model away from the wall. 

Besides this knowledge, an investigation is carried out for selecting the most suitable 

turbulence model in rocket motor chamber flow by comparing static test results [41]. 

The results of performed analyses also shows the better characteristics of k-ɤ SST 

turbulence model in rocket motor internal flow analyses. Accordingly, k-ɤ SST 

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

 

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

performed with four different grid 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 steady-state flow of second pulse operation. For 

simplification, grain modeling 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, inlet flow is assumed as ideal gas and it is also assumed that 

inlet flow has 1000 psi (6.894.757 Pa) pressure, 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 the PSD geometry selection studies are given 

in Figure 13. Different PSD geometry alternatives are implemented into this generic 

motor case model, and then analyzed for the flow behavior. These values are selected 

for simulating a generic dual pulse rocket motor geometry which can vary with 

respect to system requirements. 

 

Figure 13 Dimensions of Dual Pulse Rocket Motor Model (mm) 

3.1.1 Mesh Sensitivity Analyses 

At the beginning of the PSD geometry selection analyses, mesh sensitivity analyses 

should be performed in order to achieve accurate flow solutions. A good balance 

between the accuracy and the computing time of the analyses should be obtained by 

choosing the appropriate grid size. Four different mesh 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 mesh sensitivity analyses, the initial PSD design 

alternative is selected and used. 

 

For the mesh sensitivity 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 Mesh Sensitivity Analyses 

 Case-1 Case-2 Case-3 Case-4 

Number of Elements 4.291.480 3.752.131 3.125.846 2.257.867 

Grid Size 1.6 1.8 2 2.5 

Number of Nodes 1.495.550 1.285.961 1.101.481 831.299 

Tetrahedral 2.047.679 1.852.751 1.455.606 949.667 

Wedges 2.243.802 1.899.380 1.670.240 1.308.200 

 
 

3.1.2 Analyses Performed for PSD Design Alternatives 

For CFD computations of PSD design alternatives, 3-D full model steady analyses 

are performed with the following solver details: 

Solver Model: Density Based/Implicit/3D/Steady 

Viscous Model: K-ɤ (SST) 

Solution Material:  Ideal Gas (Viscosity Model ñSutherlandò) 

Boundary Conditions: Given in Table 2. 

Table 2 Boundary Conditions used in PSD Analyses 

 Zone Type 
Total 

Pressure (Pa) 

Gauge Pressure 

(Psi) 

Total 

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. The initial 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 boundary layer mesh. 

 

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 3.752.131 3.796.069 3.448.816 3.544.124 

Number of Nodes 1.285.961 1.328.723 1.218.285 1.236.607 

Tetrahedral 1.852.751 1.794.049 1.598.396 1.686.664 

Wedges 1.899.380 2.002.020 1.850.420 1.857.460 
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3.1.2.1 PSD Alternative-1 Analysis Model: 

The initial alternative of PSD design has four triangular openings which has 

increasing flow area at the outer diameter side. For reducing the reflections of the 

incoming flow, kind of hub geometry is designed at the central area. The CAD 

modeling of first PSD alternative is shown in Figure 15. 

 

Figure 15 CAD Model of PSD Design Alternative-1  

With the designed PSD alternative, an input file for fluent is generated. While 

creating the mesh model, the PSD region 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 Alternative-1 are given in 

following figures. 

 

Figure 16 General Mesh Layout for Alternative-1 Mesh Case-2 (Mesh # 3.752.131) 
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Figure 17 General Mesh Layout of PSD and Boundary Layer Mesh for Alternative-1 

Mesh Case-2   

 

3.1.2.2 PSD Alternative-2 Analysis Model: 

The second alternative of PSD design has five circular openings which are 

distributed regularly. For the purpose of achieving comparable results with PSD 

Alternative-1, the total opening area of PSD Alternative-2 is designed as the same 

with the Alternative-1. Also, for reducing the reflections of the incoming flow, kind 

of hub geometry is designed at the central area as in the case of PSD Alternative-1. 

The CAD modeling of second PSD alternative is shown in Figure 18. 

 

Figure 18 CAD Model of PSD Design Alternative-2 

The mesh model of Alternative-2 has the same behavior of PSD Alternative-1 with 

the same concern. The detailed views of the mesh files for Alternative-2 are provided 

in Figure 19 and Figure 20. 
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Figure 19 General Mesh Layout for Alternative-2 (Mesh # 3.796.069) 

 

Figure 20 General Mesh Layout of PSD and Boundary Layer Mesh for Alternative-2  

3.1.2.3 PSD Alternative-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 Alternative-3 is designed as the same with other alternatives. 

Unlike other PSD design alternatives, there isnôt hub geometry design at the central 

area. Additionally, the benefits of a hub geometry will be observed if exists. The 

CAD modeling of PSD Alternative-3 is shown in Figure 21. 
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Figure 21 CAD Model of PSD Design Alternative-3  

The mesh model of Alternative-3 has the same behavior of other PSD alternatives 

due to same concern. The detailed views of the mesh model for Alternative-3 are 

demonstrated in Figure 22 and Figure 23. 

 

Figure 22 General Mesh Layout for Alternative-3 (Mesh # 3.448.816) 

 

Figure 23 General Mesh Layout of PSD and Boundary Layer Mesh for Alternative-3 
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3.1.2.4 PSD Alternative-4 Analysis Model: 

The fourth and last alternative of PSD design has six circular openings which are 

distributed regularly as in the case of Alternative-3. For achieving comparable results 

with other PSD alternatives, the total opening area of PSD Alternative-4 is designed 

as the same with other alternatives. Also, for observing the effects of hub design 

clearly, there is hub geometry design at the central area. It should be noticed that, the 

only difference between the design of Alternative-3 and Alternative-4 is the hub 

geometry design. The CAD modeling of PSD Alternative-4 is presented in Figure 24. 

 

Figure 24 CAD Model of PSD Design Alternative-4 

The mesh model of Alternative-4 has the same behavior of other PSD alternative 

models due to same concern. The detailed views of the mesh model for Alternative-4 

are given in Figure 25 and Figure 26. 

 

Figure 25 General Mesh Layout for Alternative 4 (Mesh # 3.544.124) 
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Figure 26 General Mesh Layout of PSD and Boundary Layer Mesh for Alternative-4 

 

3.1.2.5 PSD Alternative-1 and PSD Alternative-3 Unsteady Analysis Models: 

With the performed steady analyses, the selection of PSD design alternative couldnôt 

be carried out clearly. Then, it is decided to perform unsteady flow analyses with 

PSD Alternative-1 and PSD Alternative-3. To perform these unsteady analyses, mesh 

sensitivity analyses should be performed initially. For unsteady analyses, 

axisymmetric fluid models will be used for PSD Alternative-1 and PSD Alternative-3 

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

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

will be used for unsteady analyses. 

 

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

 

Figure 28 General Layout of PSD Alternative-3 Fluid Model (1/6 Section of Model) 

After performing mesh sensitivity analyses with PSD Alternative-1, the following 

mesh models are generated with the defined grid size. 
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Figure 29 General Mesh Layout of PSD Alternative-1 (Mesh # 397.137) 

 

Figure 30 General Mesh Layout of PSD Alternative-3 (Mesh # 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 defined among four different design alternatives. In the 

present section, performed numerical studies for investigating the effects of generic 

geometrical design parameters will be clarified for a dual pulse rocket motor system. 

 

For the design of a DPRM system, a designer should be able to give decisions for the 

generic geometrical parameters, because these geometrical decisions have influences 

on the flow behavior of secondary firing. In the present study; L/D ratio of first pulse 

chamber, APSD/Ath ratio and APSD/Achamb ratio are considered as generic geometrical 

design parameters of a dual pulse system. If a designer has background knowledge 

about the influences of these generic geometrical parameters on flow behavior, more 

effective rocket motor designs can be achieved.    

 

Unsteady flow simulations are performed with FLUENT software for investigating 

the effects of generic geometrical parameters on secondary firing flow. During 

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, 1/8 section of the fluid model is modeled for axisymmetric analyses 

computations.  

 

When 1/8 section of the fluid model is investigated instead of full model solutions, 

tangential flow behavior may be investigated only partially. Due to rotational 

behavior of the flow inside combustion chamber, some parts of the tangential 

oscillations may be suppressed. However, as stated in section 2.3, the most dominant 

oscillations exist in longitudinal mode due to the direction of the fluid flow inside the 

combustion chamber [32]. Even though the behavior of the flow is desired to be 

investigated by a full model, the number of analysis model cases and available 

computation source led to perform unsteady flow simulations with 1/8 section of the 

fluid model .  

 

Figure 31 General Layout of Fluid Model used in Unsteady Analyses (1/8 Section of 

Model) 

For the investigation of generic geometrical parameters effects; L/D ratio of first 

pulse chamber, APSD/Ath ratio, and Achamb/APSD ratio will be studied. For 

investigation of these geometrical parameters effects, unsteady flow simulations are 

performed. The figure below shows the definitions of these geometric parameters 

with the generic analysis model. 

 

Figure 32 Cross-Section of a Generic Analyses Solid Model 



35 

 

During the CFD analyses performed for the investigation of these geometrical 

parameters effects, 1/8 section of fluid model is used with the following solver 

details: 

Solver Model: Density Based/Explicit/3D/Unsteady 

Viscous Model: K-ɤ (SST) 

Solution Material:  Ideal Gas (Viscosity Model ñSutherlandò) 

Boundary Conditions: Given in Table 4 

Table 4 Boundary Conditions used in Analyses Models 

 Zone Type 
Total 

Pressure (Psi) 

Gauge Pressure 

(Psi) 

Total 

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 FLUENT, the same methodology is used as 

mentioned in section 3.1.2. 

 

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 background information about 

the influences of these parameters on the flow behavior. The analyzed model cases 

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

Table 5 Values of Geometric Parameters used at Analyses Models 

Analysis Model L/D ratio  APSD/Ath ratio  Achamb/APSD ratio  

No PSD Case 3.33 - - 

Generic Model 3.33 2.70 3.78 

Model Case-1 2.50 2.70 3.78 

Model Case-2 4.20 2.70 3.78 

Model Case-3 3.33 3.38 3.78 

Model Case-4 3.33 2.25 3.78 

Model Case-5 3.33 2.70 2.13 

Model Case-6 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, the out coming mesh information 

for the analyses model cases are given in Table 6. 

Table 6 Mesh Information for Analysis Models 

Analysis Model 
Number of 

Elements 

Number of 

Nodes 
Tetrahedral Wedges 

Generic Model 397.137 138.127 219.797 177.340 

No PSD Case 357.241 122.345 203.021 154.220 

Model Case-1 390.594 135.382 216.574 174.020 

Model Case-2 383.925 135.779 206.445 177.480 

Model Case-3 429.187 151.771 228.036 200.800 

Model Case-4 477.196 164.042 268.036 209.160 

Model Case-5 294.294 111.284 141.854 152.440 

Model Case-6 429.346 152.452 227.726 201.620 

  

3.2.1 Mesh Sensitivity Analysis Models 

Before starting the unsteady analyses cases, a mesh sensitivity analysis is required to 

be performed in order to achieve moderate mesh size which is very important for 

both saving the computing time and obtaining a relative accurate result. A good 

balance between the accuracy and the computing time of the analyses should be 

obtained by choosing the appropriate grid size. Four different mesh sizes are used for 

defining the suitable or acceptable grid size by considering the accuracy of result and 

computing time for the analyses. For mesh sensitivity analyses, 1/8 section of the 

selected PSD design alternative (Alternative-1) in the first section of the study is 

used. (See Figure 31) 

 

For the mesh sensitivity analyses, total mesh number of the models are reached with 

the proportional increase of the grid size. Grid size is mainly increased at the mid-

section of first pulse chamber. With the proportional increase of the grid sizes, the 

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

 
Very Fine 

Mesh 
Fine Mesh 

Medium 

Mesh 
Coarse Mesh 

Number of 

Elements 
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 model, the selected PSD design alternative in the first section of the 

present study is used. This generic model is selected and used for the comparison of 

the geometrical parameter effects on the flow behavior. In the first section of the 

study, 3-D full model was used during steady analyses; however in 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 in Figure 33. 

 

Figure 33 General Layout of Fluid CAD Model for Generic Model 

For the generation of input file for flow simulations, mesh model is constituted of 

fluid model with the same procedure of steady flow analyses. The general view and 

detailed view of mesh model are shown in Figure 34 and Figure 35. 
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Figure 34 General Mesh Layout for Generic Model 

 

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

Model 

 

3.2.3 No PSD Case Analysis Model 

For investigating the effect of PSD structure existence in the mid-section of a 

chamber, a model is created which does not have PSD structure. With this model it is 

aimed to observe the internal flow behavior. The dimensional values of model and 

data sampling points are shown in Figure 36. 

 

Figure 36 Dimensional Values and Data Sampling Points of No PSD Case (mm) 
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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 of first pulse chamber, two analyses 

models are formed and out coming results are compared with the generic model. The 

generic model has the L/D ratio of 3.33. For the first model case L/D ratio is reduced 

to 2.50, and it is increased to 4.20 for the second model case. The details of the 

analyses models are given in the following sections. 

 

3.2.4.1 Analysis Model Case-1: 

Model Case-1 is constituted by decreasing the chamber length of the first pulse 

chamber for 126 mm. The remaining geometrical dimensions are kept same with 

generic model. The dimensional values of model case-1 and data sampling points are 

given in Figure 38. 

 

Figure 38 Dimensional Values and Data Sampling Points of Model Case-1 (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-1 

 

3.2.4.2 Analysis Model Case-2: 

Model Case-2 is constituted by increasing the chamber length of the first pulse 

chamber for 146 mm. The remaining geometrical dimensions are kept same with 

generic model. The dimensional values of model case-2 and data sampling points are 

provided in Figure 40. 

 

Figure 40 Dimensional Values and Data Sampling Points of Model Case-2 (mm) 

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

axisymmetric fluid model.  

 

Figure 41 General Mesh Layout for Model Case-2 
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3.2.5 Investigation of APSD/Ath Ratio Effect on Flow Behavior 

In order to investigate the effect of APSD/Ath ratio on a DPRM concept, two analysis 

models are formed and out coming results are compared with the generic model 

specified in this study. The design of generic model has the APSD/Ath ratio value of 

2.70. For the design of model case-3, APSD/Ath ratio is increased to 3.38 and it is 

decreased to 2.25 for the model case-4 design. The details of the analyses models are 

explained in the following sections. 

 

3.2.5.1 Analysis Model Case-3: 

Model Case-3 is constituted by scaling up the PSD structure. With this modification 

outer diameter of the PSD geometry is increased to 150 mm meaning that APSD/Ath 

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 dimensional values of model case-3 and data sampling points are shown in 

Figure 42. 

 

Figure 42 Dimensional Values and Data Sampling Points of Model Case-3 (mm) 

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

axisymmetric fluid model.  

 

Figure 43 General Mesh Layout for Model Case-3 
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3.2.5.2 Analysis Model Case-4: 

Model Case-4 is constituted by scaling down the PSD structure. With this 

modification outer diameter of the PSD geometry is increased to 100 mm meaning 

that APSD/Ath ratio of 2.25. 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 dimensional values of model case-4 and data sampling points are 

presented in Figure 44. 

 

Figure 44 Dimensional Values and Data Sampling Points of Model Case-4 (mm) 

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

axisymmetric fluid model.  

 

Figure 45 General Mesh Layout for Model Case-4 

 

3.2.6 Investigation of Achamb /APSD Ratio Effect on Flow Behavior 

In order to investigate the effect of Achamb/APSD ratio of first pulse chamber, two 

analyses models are formed and out coming results are compared with the generic 

model as in the case of other geometrical parameters. The generic model design has 

the Achamb/APSD ratio of 3.79. For the first model case, Achamb/APSD ratio is reduced to 
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2.13 and it is increased to the value of 5.06 for the second model case. The details of 

the analyses models are given in the following sections. 

3.2.6.1 Analysis Model Case-5: 

Model Case-5 is constituted by decreasing the diameter value of the first pulse 

chamber. The remaining geometrical dimensions are kept same with generic model 

design. By decreasing the chamber diameter value from 160 mm to 120 mm, 

Achamb/APSD ratio of first pulse chamber is reduced to 2.13. The dimensional values of 

model case-5 and data sampling points are shown in Figure 46. 

 

Figure 46 Dimensional Values and Data Sampling Points of Model Case-5 (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-5 

 

3.2.6.2 Analysis Model Case-6: 

Model Case-6 is constituted by increasing 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 mm, Achamb/APSD ratio of 

first pulse chamber is increased to value of 5.06. The dimensional values of model 

case-6 and data sampling points are given in Figure 48. 
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Figure 48 Dimensional Values and Data Sampling Points of Model Case-6 (mm) 

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

axisymmetric fluid model.  

 

Figure 49 General Mesh Layout for Model Case-6 
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CHAPTER 4 

 

 

ANALYSES RESULTS 

 

 

 

4.1 PSD Geometry Selection Analyses Results 

4.1.1 Mesh Sensitivity Analyses Results of PSD Alternative-1 

In order to show the mesh sensitivity analyses results performed with PSD 

Alternative-1, defined lines, planes, and cross-sections below are derived and used 

from the 3-D fluid model: 

CS-1: Cross-section of full model at XY Plane 

CS-2: Cross-section of full model at 45Ü rotated XY Plane  

 

Figure 50 Cross Section Definitions on Fluid Model 

x=0.22 Plane: Plane formed by cross-section of full model at x=0.22 m  

x=0.35 Plane: Plane formed by cross-section of full model at x=0.35 m  

x=0.50 Plane: Plane formed by cross-section of full model at x=0.50 m  
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Figure 51 Plane Definitions on Fluid Model 

Velocity magnitude contours at CS-1, x=0.22, x=0.35 and x=0.50 planes for all mesh 

size cases are demonstrated in Figure 52 and Figure 53. 

 

CASE-1 

 

CASE-2 

 

CASE-3 

 

CASE-4 

 

 

Figure 52 Velocity Magnitude Distribution at CS-1 for Case 1-4 
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Figure 53 Velocity Magnitude Distribution at x=0.22, x=0.35, and x=0.50 Plane for 

Case 1-4 

From the velocity magnitude contours, it is seen that general flow behavior of flow 

solution is not affected too much for different mesh sizes. However, when the 

velocity contours are examined in detail, with the increasing mesh number flow 
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behavior becomes more systematic and regular. Especially, in velocity contours of 

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 maximum value of 

scaling chart in nozzle region. For investigating the flow behavior in PSD region 

especially, the scaling of the contour values is limited. Accordingly, the velocity 

magnitude value is not understandable at nozzle region.  Since the aim of this study 

is observing the flow pattern in first pulse chamber, the actual velocity magnitude 

comparison for nozzle sections will not be observed clearly in velocity magnitude 

contour figures. For an example case, detailed velocity magnitude contour at nozzle 

region is given in Figure 54  for case-2. The velocity magnitude contour is very 

similar for all the analyses cases investigated in this thesis work. 

 

 

 

Figure 54 Velocity Magnitude Distribution at Nozzle Region for Case-2 

Since enthalpy gives information about the kinematics of the flow, the variation of 

enthalpy value around PSD region is compared for the all mesh sizes. The enthalpy 

variation contours are given in the following figure. 
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Figure 55 Enthalpy Distribution at CS-1 for Case 1-4 

When the variation of enthalpy value is compared for all the mesh cases, a major 

difference in higher enthalpy values can be observed. Additionally, dark blue colored 

contours show that Case-1 and Case-2 has difference and well organized flow 

behavior compared to other cases.  

 

In addition to flow behavior observations at cross-sections, flow properties for all 

mesh cases are investigated at Line-1 and Nozzle Exit Line. With the specified lines, 
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it is aimed to observe the effect of mesh number on the flow pattern. The definition 

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

given below: 

Line 1: Line formed with the intersection of CS-1 and x=0.50 Planes. 

Nozzle Exit Line:  Line formed with the intersection of CS-1 and 1 mm before 

nozzle exit Plane. 

 

Velocity magnitude value comparison of mesh cases Line-1 is given in Figure 56. 

 

Figure 56 Velocity Magnitude Value Distribution Comparison @ Line 1 

From the velocity value comparison figures at different lines, it is seen that Case-1 

(Very Fine Mesh) and Case-2 (Fine Mesh) has close velocity variations.  

 

Velocity magnitude and pressure values are also investigated at the nozzle exit. For 

having suitable observation, Nozzle Exit Line is formed 1 mm before the nozzle exit 

plane to eliminate the effects of boundary conditions. The variation of velocity 

magnitude and pressure value at the nozzle exit line for all mesh sizes are given in 

Figure 57 and Figure 58. 
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Figure 57 Velocity Magnitude Value Distribution Comparison @ Nozzle Exit 

 

Figure 58 Pressure Value Distribution Comparison @ Nozzle Exit  

From the above figures, it can be clearly derived that, mesh size has a proportional 

effect on the values of velocity end pressure and Case-1 and Case-2 has very close 

behavior at nozzle exit. 
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To summarize the overall work, in order to find out the suitable mesh size and 

acceptable computation time, mesh sensitivity analyses are performed with four 

different mesh cases. Within this mesh sensitivity analysis, the following mesh sizes 

are studied: 

Table 8 Mesh Number and Computation Time Information for Mesh 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 the accuracy of the resultant solution and computation 

time for CFD analysis. 

 

The solution results are compared and evaluated in terms of flow behavior at 

different locations of flow solutions. The investigated flow properties show that 

Case-1 (finest mesh case) and Case-2 (Fine Mesh) gives similar and more accurate 

flow solutions than other cases. Thereby, in order to have reliable flow solutions and 

save computation time, Case-2 is chosen as the grid size for the remaining PSD 

geometry optimization analysis cases, meaning that total mesh number will be 

around 3.750.000. 

 

4.1.2 Analyses Results of PSD Alternative-2 

In order to show the results of analyses, defined lines, planes, and cross-sections 

below are derived and used from the 3-D full model of Alternative-2: 

 

CS-1: Cross-section of full model at XY Plane 

CS-2: Cross-section of full model at XZ Plane 



53 

 

 

Figure 59 Cross Section Definitions on Alternative-2 Analysis Model 

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

Alternative-1 analysis model. 

 

Velocity magnitude contours at CS-1, CS-2, x=0.22, x=0.35 and x=0.50 planes for 

Alternative-2 are given in Figure 60-Figure 62. 

 

Figure 60 Velocity Magnitude Distribution at CS-1 for Alternative-2 

 

Figure 61 Velocity Magnitude Distribution at CS-2 for Alternative-2 
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Figure 62 Velocity Magnitude Distribution at x=0.22 Plane, x=0.35 Plane and 

x=0.50 Plane for Alternative-2 

(For detailed velocity magnitude contour at nozzle region, see Figure 54) 

 

4.1.3 Analyses Results of PSD Alternative-3 

In order to show the analyses results, defined lines, planes, and cross-sections below 

are derived and used from the 3-D full model of Alternative-3: 

CS-1: Cross-section of full model at XY Plane 

CS-2: Cross-section 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-1 analysis model. 
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Velocity magnitude contours at CS-1, CS-2, x=0.22, x=0.35 and x=0.50 planes for 

Alternative-3 are given in Figure 64-Figure 66. 

 

Figure 64 Velocity Magnitude Distribution at CS-1 for Alternative-3 

 

Figure 65 Velocity Magnitude Distribution at CS-2 for Alternative-3 

   

 

Figure 66 Velocity Magnitude Distribution at x=0.22 Plane, x=0.35 Plane and 

x=0.50 Plane for Alternative-3 

(For detailed velocity magnitude contour at nozzle region, see Figure 54) 
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4.1.4 Analyses Results of PSD Alternative-4 

In order to show the results of analyses, defined lines, planes, and cross-sections 

below are used for Alt-4.  

 

CS-1: Cross-section of full model at XY Plane 

CS-2: Cross-section of 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-1 analysis model. 

 

Velocity magnitude contours at CS-1, CS-2, x=0.22, x=0.35 and x=0.50 planes for 

Alternative-4 are given in Figure 68-Figure 70. 

 

Figure 68 Velocity Magnitude Distribution at CS-1 for Alternative-4 
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Figure 69 Velocity Magnitude Distribution at CS-2 for Alternative-4 

   

 

Figure 70 Velocity Magnitude Distribution at x=0.22 Plane, x=0.35 Plane and 

x=0.50 Plane for Alternative-4 

(For detailed velocity magnitude contour at nozzle region, see Figure 54) 

 

4.1.5 PSD Geometry Alternatives Steady Analyses Result Comparisons 

For the PSD geometry selection, the flow behavior should be investigated for each 

alternative. 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 characteristics, because they are the 

family of curvatures that are tangent to the velocity vector of a fluid element. 

Streamlines show the summary of the complex dynamics of the flow behavior in a 

fluid. Accordingly, streamline characteristics over velocity magnitude contours of the 

flow solutions around PSD region are investigated. Figure 71 shows the streamline 

behavior of PSD geometry alternatives at CS-1 and CS-2.  



58 

 

CS-1 for Alternative-1 CS-2 for Alternative-1 

  
CS-1 for Alternative-2 CS-2 for Alternative-2 

  
CS-1 for Alternative-3 CS-2 for Alternative-3 

  
CS-1 for Alternative-4 CS-2 for Alternative-4 

  

 

Figure 71 Streamline Visualizations around PSD Geometry for all PSD Design 

Alternatives @ CS-1 and CS-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 core [36]. In the figure above, vortex structures can be 

observed clearly. Alternative-1 and Alternative-2 has nearly no vortex structures at 

the specified cross sections. Accordingly, it can be derived that PSD Alternative-1 

and PSD Alternative-3 has less disturbing behavior on secondary flow 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 alternatives at CS-1 and CS-2 are given in Figure 72 and 

Figure 73. 
 

Alternative-1 

 
Alternative-2 

 
Alternative-3 

 
Alternative-4 

 

 

Figure 72 Turbulent Kinetic Energy Contours at CS-1 for PSD Alternatives 
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For CS-1, it is seen that Alternative-1 and Alternative-3 has lower values of turbulent 

kinetic energy. In other words, flow is less disturbed in Alternative-1 and 

Alternative-3 due to PSD geometry application at these alternatives.  

 

Alternative-1 

 
Alternative-2 

 
Alternative-3 

 
Alternative-4 

 

 

Figure 73 Turbulent Kinetic Energy Contours at CS-1 for PSD Alternatives 

The pressure oscillations in a rocket 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 aerodynamic design, since we desire fewer 

disturbances on the flow behavior. And it is known that low values of turbulent 

kinetic energy represent better aerodynamic properties and less disturbed flow 
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pattern. From Figure 73, it is seen that Alternative-1 and Alternative-3 has better 

aerodynamic properties among all PSD alternatives due to their turbulent kinetic 

energy contours at CS-2.  

 

Furthermore, velocity magnitude at the central line is worth to be investigated for 

comparison of PSD design alternatives. The definition of central line is shown in 

Figure 74. And, the velocity magnitude variations of four alternatives around PSD 

are given in Figure 75. 

 

Figure 74 Central Line Definition (Isometric view) 

 

Figure 75 Velocity Magnitude Comparison at the Central Line (Around PSD) 
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The velocity magnitudes of Alternative-2 and Alternative-4 show that there exist 

perturbations and reverse flow after PSD geometry. This flow pattern is not observed 

at Alternative-1 and Alternative-3.  

 

With the performed flow visualizations, the resultant decision of PSD geometry 

alternative should not be done strictly. Even though PSD Alternative-1 seems to have 

better aerodynamic characteristics, it is decided to observe the flow pattern for 

Alternative-1 and Alternative-3 with unsteady flow simulations.  

 

4.1.6 PSD Alternative-1 and PSD Alternative-3 Unsteady Analyses Results 

Comparison 

After performing mesh sensitivity analysis that is given in part 4.2.1, the grid size for 

unsteady simulations is chosen. With the selected grid size, the analysis models are 

generated for PSD Alternative-1 and PSD Alternative-3. The vorticity magnitude 

contours are compared at time instants 1 msec and 10 msec, and shown in Figure 76. 

 

Time 
(msec) 

Analysis 

Model 
Vorticity Magnitude  Contours 

 

1 

PSD 

Alternative-1 

 

PSD 

Alternative-3 

 
 

10 

PSD 

Alternative-1 

 

PSD 

Alternative-3 

 

 

Figure 76 Vorticity Magnitude Contour Comparison of PSD Alternatives 1and 3 at CS-1 
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The velocity magnitude contours of PSD alternative-1 and PSD alternative-3 are 

compared at time instants 5 msec and 10 msec, and shown in Figure 77. (For detailed 

velocity magnitude contour at nozzle region, see Figure 54) 

 

Time 
(msec) 

Analysis 

Model 
Velocity Magnitude Contours 

 

5 

PSD 

Alternative-1 

 

PSD 

Alternative-3 

 
 

10 

PSD 

Alternative-1 

 

PSD 

Alternative-3 

 

 

Figure 77 Velocity Magnitude Contour Comparison of PSD Alternatives 1and 3 at 

CS-1 

From the vorticity magnitude contour distributions, the rectifier effect of the inlet 

geometry is clearly observed. For PSD alternative-3 geometry, 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 exists due to inlet geometry 

difference. Inlet geometry works as a flow organizer when the second pulse is 

activated.  Pretty similar flow approach is observed at Figure 77. Velocity magnitude 

contours for PSD alternative-3 show that velocity magnitude reduces at the inlet 

section of PSD structure. Accordingly, flow is disturbed before getting into the 

empty first pulse chamber. Also, mass flow rate variations with time confirm this 
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behavior as seen in Figure 78. Even though both PSD alternatives have the same 

opening area, mass flow rate is higher in PSD Alternative-1. 

 

Figure 78 Mass Flow Rate Comparison of PSD Alternative 1 and 3 @ Nozzle Exit 

From the performed steady and unsteady analyses, it is proven that PSD alternative-1 

is the most suitable alternative among four specified geometry alternatives. Because 

of this, the remaining unsteady simulations to analyze the effects of geometrical 

parameters will be performed with PSD alternative-1 geometry. 
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4.2 Effects of Geometrical Parameters on Secondary Firing Flow 

Analysis Results 

4.2.1 Mesh Sensitivity Analyses Results for Unsteady Simulations 

With the performed analyses in the first section of the study, a generic PSD design 

alternative is selected. With the use of this selected PSD geometry the generic 

geometrical parameter effects will be investigated by unsteady simulations. To 

perform these unsteady simulations, a moderate mesh size is tried to be achieved by 

mesh sensitivity analyses. A moderate grid size is needed to be achieved both having 

accurate flow solution and having reasonable computation time concerns. For all 

unsteady simulations, axisymmetric fluid model (1/8 section) is used in order to save 

computation time.  

 

The vorticity magnitude contour comparison for different mesh sizes at CS-1 is done 

to observe the grid size effect. Vorticity magnitude contours are compared for t=2, 5, 

10 msec instants and given at Figure 79. 

Time 
(msec) 

Mesh Size Vorticity Magnitude  

2 

Very-Fine 

Mesh 

 

Fine Mesh 

 

Medium 

Mesh 

 

Coarse 

Mesh 

 

 

Figure 79 Vorticity Magnitude Contour Comparison of Mesh Cases at CS-1 
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5 

Very-Fine 

Mesh 

 

Fine Mesh 

 

Medium 

Mesh 

 

Coarse 

Mesh 

 
 

10 

Very-Fine 

Mesh 

 

Fine Mesh 

 

Medium 

Mesh 

 

Coarse 

Mesh 

 

 

Figure 79 Vorticity Magnitude Contour Comparison of Mesh Cases at CS-1 (contôd) 

From the contours given in figure above, the effect of grid size can be clearly 

observed. Even though the general behavior of the flow seems to be the same, the 

variations are becoming more regular and detailed as the grid size is reduced with 

detailed observation. 
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In addition to vorticity magnitude, velocity magnitude contours are compared for 

different instants at the same cross section. The snapshots of velocity magnitude 

contours at t=1 and t=5 msec are given in Figure 80. 

 

Time 
(msec) 

Mesh Size Velocity Magnitude 

1 

Very-Fine 

Mesh 

 

Fine Mesh 

 

Medium 

Mesh 

 

Coarse 

Mesh 

 
 

5 

Very-Fine 

Mesh 

 

Fine Mesh 

 

Medium 
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Coarse 

Mesh 

 

 

Figure 80 Velocity Magnitude Contour Comparison of Different Mesh Cases at CS-1 
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With the velocity magnitude contours, the same behavior with vorticity magnitude is 

observed, meaning that as the grid size is reduced; velocity magnitude contours are 

becoming more accurate. However, was a result of detailed inspection, it is seen that 

there isnôt too much difference between fine mesh and very fine mesh. Flow 

behavior seems to be very much similar. (For detailed velocity magnitude contour at 

nozzle region, see Figure 54) 

 

Besides the investigation of flow contours at CS-1, some numerical investigations 

are performed for observing the flow properties for different grid sizes. The locations 

of data sampling points are shown in Figure 81. 

 

Figure 81 Data Sampling Point Locations at CS-1 

Head-end 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 and center velocity magnitude are given in the 

following figures. 
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Figure 82 Mass Flow Rate Comparison @ Nozzle Exit (t=0 - t=0.01 sec) 

 

Figure 83 Mass Flow Rate Comparison @ Nozzle Exit (t=0.002 - t=0.01 sec) 
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Figure 84 Velocity Magnitude Value Variation Comparison @ Center Point (t=0 - 

t=0.01 sec) 

 

Figure 85 Velocity Magnitude Value Variation Comparison @ Center Point (t=0.002 

- t=0.01 sec) 
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The numerical investigations performed during mesh sensitivity analyses are 

presented in the figures above. By the out coming variations of pressure, velocity and 

mass flow rate values at data monitoring locations; it is seen that a proportional 

variation exists with the grid size. However, flow has very similar behavior for very 

fine and fine mesh cases as in the case of contours investigated at CS-1. 

  

Another important criterion of selecting a mesh size is computation time with the 

available computation capacity (Quad-core i7 processor, 12 GB RAM). Computation 

time spent during mesh sensitivity analyses cases are given in Table 9. 

Table 9 Mesh Number and Computation Time Information for Mesh Cases 

Mesh Case Number of Elements Computation Time 

Very Fine Mesh 480.080 å 6.3 days 

Fine Mesh 397.137 å 5.1 days 

Medium Mesh 278.770 å 4.0 days 

Coarse Mesh 172.679 å 3.1 days 

 

With the overall evaluation of mesh sensitivity analyses, fine mesh case seems to be 

reasonable selection both for flow solutions and computation process. Accordingly, 

grid size model of fine mesh case is used in remaining unsteady analyses cases. 

 

4.2.2 Analyses Results of No PSD Case and Generic Model 

The analysis results of no PSD case and generic model are given together in order to 

observe the influence of PSD structure on flow behavior. The velocity magnitude 

contours of two analyses cases are given in Figure 86 for different time instants. 
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Time 
(msec) 

Analysis 

Model 
Velocity Magnitude Contours 

1 

Generic 

Model 

 

No PSD 

Case 

 
 

5 
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Model 

 

No PSD 
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10 

Generic 

Model 

 

No PSD 
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Figure 86 Velocity Magnitude Contour Comparison of No PSD Case & Generic 

Model 

From the velocity magnitude contours, a major difference is observed due to PSD 

structure existence at the mid-section 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 sense. (For detailed velocity magnitude contour at nozzle 

region, see Figure 54) 
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Z Vorticity value is another variable that is observed to investigate the flow pattern 

for analysis results of no PSD case and generic model. Z vorticity contours are given 

in Figure 87. 

Time 

(msec) 

Analysis 

Model 
Z Vorticity Contours 
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10 
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No PSD 
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Figure 87 Z Vorticity Contour Comparison of No PSD Case & Generic Model 

Z vorticity contours are plotted with respect to Z axis which is normal to CS-1. Since 

the red colored contours show positive values and blue colored contours show the 

negative values for Z vorticity, the contours show the rotational behavior of the 

internal flow especially in generic model analysis case. 

 




































































