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ABSTRACT 

 

EXPERIMENTAL STUDY OF SOLID PROPELLANT 

COMBUSTION INSTABILITY 

ÇEKİÇ, Ayça 

M.S., Department of Mechanical Engineering 

Supervisor: Asst. Prof. Dr. Abdullah ULAŞ 

December 2005, 129 pages 

 

In this study, experimental investigation of solid propellant combustion 

instability using an end burning T-Burner setup is performed. For this purpose, a T-

Burner setup is designed, analyzed, constructed and tested with all its sub 

components. T-Burner setup constructed is mainly composed of a base part, a 

control panel and the T-Burner itself. Combustion chamber, pressure stabilization 

mechanism, pressurization system, measurement instruments and data acquisition 

systems form the T-Burner. 

Pressure stabilization mechanism is utilized in two different alternatives, 

first of which is by the use of nitrogen gas and a small surge tank with a cavitating 

venturi. This is a brand new approach for this kind of system. The second 

alternative is the use of a choked nozzle for pressure stabilization. 

Resonance frequencies of the system with the two different pressure 

stabilization mechanisms are experimentally evaluated. Helmholtz frequency of the 
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T-burner constructed is calculated and no Helmholtz instability is observed in the 

system. 

Constructed T-Burner setup is operated for a specific solid propellant. 

System worked successfully and pressure data are obtained. Pressure data revealed 

oscillatory behaviour. Decay and growth rates of pressure oscillations are used for 

the calculation of pressure response of the propellant tested. 

By the use of this T-Burner comparison of the behavior of different 

propellants can be performed. It can be used as a test device for measuring 

quantitatively the response of a burning propellant to unsteady motions. 

 

Keywords: T-Burner, Combustion Instability, Experimental, Solid Propellant 
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ÖZ 

 

KATI YAKITLARDAKİ YANMA KARARSIZLIKLARININ 

DENEYSEL İNCELENMESİ 

 

ÇEKİÇ, Ayça 

Yüksek Lisans, Makina Mühendisliği Bölümü 

Tez Yöneticisi: Y. Doç. Dr. Abdullah ULAŞ 

Aralık 2005, 129 sayfa 

 

Bu çalışmada, katı yakıt yanma kararsızlığı uçtan yanmalı T-Yakıcı deney 

düzeneği kullanılarak deneysel olarak incelenmiştir. Bu amaçla, bir T-Yakıcı deney 

düzeneği bütün alt sistemleri ile birlikte tasarlanmış, analizleri yapılmış, üretilmiş 

ve test edilmiştir. Üretilen T-Yakıcı deney düzeneği temel olarak bir kaideden, bir 

kontrol panelinden ve T-Yakıcı’nın kendisinden oluşmaktadır. T-Yakıcı ise yanma 

odasından, basınç sabitleme düzeneğinden, basınçlandırma sisteminden, ölçüm 

cihazlarından ve veri toplama sisteminden oluşmaktadır. 

Sistemin basınç sabitleme mekanizması için iki alternatif kullanılmıştır. İlk 

alternatif, nitrojen gazı, küçük bir tank ve ona bağlı kavitasyonlu ventüriden 

oluşmaktadır. Bu yaklaşım T-Yakıcı sistemlerinde ilk defa denenmektedir. İkinci 

alternatifte ise basınç sabitlemek için lüle kullanılmaktadır. 
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Sistemin rezonans frekansları her iki basınç sabitleme mekanizması için de 

deneysel olarak elde edilmiştir. T-Yakıcı sisteminin Helmholtz frekansı 

hesaplanmış ve sistemde herhangi bir Helmholtz kararsızlığı gözlenmemiştir.  

Üretilen T-Yakıcı deney düzeneği tanımlı bir katı yakıt için denenmiştir. 

Sistem başarı ile çalışmış, basınç verisi elde edilmiştir. Alınan basınç verisi 

salınımlı karakter göstermiştir. Basınç salınımlarının azalma ve artma oranları, 

denenen yakıtın basınç tepkisini hesaplamakta kullanılmıştır. 

Bu T-Yakıcı deney düzeneği kullanılarak değişik yakıtların davranışları 

niceliksel olarak karşılaştırılabilir. Ayrıca bu düzenek yanan bir yakıtın zamandan 

bağımsız hareketlere karşı niteliksel tepkisini ölçmekte de kullanılabilir. 

 

Anahtar Kelimeler: T-Yakıcı, Yanma Kararsızlığı, Deneysel, Katı Yakıt 
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CHAPTER 1 

INTRODUCTION 

1.1. Solid Propellant Rocket Motors 

A solid propellant rocket motor is a relatively simple device. It consists of a 

cylindrical case with propellant bonded to its inner surface, a hollow combustion 

chamber and a nozzle to direct the flow of gases out of the chamber. Figure 1 shows 

a schematic of a typical rocket motor. The propellant surface, after reaching its melt 

temperature forms a liquid layer called the foam layer which contains a mass of 

bubbling gaseous products and molten propellant. Final combustion gas and metal 

fuel products are detected in the gas-phase flame region. These products are 

convected towards the nozzle. 

The thrust of the rocket motor can be defined by Equation (1.1) [1] 

thrust pF m c=  (1.1) 

( )ex amb ex
ex

p

P P Ac u
m

−
= +  (1.2) 

where c is the equivalent velocity out of the exit nozzle, Aex is the nozzle exit area, 

Pex is the nozzle exit pressure and Pamb is the ambient pressure. 
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Figure 1. A typical solid rocket motor [1] 

1.2. The Unsteady Operational Regimes of Solid Rocket Motors 

The designer of a solid rocket motor normally has a design goal stated in 

terms of thrust level and duration of thrust. The choices of propellant, charge 

geometry and nozzle throat area are tailored to meet that objective with an 

acceptable pressure in the motor. To make these choices, the designer uses internal 

ballistic equations based on the assumption of steady state combustion and flow in 

the motor. 

Nature is no respecter of classical approximations such as the steady state 

assumption, and the designer is often confronted by nonsteady behavior in the 

motor. The ignition transient and tail-off transient are the examples of nonsteady 

behaviors that the designer accepts as obvious design problems. The ignition 

transition phase is required to join the initial unfired state and the operational state 
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basic to the usefulness of the motor; and tail-off transition phase is required to join 

the operational state and the final extinguished state. These three regimes are shown 

in Figure 2. 

 

Figure 2. Typical pressure-time curve of a solid rocket motor [2] 

Another unexpected problem is an oscillatory mode of operation, in which 

the pressure oscillates about a time-averaged mean pressure that may, or may not, 

correspond to the expected mean value. This behavior is illustrated schematically in 

Figure 3.  
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Figure 3. Oscillatory chamber pressure measured during a rocket motor testing [2] 

In this illustration, operation starts as expected and, at some time oscillations 

develop spontaneously and grow to large amplitude. In the example, the mean 

pressure is seen to rise and remain high until the oscillations decrease. The high 

mean pressure corresponds to an enhanced mean burning rate and is accompanied 

by increased thrust, reduced burning time, enhanced heat transfer, and other adverse 

effects associated with vibrations. The consequences may range from explosion of 

the motor, or other modes of outright mission failure, to reduced reliability or 

restriction of service limits. Whenever possible, the motor developer seeks to 

eliminate oscillatory behavior before a motor goes into service. When oscillatory 

behavior occurs, it is usually referred to as “combustion instability,” although the 

oscillations would be more correctly attributed to instability of the entire combustor 

[2]. 
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1.3. Unsteady Combustion in Rocket Motors 

1.3.1. Acoustic Instability 

The rocket chamber typically has acoustic waves inside that propagate at 

resonant frequencies. Frequencies associated with the acoustic waves vary from a 

few Hertz to several thousand Hertz. Figure 4, Figure 5 and Figure 6 show the 

acoustic modes for a typical rocket motor [1, 3]. 

 

Figure 4. Longitudinal acoustic mode for a typical rocket motor [3] 

 

Figure 5. Tangential acoustic mode for a typical rocket motor [3] 
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Figure 6. Radial acoustic mode for a typical rocket motor [3] 

The lines within the chamber depict pressure waves. Most waves tend to 

dampen and die out, but if the resonant frequency of the rocket chamber coincides 

with the resonant frequencies of the propellant, the waves may amplify and acoustic 

instability may result. 

Instability results in large chamber pressure oscillations at the resonant 

frequencies. Instability can also result in a change in the mean pressure which is 

extremely undesired in rocket motors. Acoustic waves are driven when fluctuations 

in acoustic velocity are amplified at an appropriate phase relative to the acoustic 

pressure. Acoustic velocity changes occur due to either mass or heat addition. 

Acoustic driving through heat/pressure interactions are described by the Rayleigh 

criterion. Rayleigh criterion is the cyclic integral of the pressure and heat 

fluctuations and is expressed by Equation (1.3). A positive value in this equation 

indicates acoustic driving. Since combustion heat release is often pressure 

dependent and normally occurs at a higher rate with an increase in pressure, 

acoustic driving by combustion is a strong possibility. 

0Q P dt′ ′ >∫  (1.3) 
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Both means of acoustic driving may be present in a solid rocket motor. The 

burning rate may vary over the burn period. There is also tremendous heat release 

during combustion, and if a small amount of this heat varies in-phase with the 

pressure, acoustic driving may occur by means of the Rayleigh criterion. 

The admittance function, Ab, describes the propellant burning surface and its 

interaction with acoustic waves [4, 5]. The admittance given by Equation (1.4) is a 

complex number relating the fluctuations in velocity and pressure. 

( )
b

u
aA

P
Pγ

′
=

 ′ ⋅ 

 (1.4) 

where u′ is the fluctuation in burned gas velocity, a is the speed of sound, γ is the 

ratio of specific heats. A positive Re(Ab) suggests that the acoustic waves will be 

amplified. 

1.3.1.1. Acoustic Damping 

Due to viscous damping, two-phase flow effects, and flow turning in the 

rocket motor, acoustic damping occurs and tends to dampen the unstable effects. 

Stability in rocket motors is divided into two domains: 

a) Linearly stable motors 

b) Linearly unstable motors 

Small perturbations will decay and eventually damp out in linearly stable 

motors, while they will grow in linearly unstable motors. However, a large 

oscillation can occur in a linearly stable motor if the initial amplitude is large 
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enough (greater than a threshold limit). The oscillations can grow to a limit cycle 

that is determined by non-linear effects. 

1.3.2. Non Acoustic (L*) Instability 

Bulk mode instability [6] occurs at conditions where the combustion chamber 

volume to nozzle throat area ratio (a characteristic length, known as L*) is small. 

The rocket chamber acts as a Helmholtz resonator and the pressure of the entire 

chamber rises and falls uniformly. Bulk mode instability is observed mainly during 

the early stages of burning and is observed only for a narrow band of frequencies. It 

is believed that bulk mode instability occurs when the burn rate leads the pressure in 

phase [3]. This is because the chamber acts like a one-way Helmholtz resonator 

since the throat is choked and does not allow pressure fluctuations to propagate 

upstream. Therefore, the pressure rise can only be accomplished by increases in 

mass flow. Hence, the bulk mode instability requires the burn rate fluctuations to 

lead the pressure fluctuations. 

1.4. Response Functions 

The rocket designer is well aware that the burning rate of the propellant 

depends on the pressure and the state of the flow near the burning surface. The 

“burning rate law”, which is described by Equation (1.5), shows the dependence of 

the rate on pressure (P) and velocity (u) in combustor flow. 

1n
b

ur CP k
a

 = + 
 

 (1.5) 

The response functions help isolating the coupling between the various 

ambient conditions (pressure, velocity) and the combustion characteristics (burning 

rate) described in previous sections. The use of such sub-models helps isolating the 

interactions between a given variable and the propellant burning rate. The 
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propellant response functions listed below describe the effects of pressure, velocity 

and heat flux on the burning rate. This interaction of propellant combustion with the 

ambient can be quantified in terms of these response functions, which allow 

comparisons of different propellants. 

1.4.1. Pressure-Coupled Response 

Acoustic and non-acoustic oscillatory combustion are thoroughly tied to the 

dynamic burn rate of the propellant. Propellant burning rate determines the rate of 

mass injection into the rocket chamber and hence directly affects the mean and 

fluctuating chamber pressures. The chamber pressure also has a strong effect on the 

burning rate. This influence of pressure on the burning rate is not instantaneous. 

This is due to thermal inertia. This dynamic influence of pressure on the burning 

rate is mathematically expressed as the pressure-coupled response, Rp, and is 

described by Equation (1.6). The pressure-coupled response is a complex function 

with an amplitude and phase component and is frequency dependent. 

( )
b

b

PC

r
r

R
P

P

 ′
  
 =

′
 (1.6) 

where br ′  is the fluctuation in the burn rate, br  is the mean burn rate. P′  is the 

fluctuation in pressure, and P  is the mean pressure. 

The admittance can also be considered as a response function and is related 

to the pressure-coupled response function through Equation (1.6) [4, 5] 

( )
( )

( )
( )

( )
( )b PC

m
mA M R M

P P P
P P P

ρ ρ
ρ ργ γ

′ ′   ′
   

= ⋅ − = ⋅ −   ′ ′ ′   
   

 (1.7) 
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If the pressure waves are assumed to be isentropic, then P can be taken to be 

equal to ργ and Equation (1.7) can be expressed as given in Equation (1.8) [4]. 

( )1b PCA M Rγ= −  (1.8) 

The ideal gas law can be used to express admittance in terms of fluctuations 

in pressure, temperature, and molecular weight fluctuations, as given in Equation 

(1.9). 

( )
( )

( )
( )

1b PC

WT
WTA M R

P P
P P

γ
 ′′
 = − + − ′ ′ 
 

 (1.9) 

1.4.2. Velocity-Coupled Response 

The velocity-coupled response compares the oscillation in burning rate to 

the crossflow velocity and its definition is given by Equation (1.10). 

( )
( )
( )

b

b

VC

r
mr mR

u u
u u

 ′
  ′ 
 = =

′ ′
 (1.10) 

where u′  is the fluctuating velocity component and u  is the mean velocity. 

The hot gases that flow along the surface of a propellant in a rocket chamber 

accelerate towards the nozzle. This flow affects the boundary layer and enhances 

heat transfer from the gas phase to the propellant surface and hence increases the 

burn rate. This phenomenon is called erosive burning. There is also a fluctuating 

velocity component that occurs due to the longitudinal or tangential acoustic modes. 

These fluctuations may also lead to enhanced burning rates. The erosive burning 
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can link itself to the acoustics in the chamber and result in acoustic growth. This is 

known as velocity coupling [7]. 

1.4.3. Heat Flux Coupled Response 

The pressure-coupled response is an important parameter in the analysis of 

combustion instability, but due to limitations and uncertainties in the measurements, 

heat flux coupled response measurements have become common in recent work. 

The heat feedback from the oscillating pressure during the pressure-coupled 

measurements is simulated through an oscillating external heat flux in the heat flux 

coupled response measurements. The heat flux coupled response is mathematically 

expressed by Equation (1.11). The response has an amplitude and phase. It is 

frequency, mean heat flux and pressure dependent. 

b

b

QC

rad

rad

r
r

R
q

q

 ′
  
 =

 ′
  
 

 (1.11) 

1.5. Test Methods for Combustion Stability Properties of Solid Propellant 

In the development of any solid-propellant rocket motor, the dynamic 

combustion stability of the motor design has to be determined. If the motor is stable, 

any random pressure perturbations that occur will dampen out. On the other hand, if 

the motor is dynamically unstable, pressure perturbations can grow in amplitude, 

with potentially disastrous consequences, so that they may exceed the guidance and 

control limits of the vehicle and may result in the destruction of the rocket motor. 

A small pressure disturbance varying sinusoidally in time inside a rocket 

chamber can be described as the real part of; 
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ˆ iwt tP Pe eα=  (1.12) 

If α > 0, the amplitude of the oscillations increases with time and is therefore 

unstable. If α < 0, the amplitude decreases with time, and the oscillations are stable. 

The exponential coefficient has been shown to have the general form 

( ) ( ) ( )r i r
PC PC VC VC FT PD N N STR I R I R Iα α α α= + + + + +  (1.13) 

where, by definition, the response functions relate fluctuations in the linear mass 

flux rate at the propellant burning surface to fluctuations in pressure (pressure 

coupling), Equation (1.14) and velocity (velocity coupling),Equation (1.15). 

b b
PC

m mR
P P
′

=
′

 (1.14) 

b

b
VC

m
mR u
a

′

= ′  (1.15) 

The acoustic velocity is 900 out of phase with pressure, and so, for velocity 

coupling, it is the imaginary part of the response function that couples the flow of 

energy from combustion processes to the acoustic field. 

Evaluation of the integrals in the stability prediction requires the distribution 

of the acoustic pressure and the velocities over the propellant burning surface and 

throughout the motor chamber. This prediction also requires acoustic frequency, 

steady-state velocity distribution in the chamber, response functions for the 

combustion and nozzle, and particle size distribution of condensed phase 

combustion products. Analytical methods have been developed for estimating the 

mean flow and acoustic behavior in the rocket chamber, but satisfactory methods 
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have not yet been developed for predicting either the response of the propellant 

combustion to pressure and velocity oscillations or particle size distributions. 

Hence, a series of laboratory test methods have been explored for obtaining the 

necessary data. 

Most of the dynamic response test devices that have been developed are 

used to determine the acoustic admittance of the propellant burning surface. It is 

defined as the proportionality relationship between the velocity of the gases leaving 

the propellant combustion zone and fluctuations in pressure, Equation (1.4) and 

velocity, Equation (1.16). 

VC
aA u
a

ν ′
= ′  (1.16) 

The response function and acoustic admittance are related by a mass balance 

at the propellant burning surface, 

b b b bA M M Rγ+ =  (1.17) 

where bM  is the mean Mach number of the gases leaving the burning surface. 

Experimental methods for measuring the combustion stability properties of 

solid propellants (i.e., the propellant acoustic admittance or response function) are 

categorized by the nature of the exciting disturbance, acoustic velocity oscillations 

or acoustic pressure oscillations. 

1.5.1. Pressure-Coupled Response Measurements 

Pressure-coupled admittance measurements are made by using the T-Burner, 

rotating valve, impedance tube, microwave burner, and magnetic flowmeter. At 
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higher frequencies (above 3-5 kHz), the slot-vent T-Burner, which is an alternative 

design for the T-Burner, the magnetic flowmeter, and a modulated throat-acoustic 

damping burner are used. The following sections present an overview of these 

methods and their current state of development. 

1.5.1.1. T-Burner 

The T-Burner was the first of these methods to be evaluated. The very first 

version of a T-Burner was built 40 years ago, [8]. From that time on, T-Burner has 

been the most widely used test method. Its simplest form is shown in Figure 7. 

Propellant disks are mounted at each end of the metal tube, which is typically 

between 1/3 m to several meters in length and 3 to several centimeters in diameter. 

The propellant combustion products exhaust through a vent, the leg of the “T”. In 

this configuration which is selected to maximize excitation of the fundamental 

longitudinal mode, the maximum acoustic pressure is located at the propellant 

surface. 

 

Figure 7. Basic T-Burner [8] 

The T-Burner method is the one of the most extensively used method to 

perform pressure-coupled admittance measurements. It requires relatively simple 

auxiliary instrumentation for conventional use. Determining the combustion 
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admittance involves a stability calculation for the burner. The T-Burner is often 

used in studies of determining the effect of systematic changes in propellant 

formulation [9, 10, 11]. In such studies, the sources of uncertainty in measured 

response are often unaffected by the propellant variables, so that comparative 

results are much more significant than absolute results. The tests can be a good 

basis for ranking stability of propellants. 

1.5.1.2. Rotating Valve 

The rotating valve is an alternative laboratory method for measuring the 

pressure coupled admittance [12, 13]. A schematic drawing of a rotating valve is 

given in Figure 8. In this method, pressure oscillations are generated by adding a 

small oscillating component to the nozzle area in a small laboratory motor. The 

modulations are generated in the low frequency bulk mode, which is much less than 

the lowest acoustic mode of the burner, so that spatial variations of the acoustic 

pressure are negligible. The amplitude and phase angle of the pressure oscillations 

relative to the area oscillations are measured, and the response function is then 

derived using these parameters in a transient ballistics analysis of the motor. 

 

Figure 8. Rotating valve apparatus [13] 
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1.5.1.3. Impedance Tube 

Another approach that has been explored to measure the pressure coupled 

admittance is the impedance tube (Figure 9). In this method, propellant is placed at 

one end of a tube, and pressure oscillations are generated by an acoustic driver well 

downstream of the burning propellant. The amplitude and phase distributions of the 

acoustic mode are measured using acoustic pressure transducers along the length of 

the tube. These distributions are then used to determine the propellant admittance, 

with the aid of a sophisticated computer program specifically developed for this 

purpose [14, 15]. 

1.5.1.4. Microwave Burner 

Previously described techniques require an analysis of the unsteady gas 

dynamics during combustion in order to relate the propellant response function to 

the measured pressure. Consequently, the deduced propellant response is only as 

accurate as the assumed model of the physical processes occurring within the 

combustion chamber. 

In the microwave burner (Figure 10), a microwave signal propagates 

through a propellant strand bonded in a circular tube and is reflected from the 

propellant burning surface (Figure 11). The Doppler phase shift of the reflected 

signal is continuously measured and, the transient regression rate of the burning 

propellant surface is obtained from this shift. The propellant filled waveguide is 

connected to a small burner chamber that is pressurized in an oscillatory manner 

with nitrogen via a rotary valve. The measured mean and oscillatory components of 

the propellant regression rate and chamber pressure and the phase relationship 

between the two oscillatory components yield the real and imaginary components of 

the pressure coupled response function. 
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Figure 9. Pressurized impedance tube facility [16] 
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Figure 10. Microwave burner [17] 

 

Figure 11. Microwave regression rate measurement technique [17] 

1.5.1.5. Magnetic Flowmeter 

A second developmental technique for directly measuring the propellant 

admittance function uses a magnetic flowmeter (Figure 12) to measure the 

oscillatory velocity of the gases emanating from a burning propellant surface 

contained within an externally excited combustion chamber. This method is 
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theoretically capable of having measurements within a high frequency range which 

is observed in tangential mode motor instability. 

 

Figure 12. Magnetic flowmeter burner [18] 

The magnetic flowmeter utilizes Faraday’s law to generate an electrical 

potential proportional to the flow velocity by moving a conductor relative to a 

magnetic field. A highly ionized flow can allow magnetohydrodynamic forces to 

distort the velocity profile. 

The combustion chamber is located within the field of a large permanent 

magnet. Two electrodes within the burner detect the electrical potential produced as 

the propellant burns between the two probes. The pressure within the burner is 

modulated by the sonic exhaust through the nozzle with a wheel driven by a 
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variable-speed motor. The signals from the flowmeter electrodes and pressure 

transducer are analyzed by a vector voltmeter lock-in amplifier referenced to the 

pressure signal. The magnitudes of the velocity oscillations in and out of phase with 

the pressure oscillation yield the real and imaginary parts of the propellant 

admittance function as a function of height above the propellant surface.  

1.5.2. Velocity-Coupled Response Measurements 

Dynamic combustion studies have shown that velocity oscillations parallel 

to the burning surface can also couple with the burning propellant to produce 

significant acoustic energy gains or losses. Early studies suggested that the acoustic 

velocity might couple with combustion but did not quantitatively define the 

processes involved [19]. Velocity-coupled admittance measurements have been 

attempted using a T-Burner, a dual rotating valve, a velocity-coupled impedance 

tube, and a magnetic flowmeter. The following sections present an overview of 

these methods and their current state of development. 

1.5.2.1. T-Burner 

Several investigations [20, 21, 22] have considered methods for adapting the 

T-Burner for velocity-coupling measurements (Figure 13). Acoustic analyses 

suggested that the maximum velocity coupling in T-Burner occurs along L/4th and 

3L/4th of the length of the burner tubes. Thus, positioning propellant samples at 

these locations should produce the maximum velocity-coupled responses. The 

lengths of the propellant samples at the L/4 and 3L/4 positions are varied, and the 

effect of the propellant surface on the exponential growth or decay rate of 

oscillations is observed. 
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Beckstead and Butcher [21] and Micheli [22] have proposed methods of 

deriving velocity-coupled response functions from test data. These methods are 

more complicated than the pressure-coupled case because the test samples respond 

to both pressure and velocity oscillations. Analyses show that these pressure-

coupled effects, and possibly other contributions, are significant and must be 

considered in the data interpretations. Furthermore, additional experimental 

difficulties were found that are not faced in the pressure-coupled T-Burner. These 

difficulties result from the generation of harmonic frequencies during the tests. 

1.5.2.2. Dual Rotating Valve Apparatus 

Consideration has been given to adapt the driver burner approach to measure 

velocity-coupled response functions [23, 24]. The basic approach (Figure 14) is to 

attach two valves or drivers to the combustion chamber, one at each end. By 

operating these two valves 180 deg out of phase, velocity oscillations of controlled 

amplitude and frequency can be generated. 

 

Figure 14. Dual rotating valve apparatus [24] 
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Early experiments by Eisel and Dehority [25] demonstrated the basic 

concepts. Radiation measurements were made to explore the qualitative 

characteristics of the velocity response. More recently, an attempt was made to 

quantitatively measure the velocity response function [23, 24]. Although some 

progress was made, further studies are needed to improve the reproducibility of the 

data. Furthermore, this method, like T-Burner, is an indirect approach and requires a 

dynamic ballistics model to interpret the data. In view of the large uncertainty in the 

basic modeling of the velocity-coupling process, further development of this test 

method must await a better understanding of the basic velocity-coupling 

mechanisms. 

1.5.2.3. Impedance Tube 

More recently, the impedance tube has also been modified to determine the 

velocity-coupled response functions of solid propellants [26, 27]. One propellant 

sample is placed at one end of the tube, and additional propellant samples are 

placed along the sidewalls of the tube at some distance downstream of the end 

sample (Figure 15). A stepper motor advances these latter samples so that they 

remain flush with the tube walls during the test. As in the pressure-coupled 

experiment, an acoustic driver is used to excite a standing acoustic oscillation in the 

tube. The data reduction procedure is based on the assumption that the end 

propellant sample responds only to pressure oscillations, whereas the sidewall 

propellant samples respond to both pressure and velocity oscillations. The standing 

wave phase angles, measured at several axial locations along the length of the tube, 

are used to determine the velocity-coupled response function of the sidewall 

samples using a developed data reduction computer program [26,27]. 
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Figure 15. Velocity-coupled impedance tube [26] 

Whereas the test results indicated that the propellant burn rate did respond to 

velocity oscillations parallel to the propellant surface and the data clearly showed 

that the same propellant samples possess different velocity-coupled response 

functions when positioned at different locations along a standing acoustic wave. 

Consequently, it was concluded that the velocity-coupled response function cannot 

in general, be regarded as a propellant property and, again, the nature of this 

response is currently not understood. 

1.5.2.4. Magnetic Flowmeter 

An attempt is being made to measure velocity-coupled response directly by 

the magnetic flowmeter technique [28, 29], using the experimental apparatus shown 

schematically in Figure 16, where A is a combustion chamber; B is a permanent 

magnet; C is an enlarged view of propellant slab orientation and placement of two 

pairs of velocity measuring electrodes; and D is a nozzle modulation gear. The 
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combustion chamber (A) is designed to measure simultaneously and directly the 

cross flow oscillatory velocity and the mass flow oscillatory velocity  of the solid 

propellant combustion at the center of the chamber, the location of the acoustic 

antinode, where the maximum acoustic velocity and minimum acoustic pressure 

oscillations are generated by the nozzle modulation gear (D). 

 

Figure 16. Velocity-coupled magnetic flowmeter [28] 

1.5.3. Comparison of the Pressure-Coupled Response Measurement 

Methods 

In this study main motivation is focused on prediction of the combustion 

instability in solid rocket motors using a pressure-coupled response measurement 

technique. The measurement of the pressure-coupled response has been attempted 
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by a variety of methods summarized in Section 1.4.1. A comparison of all these 

methods is shown in Table 1.  

Among these methods, T-Burner system seems advantageous when 

frequency range, maximum pressure and current technology level are taken into 

account. As seen in this table, cost per data point for a T-Burner system is stated to 

be more expensive when compared to other systems. But use of relatively cheaper 

sub-systems can lower the initial and operational cost of the system which is an aim 

of this study. 

Table 1. Pressure-coupled response measurement [30] 

Method 
 T-Burner Rotating 

Valve 
Impedance 

Tube 
Microwave 

Burner 

Magnetic 
Flowmeter 

Burner 

Frequency 
Range 

200 Hz – 
10 kHz 0 - 800 Hz 0 - 2400 Hz 0 - 1 Hz 0 - 20 kHz 

Current 
Maximum 
Pressure 

2000 Psi     
14 Mpa 

1500 Psi     
10.5 Mpa 

500 Psi      
3.5 Mpa 

1000 Psi     
7 Mpa 

2000 Psi     
14 Mpa 

Quantity 
Measured 

Real [Rp] Real [Rp] 
Real & 

Imaginary 
[Ab] 

Real & 
Imaginary 

[Rpc] 

Real & 
Imaginary 

[Ab] 

Measurement Indirect Indirect Indirect Direct Direct 

Cost Per Data 
Point $450 $325 - $200 - 
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1.5.4. Scope of the Study 

As for sure, solid propellant rocket motors are generally used for military 

purposes. So compositions of the solid propellants have a top level secrecy which is 

procted by international laws (Military Technical Control Regime-MTCR). Also 

developers of the solid propellant never want to share the information with others. 

Therefore, in order to develop an original solid propellant, basic specifications of 

the propellant have to be determined. Actually, determination of the ballistic 

characteristics of a new developed propellant experimentally is a standart 

procedure. A full scale rocket motor test can be performed for the evaluation of 

solid propellant characteristics but it is not appropriate when economical issues are 

taken into account. 

For the analysis of the stability characteristics of a solid-propellant rocket 

motor, the response functions must be known. With the current limited 

understanding and knowledge on the extremely complicated subject of combustion 

instability and limited capabilities, it is not possible to compute these quantities; 

they have to be evaluated experimentally. For this purpose, an overview of the test 

methods for combustion-stability properties of solid propellants and comparison of 

these methods are given in previous sections. 

The chamber pressure can be modulated at a determined frequency using a 

suitable burner. The most extensively used method is a center vented unstable 

burner, commonly referred as the T-Burner. Not only because of its extensive use, 

but also its advantages in understanding unstable rocket motors, T-Burner method is 

selected. The design of a T-Burner is well suited for inducing pressure-coupled 

combustion response, and design modifications are possible to produce velocity-

coupled response. 
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In this study, it is proposed to construct a T-Burner setup for the quantitative 

measurements of the response of a burning propellant to unsteady motions. Detailed 

information about the design, construction and operation are given in the following 

chapters. Also, the data reduction process for obtaining pressure-coupled response 

function will be presented. 
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CHAPTER 2 

EXPERIMENTAL SETUP DESIGN AND CONSTRUCTION 

In this thesis, a T-Burner with center-vented and end-burning or cylinder 

propellant charge is designed and constructed. The T-Burner remains as the only 

test device to yield data for the unsteady burning of solid propellants over abroad 

ranges of frequency and pressure. Broadly, there are two main uses of the T-Burner; 

as means of comparing qualitatively the behavior of different propellants, and as a 

test device for measuring quantitatively the response of a burning propellant to 

unsteady motions. 

The T-Burner, designed by Price et al. [8, 31, 32, 33, 34], is diagrammed in 

Figure 17. It consists of a cylinder whose length can be changed from test to test, 

with the propellant at both ends, burning in a cigarette fashion. The nozzle is at the 

center of the cylinder, and the flow is directed out of the cylinder perpendicular to 

its axis, into a large reservoir. The heat added by combustion at the bases of the 

cylindrical combustor cavity is in phase with the pressure fluctuations, in 

conformity with the Rayleigh’s criterion, and can sustain the combustion 

instabilities in the longitudinal acoustic mode. The frequency is determined by the 

length of the combustor conduit occupied by the burned gases. A pressure 

transducer senses the pressure fluctuations. 
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Figure 17. T-configuration rocket motor with center-vented and end-burning 

propellant charge 

The T-Burner is just a special kind of a rocket motor. Thus, the same 

analyses are applicable to both T-Burner and full-scale motors. Because tests in T-

Burner are relatively inexpensive, and data under widely varying conditions are 

quite easily obtained, the device affords a very convenient means for checking 

certain features of analytical results. 

T-Burner tests can be employed to determine the dependence of propellant 

response on frequency and pressure. More specifically, the pressure and frequency 

where the response is maximum can be determined. Based on the data, changes can 

be made to an unstable motor to minimize the risk of instability. 

In Figure 18, the product tree of the T-Burner setup that is designed and 

constructed in the scope of this study is presented. As seen in Figure 18, T-Burner 

setup is mainly composed of the base part, the panel and the T-Burner itself. 

Combustion chamber, pressure stabilization mechanism, pressurization system, 

measurement instruments and data acquisition systems form the T-Burner.  
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Figure 18. T-Burner setup product tree 

In the following sections design considerations, performed analyses and tests 

and production information about almost every sub system of two of the T-Burner 

setups that have been built in the scope of this study, are explained in detail. 

Information about the base part and the control panel assembly are also stated 

below. 

2.1. Combustion Chamber 

In Figure 19 detailed product tree of the combustion chamber is presented. 

Figure 20 shows the solid model of the combustion chamber. In this section, each 

part of the product tree is investigated separately. 



 32

 

Figure 19. T-Burner combustion chamber product tree 

 

Figure 20. Combustion chamber solid model 
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2.1.1. T-Burner Tube 

The most important element of the combustion chamber is the tube in which 

combustion occurs. There exist three important criteria that affect the design of the 

tube. First, the tube is exposed to high pressure and high temperature combustion 

gases which have corrosive effect. Therefore, structural strength of the tube and its 

material selection become important design factors. Secondly, mechanical 

integration of the tube with the adapter parts and the vent exit pipe has an 

importance, again because of the high loading inside the tube due to high pressure. 

As a third criterion, which is specific for T-burner setup with surge tank and 

cavitating venturi, a vent hole has to be designed such that no chocking is allowed 

as the combustion gases pass through it to the tank. 

“Stainless Steel AISI-316L” is selected as the material of the tube. 

Combustion gases include hydrochloric acid, which has a corrosive effect. This 

material is known to have a corrosive resistance. [35]  

The test frequency for a T-Burner having end discs is determined by the 

length of the T-Burner, L, and the speed of the sound of the gas particle mixture in 

the T-Burner, a ; 

2
af
L

=  (2.1) 

where the length of the the burner is taken 1 meter for system conformation tests. 

T-Burner setup that is constructed in this study will be specificaly used for a 

confidental propellant. This situation fixed the inside diameter of the tube to be 63 

mm. 
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For the structural strength analysis, T-Burner tube is taken as a simple 

pressurized vessel. Working pressure of the tube is determined by taking the steady-

state operation regime pressure. This value is different for different propellants. A 

safety factor of 2 is taken and the well known stress determination formulas for a 

thin vessel, given in Equations (2.2, 2.3, 2.4) [36] are used. 

1
Pr
t

σ =  (2.2) 

2
Pr
2t

σ =  (2.3) 

max
Pr
4t

τ =  (2.4) 

where, 1σ  is the hoop stress, 2σ  is the longitudinal stress and maxτ  is the maximum 

shearing stress. 

Threads at the both ends of the tube are selected using the formula given in 

Equation 2.5. 

F
A

σ =  (2.5) 

Validation of the tube dimensions, the connection threads and O-rings that 

are used for preventing the leakage is done by a hydrostatic test, which is performed 

at 150 bars for 10 secs. There occured no failure of the tube and no leakage is 

observed. 

Simple gas dynamics analysis is performed for the design of the vent hole. A 

control volume, as shown in Figure 21, is taken and mass is conserved inside the 

control volume. Working pressure of the vessel is taken to be 70 bars. Adiabatic 
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flame temperature for the specified propellant gas is obtained from internal 

ballistics simulations as approximately 3000 K. Related Equations (2.6, 2.7, 2.8, 

and 2.9) are given below. These calculations also determine the diameter of the vent 

exit pipe. Technical drawing of the vent exit pipe is given in APPENDIX A. 

    

Figure 21. Sketch for T-Burner Tube 

0Dm
dt

=  (2.6) 

PV nRT=  (2.7) 

a RTγ=  (2.8) 

vM
a

=  (2.9) 

In Figure 22 the solid model of the tube is presented where the picture of the 

constructed tube is presented in Figure 23. Technical drawing of the tube is given in 

APPENDIX A. Detailed dimensions of the tube are presented in the technical 

drawing. Specifications of the T-Burner tube are summarized in Table 2. 

CV 

2m

3m

1m  

Propellant Propellant 
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Figure 22. T-Burner tube solid model 

 

Figure 23. T-Burner tube picture 

Table 2. Specifications of the T-Burner tube 

Length of the T-Burner Tube 860 mm 

Inner Diameter of the T-Burner Tube 63 mm 

Thickness of the T-Burner Tube 10.5 mm 

Vent Exit Hole Diameter 35 mm 
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2.1.2. Adapter 

The adapter part is also an important element of the combustion chamber. It 

is mounted to the both ends of the T-Burner tube. There are two ports on the 

adapter, one of them is used for ignition of the propellant and the other one is used 

for taking dynamic pressure data. Using an adapter part makes the production of the 

T-Burner tube easy. Because, unless adapter parts are used, for each test at different 

frequencies, T-Burner tubes at different lengths have to be drilled for ignition and 

measurement purpose. Mountable adapter also provides short times between two 

successive tests, therefore multiple test runs are possible. 

The adapter is connected to T-Burner tube and end cap with threads and O-

rings are used on both connections for preventing leakage. 

In Figure 24, the solid model of the adapter is presented where the picture of 

the constructed adapter is presented in Figure 25. Technical drawing of the adapter 

is given in APPENDIX A. Detailed dimensions of the adapter are presented in the 

technical drawing. 

 

Figure 24. Solid model of the adapter 
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Figure 25. Adapter Picture 

2.1.3. Propellant Assembly 

The propellant  assembly, which is shown in the product tree, Figure 19, 

consists of solid propellant and its holder. Propellant assemblies are placed into the 

adapters and end caps are connected to the adapter by thread connection. 

Duration of the test is related to the propellant thickness, which is affected 

by the propellant burn rate. Two different propellant holders are constructed. The 

first one permits 1 second test period where the other one permits 1.5 seconds. 

In Figure 26 the solid model of the propellant assembly is presented where 

the picture of the propellant holder is presented in Figure 27. Technical drawing of 

the propellant holder is given in APPENDIX A. Detailed dimensions of the holder 

are presented in the technical drawing. 
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Figure 26. Solid model of the propellant assembly 

 

Figure 27. Propellant holder picture 

 

Propellant Holder 

Propellant 
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2.1.4. Igniter 

The igniter involves the igniter body, the electric squib, MTV (Magnesium 

Teflon Viton) and the Feed-through. One igniter is placed at each end of the T-

Burner which provides rapid and uniform ignition of propellants. The pyrotechnic 

igniter includes easily ignitable high-energy charge in the shape of pellets. The 

electric squib is used as the initiator for the ignition of the pellets. The products of a 

burning igniter are hot gases and particles which ignite the propellant by 

conductive, convective, and radiative heat transfer. 

In order to have a synchronized ignition in the test setup, ignition cables are 

connected in parallel. For the sake of security, the control of the igniters is 

performed by the use of a control panel which is located outside the test room. 

Ignition cables, come from control panel, are connected to the electric squib that is 

placed into the igniter body. Feed-through that connects ignition cables is used for 

preventing the leakage. 

“Stainless Steel AISI-316L” is selected as the material of the igniter body 

for multi purpose usage. This material is known to have a corrosive resistance. 

In Figure 28, the solid model of the igniter body is presented where the 

picture of the igniter body with Feed-through is presented in Figure 29. Technical 

drawing of the igniter body is given in APPENDIX A. Detailed dimensions of the 

igniter body are presented in the technical drawing. 
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Figure 28. Solid model of the igniter body 

 

Figure 29. Picture of the igniter body with the Feed-through 

 

Pressure Transducer 

End Cap T-Burner Tube 
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2.2. Pressure Stabilization Setup 

In literature [37], the pressure in the T-Burner setup can be stabilized using 

two different methods. First, a sonic orifice can be installed at vent hole of the T-

Burner tube. The orifice is designed for a choked flow that results in the desired test 

pressure. A second approach is to couple the T-Burner vent hole to a large volume 

surge tank that is pressurized to the desired test pressure. In this mode of operation, 

the exhaust flow is not choked. 

The advantages of the choked nozzle approach are its simplicity in 

construction and economical feasibility. Since, the additional tankage and plumbing 

necessary for a surge tank system are not required. However, there are several 

disadvantages of the choked nozzle that offset these attractions. Firstly, the design 

of the choked nozzle to provide a desired pressure has the usual complications of a 

nozzle design. Secondly, the choked nozzle must be fabricated from a material that 

can withstand corrosive environment. 

The advantage of the surge tank approach is that pressure in the T-Burner 

can be controlled accurately. However, this requires large interior volume of the 

surge tanks. The manufacturing of high-pressure, large tanks and the plumbing can 

be very expensive. 

In this thesis, a combination of these two approaches is introduced as a first 

alternative. Pressure stabilization mechanism constructed in this alternative, is 

composed of a relatively small tank, a discharge pipe, a cavitating venturi and a 

rupture disc. For economical purposes a small surge tank full of water is used. 

Instead of a choked nozzle which will directly exhaust the combustion gases to the 

test room, a cavitating venturi is designed and placed at the exit of the surge tank. 

Main disadvantage of the choked nozzle, which is its exposure to the corrosive 

effects, is overcomed by this way. Hot combustion gases are first faced with water 
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inside the surge tank and then exhausted by use of the venturi which also provides a 

constant mass flow rate.  

In order to see the effect of pressure stabilization system explained above on 

the overall performance of the T-Burner setup, a second alternative setup is also 

constructed using a choked nozzle instead of using a surge tank with cavitating 

venturi. By this way comparison of both systems is performed.  

In Figure 30 detailed product tree of the pressure stabilization setups is 

presented. Each part of the product tree is investigated separately below. 

 

Figure 30. T-Burner pressure stabilization setup product tree 
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2.2.1. Surge Tank with Cavitating Venturi System (1st Alternative) 

2.2.1.1. Tank 

Tank is composed of entrance fitting, top plate, tank body, bottom plate, exit 

fitting, bolts and O-rings. The components of the tank body are exposed to high 

pressure and high temperature combustion gases which have corrosive effect. 

Therefore, structural strength of the tank and its material selection become 

important design factors. 

The tank body assembly with plates and bolts are exposed to finite element 

stress analysis before they are manufactured. The commercially available ANSYS 

Finite Element software was used for this analysis. 

“Stainless Steel AISI-304” is selected as the material of the tank body and 

plates. This material is known to have a corrosive resistance. [35]  

Validation of the tank dimensions, the fasteners and O-rings that are used for 

preventing the leakage is done by a hydrostatic test which is performed at 150 bars 

for 10 secs. There occured no failure of the tank and no leakage is observed. 

The picture of the constructed tank is presented in Figure 23. Technical 

drawing of the tank body, top plate and bottom plate are given in APPENDIX A. 

Detailed dimensions of the components of the tank are presented in the technical 

drawing. 
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Figure 31. Picture of the tank 

2.2.1.2. Cavitating Venturi 

Flow rate of a liquid is mostly controlled by an active flow control system. 

These systems include a solenoid valve, flow meter, and a control unit. Flow is 

measured at a high frequency and brought to the desired value playing with the 

angle of the valve. These systems are expensive and have a slow response time. [38] 
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In this alternative setup, a cavitating venturi is used as a passive flow control 

system. The venturi is placed at the exit of the surge tank and it provides constant 

rate flow which is not affected from the effects of the possible pressure waves 

inside the tank. 

Flow domain can be modeled as a steady one dimensional flow and one can 

easily derive the basic equations of the flow with some assumptions, [39]. A 

schematic illustration of cavitating venturi is shown in Figure 32. As a first 

assumption cavitation region is treated as a fixed, slip boundary which occupies a 

fixed fraction of the nozzle cross sectional area. The liquid passes through the 

remaining fraction of the nozzle area “Ac”. Ac = Ath Cc. This fraction “Cc” is a 

function of geometry. Also, constant density of the liquid phase and negligible mass 

transfer at that interphase can be assumed. Thus the mass flow through the nozzle 

can be expressed as: 

c th cm C A Vρ=  (2.10) 

 

Figure 32. A simplified view of cavitating venture [39] 

Another assumption can be made such that there exists no loss in the flow 

through point 1 to point c. Furthermore, due to the first assumption we can say that 

the pressure at point c is equal to the vapor pressure. With these assumptions and 

neglecting the dynamic pressure at inlet, we can write the momentum balance from 

point 1 to point c using Bernoulli’s equation: 
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1
1
2v cP P Vρ= +  (2.11) 

where P1 is inlet pressure, Vc is average velocity at point c, Pv is the vapor pressure. 

Combining the Equation (2.10) and Equation (2.11) one can easily calculate the 

mass flow rate: 

12 ( )th c vm A C P Pρ= −  (2.12) 

To design cavitating venturi for a specified mass flow rate one can take the 

area “Ath” from Equation (2.12) and calculate the necessary diameter of the throat 

for a specified inlet pressure. 

For the stabilization of the pressure of the T-Burner setup, the cavitating 

venturi has to be designed for water. Inlet and throat diameters and converging-

diverging angles are the parameters of the design. The inlet diameter is equal to the 

inside diameter of the discharge pipe 22.4 mm. The inlet pressure is taken as 70 

bars which is the test pressure of the system. Converging and diverging angles can 

be found from the literature as 15° and 8° respectively in order to minimize the 

losses [40]. After substituting the necessary values into Equation (2.12), area “Ath” 

and throat diameter “Dth“ can be found easily for Cc=1. 

To validate the flow rates of the produced cavitating venturi at constant inlet 

pressure a test setup is used which is available at TÜBİTAK-SAGE. The flow 

diagram of the experimental setup is given in Figure 33.  
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Figure 33. Flow diagram of the experimental setup [38] 

In Figure 34 the solid model of the venturi is presented. Technical drawing 

of the venture is given in APPENDIX A. Detailed dimensions of the venturi are 

presented in the technical drawing. 

 

Figure 34. Solid model of the venturi 
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2.2.1.3. Rupture Disc 

The rupture disc is used for pre-presurizing the system and it is mounted at 

the exit of the venturi by the help of the holder and the lip. The holder and the lip 

are exposed to high pressure and high temperature combustion gases which have 

corrosive effect. Therefore, the material selection becomes important design factor. 

“Stainless Steel AISI-316L” is selected. [35]  

Repeatability and precision are two important criteria that affect the design 

of the rupture disc. For obtaining the required burst pressure, the thickness of the 

rupture disc is determined using simple mechanical design approaches and analyzed 

by commercial structural analysis software ANSYS for the validation.  

The rapid protyping machine at BİLTİR-METU is used for manufacturing 

the discs. To validate the burst pressure of the rupture disc a test setup is also 

designed. The notch thickness was fixed but the thickness of the rupture disc was 

changed during the tests. For 3 mm, 4 mm and 5 mm thickness values, which are 

obtained from structural analysis, burst tests are performed. A linear dependence of 

the burst pressure to the thickness of the rupture disc is obtained from these tests. 

Using this variation of burst pressure with rupture disc thickness, required thickness 

for the defined operating pressure is obtained as approximately 3.47 mm. For the 

validation of this result two sets of extra tests are performed with rupture discs with 

3.4 mm and 3.5 mm thicknesses. At the end of these test series sufficient geometric 

parameters for required burst pressure are reached. The results of the tests are given 

in APPENDIX C. 

The solid model of the constructed rupture disc is presented in Figure 35. 

Specifications of the material properties of the rupture disc are given in APPENDIX 

B. 
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Figure 35. Solid model of the rupture disc 

2.2.2. Choked Nozzle (2nd Alternative) 

As it is stated in Section 2.2, another way to stabilize the pressure inside the 

combustion chamber is the use of a choked nozzle instead of a surge tank and 

cavitating venturi. 

Geometric limitations of the T-Burner tube restricted the inlet diameter of 

the nozzle that will be used. The exit diameter of the nozzle is evaluated easily from 

internal ballistics analysis if some necessary assumptions are made. The major 

assumptions taken are listed below. 

• The product gas is assumed to be constant property, homogenous ideal gas. 

(P=ρRT, Cp=[γ/(γ-1)R]) 

• The length to diameter ratio ia less than 10 so the pressure and burning rate is 

assumed to be constant everywhere at a given time. 

• Steady state burning is assumed. For each burn step, the given thickness of 

propellant burns, then the whole chamber pressure stabilizes. The next burn step 

starts from the stabilized state. 
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• No frictional or heat transfer losses are assumed along the chamber and the 

nozzle contour. 

• The volume increase inside the motor case due to solid propellant surface 

regression is neglected. 

With the help of these assumptions, simplified zero dimensional internal 

flow is solved. 

The T-Buner is a closed chamber with one opening, the nozzle throat, to the 

surrounding environment. Therefore the mass balance inside the motor case is given 

by, 

0motor
generated in out generated in out

dmm m m m m m
dt

+ − = ≅ ⇒ + =  (2.13) 

The net change inside the motor case is zero. And since the motor case has 

no opening for the inlet, the equation further simplifies to, 

outgenerated mm =  (2.14) 

The generated mass is the product gas of the burning solid propellant. The 

generation rate is simply the net burning area times the burning rate times the 

density of the propellant, 

bpbgenerated Arm ρ=  (2.15) 

On the other side, the mass discharged to environment from the nozzle 

throat is the mass out, 

dthcout CAPm =  (2.16) 
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If we put these terms into the mass balance, 

dthcbpb CAPAr =ρ  (2.17) 

The burning rate of the propellant can be shown as, 

n
cb aPr =  (2.18) 

The above equation is a semi-empirical equation, where the “a” and “n” are 

obtained from experiments. The “a” and “n” values for the propellant used for this 

study are given for the pressure unit of bar. But the rest of the equations are all use 

pressure unit of Pascal. So the burning rate is modified for Pascal unit of pressure. 

( )n
cb Par 510/=  (2.19) 

Introducing the burning rate into the mass balance equation, the below 

formula for the chamber pressure at a given burning area, propellant properties and 

nozzle parameters can be achieved. 
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ρ

 (2.20) 

The dC  is replaced by 1/c* for harmony with the literature. 

The use of a converging nozzle without the diverging part will be sufficent 

to stabilize the chamber pressure. So a simple converging nozzle geometry is 

selected. 

Computational fluid dynamics analysis is performed in TÜBİTAK-SAGE 

for the selected nozzle geometry in order to see whether there exists any shock 



 53

especially at the entrance of the nozzle. A commercial software, FLUENT is used 

for this purpose. Axisymmetric computational domain used for CFD analysis is 

shown in Figure 36. Figure 37 shows the Mach number contours after 0.5 sec. As it 

can be seen combustion gases fills the chamber and there occurred no shocks inside 

the nozzle and the flow is choked. 

This CFD analysis is only performed to see that the choked nozzle is shock-

free. As it will be stated in Section 4, some problems occur especially about the 

amount of combustion gases mass flow rate. Axisymmteric geometry assumption in 

this CFD study resulted in higher burn area as for sure. 

 

Figure 36. Choked nozzle CFD computational domain. 
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Figure 37. Choked nozzle Mach number contours. 

“Stainless Steel AISI-316L” is selected as the material of the choked nozzle 

body for multi purpose usage. This material is known to have a corrosive resistance. 

2.3. Pressurization System 

Pressurization system is used for pre-pressurizing the system to the desired 

pressure with nitrogen gas. The nitrogen gas is supplied from the nitrogen tubes 

containing 230 bars pressure inside. The ball and needle valves are used to control 

the pressure of the T-Burner. They are mounted on the control panel. 

Pressurization system is not used with the choked nozzle pressure 

stabilization system. 
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2.4. Measurement Instruments 

The most important considerations in designing and operating 

instrumentation are to ensure durability, to obtain adequate frequency response 

capability, to have resolution to reduce intrinsic noise to very low levels and to 

generate both immediate and permanent records. 

High frequency “KISTLER” transducers are mounted on the adapters, 

behind both of the propellant assemblies. One of them provides redundancy of the 

data. The high temperature gases do not affect the flush mounted “KISTLER” unit 

for durations of several seconds, with the use of only a thin film of silicone grease 

as protection. The coating of grease also protects the transducer from chemical 

attack by the corrosive products of combustion. 

“GEM” pressure transducer and indicator is used to measure the static 

pressure of the system. The indicator is mounted on the control panel. 

Specifications of the measurement instruments are given in APPENDIX B. 

2.5. Data Acquisition System 

The data acquisition system used during the tests is a DaqBook 2000E data 

acquisition system integrated to a personal computer. The DBK-01 16 channel BNC 

input module and DBK-30A power management modules are also used during the 

tests. The system is capable of acquiring data at 200 kHz maximum. The whole data 

acquisition system is shown in Figure 38. The software used with the data 

acquisition system is “DaqView”. Both the system and the software are products of 

IOtech Incorporation, USA. 
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Figure 38. Data acquisition system 

2.6. Base Part and Control Panel Assembly 

The base part is used to fix the T-Burner. The base is manufactured from 

4mm and 6mm square profiles and beds. Technical drawing of the base is given in 

APPENDIX A. Detailed dimensions of the base part are presented in the technical 

drawing. 

Another part of the T-Burner setup is a control panel assembly. For the sake 

of security, the pressurization of the T-Burner and the control of the igniters are 

performed by the use of a control panel which is located outside the test room. In 

Figure 39 the picture of the control panel is presented. 
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Figure 39. The control panel 

Tests with the T-Burner setup that uses choked nozzle as a pressure 

stabilization system is performed at the test bench facility of TÜBİTAK-SAGE for 

the sake of safety. Therefore the base part and control assembly of the original 

system are not used for these tests.  
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CHAPTER 3 

OPERATIONAL SEQUENCES OF T-BURNER TESTS  

In this chapter, operational sequences that are followed during T-Burner 

tests are explained in detail. Two setups which use different pressure stabilization 

systems that are surge tank with cavitating venturi and choked nozzle are handled 

separately. 

 

3.1. Operational Sequences of T-Burner with Surge Tank and Cavitating 

Venturi 

The picture of the T-Burner setup that uses a surge tank and a cavitating 

venturi as pressure stabilization system is given in Figure 40 excluding the control 

panel which was shown in Figure 39. 

In this section detailed explanation about the T-Burner test setup is given. In 

Figure 41 and Figure 42 the schematic representation of T-Burner and flow diagram 

of the experimental setup that uses a surge tank and a cavitating venturi as pressure 

stabilization system are given. 
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Figure 40. Picture of the T-Burner with surge tank and cavitating venturi 

 

Figure 41. The schematic representation of T-Burner Setup with surge tank and 

cavitating venturi 
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Figure 42. The flow diagram of the T-Burner setup with surge tank and cavitating 

venturi 

Following jobs have to be performed in sequence for a successful T-Burner 

test: 

1. Pressure transducers are attached to necessary locations. One is positioned to the 

middle of the T-Burner tube to see the system pressure. The second one is 

positioned to the left side adapter and third one is positioned to the right side 

adapter. 

2. Thermocouple is placed at the middle of the T-Burner tube to see the system 

temperature. 

3. KISTLER pressure transducers which are placed on the adapters are connected 

to the charge amplifiers. 

4. The thermocouple and the charge amplifiers are connected to the data 

acquisition system. The right side pressure transducer is connected to the 1st 

channel, the left side transducer is connected to the 2nd channel and the 
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thermocouple is connected to the 3rd channel of the system. Then the system is 

integrated to a personal computer. 

5. The readings of the amplifiers and the reading of the pressure indicator which is 

mounted on the control panel are compared with each other. 

6. The rupture disc is put between the holder and lip. 

7. Water valve located between the water tank and surge tank is opened. The tank 

is filled with water. 

8. Casted and cured solid propellants are put into the left and right side adapters. 

The O-rings between the adapter and end caps are placed and then the end caps 

are assembled. 

9. Igniters are located into their places and the ignition cables comes from control 

panel are connected to the cables of electric squibs. 

10. Test room is emptied for safety requirements. 

11. The system is pressurized with the Nitrogen gas to the desired value. The valve 

of 230 bar N2 tank is opened. The system is pressurized with the Nitrogen to the 

desired value by the help of ball valve and needle valve which are mounted on 

the control panel. 

12. The firing signal is given to the igniters, while acquiring the pressure and 

temperature data. 

13. The data is processed. 
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3.2. Operational Sequences of T-Burner with Choked Nozzle 

The picture of the T-Burner setup that uses a choked nozzle is given in 

Figure 43. 

 

Figure 43. Picture of the T-Burner with choked nozzle 

 
In this section detailed explanation about the T-Burner test setup that uses 

choked nozzle is given. In Figure 44 and Figure 45 the schematic representation of 

T-Burner and flow diagram of the experimental setup that uses a choked nozzle as 

pressure stabilization system are given. 
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Figure 44. The schematic representation of T-Burner setup with choked nozzle 

 

 

Figure 45. The flow diagram of the T-Burner setup with choked nozzle 
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Following jobs have to be performed in sequence for a successful T-Burner 

test with choked nozzle: 

1. The T-Burner tube with adapters and choked nozzle is attached to the test 

bench. 

2. Pressure transducers are attached to necessary locations. One is positioned to the 

left side adapter and the second one is positioned to the right side adapter. 

3. KISTLER pressure transducers which are placed on the adapters are connected 

to the charge amplifiers. 

4. The thermocouple and the charge amplifiers are connected to the data 

acquisition system. The right side pressure transducer is connected to the 1st 

channel and the left side transducer is connected to the 2nd channel. Then the 

system is integrated to a personal computer. 

5. Casted and cured solid propellants are put into the left and right side adapters. 

The O-rings between the adapter and end caps are placed and then the end caps 

are assembled. 

6. Igniters are located into their places and they are wired to the firing line.  

7. The firing signal is given to the igniters, while acquiring the pressure data. 

8. The data is processed. 

3.3. Data Processing 

When the propellant discs are ignited, the combustion occurs and 

oscillations develop and grow with exponentially increasing amplitude (Figure 46) 
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until nonlinear effects limit the amplitude. In Figure 46, upper trades results from 

filtering out DC component and amplifying pressure signal. 

 

Figure 46. Pressure-time history for a center vented burner test [3] 

When the propellant burns out, oscillations decay in a roughly exponential 

manner. It is assumed that the damping is the same during the period of growing 

oscillations as the period of decaying oscillations, given by the observed decay rate 

of oscillations. Then the initial growth rate of oscillations is the sum of a 

combustion contribution and the measured damping contribution [3]. Hence 

combustion contribution to oscillations can be stated as: 

c g dα α α= +  (3.1) 

where gα  and dα  are measured growth rate of oscillations during combusiton and 

decay rate of oscillations after combustion respectively that are obtained from the 

test records (Figure 46). Note that dα  has to have a negative value.  
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 The rate of growth or decay of a solid rocket system is expressed in terms of 

the α in the Equation (3.2) [42]. 

ˆ tP Peα=  (3.2) 

ln ˆ c
P t
P

α  = ⋅ 
 

 (3.3) 

 Approximate evaluation of the growth rate of oscillations and decay rate of 

oscillations seperately can be performed by taking the ratio of ln ˆ
P
P

 
 
 

 with elapsed 

time in the meausured data. 

The quantity cα  reflects the combustion contribution to oscillations and can 

be determined over a range of frequencies by testing in different length burners. If 

one is interested in comparing propellants, a direct comparison of cα  vs frequency 

is often instructive. If one wants the results in motor stability analyses, the 

equivalent pressure-coupled response functions must be determined. This amounts 

to construction of a stability analysis of the T-Burner and solving for PR  in terms of 

the measured quantities of gα  and dα . An approximate analysis results in the 

relation, [41]: 

( )4
c m

P
p b b c

P aR
fa r S S a

α
ρ

 =   
 (3.4) 

where 

PR  = magnitude of the in-phase component of the oscillatory response of burning 

rate to pressure oscillation about the mean values 
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cα  = combustion alpha 

P  = mean pressure 

ma  = measured speed of sound ( 2ma fL= , L = burner length) 

a  = theoretical speed of sound of the gases (at the adiabatic flame temperature) 

cS  = cross-sectional area of burner 

bS  = burning area of propellant 

f  = frequency of oscillations 

pρ  = propellant density 

br  = mean burning rate 

Repeating tests on the same propellant in different burner lengths provide 

PR  vs frequency and further tests can provide such functions over a range of 

pressures [41], as shown in Figure 47. 
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Figure 47. Response functions as measured by the T-Burner method [3] 
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CHAPTER 4 

EXPERIMENTS AND RESULTS 

4.1. Determination of the Resonance Frequencies of the System 

Developed T-Burner test setup has two alternatives for pressure stabilization 

as mentioned in previous chapters. This alternative structure yields different setup 

characteristics for each pressure stabilization mechanisms. To find out resonance 

behaviours of setup characteristics, a test set of two experiments per each 

alternative is introduced. Each alternative is tested both with a pressurized and 

nonpressurized test scheme. In pressurized scheme, the setup is pressurized with 

nitrogen and is pulsed the T burner cavity with the help of pyrotechnic cartridge and 

pressure data are recorded. Unpressurized test scheme is similar with the absence of 

nitrogen pressurization. Obtained results are given in the following sections in 

graphical form. The FFT of the test data yields the frequency content of the 

oscillations. All of the test data which are presented below are taken at 50 kHz.  

4.1.1. Resonance Frequencies of T-Burner Setup with Surge Tank and 

Cavitating Venturi 

In Figure 48, Figure 50 and Figure 52 pressure-time histories for three T-

burner tests with tank and cavitating venturi are given. Tests at the same conditions 

are repeated in order to have a reliable overall result. In these tests the system is not 

initially pressurized. Figure 49, Figure 51 and Figure 53 show the FFTs of the 

measured data of three seperate tests respectively. It can be concluded from these 

figures that the pulsing generated shock waves are eventually died out by 
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dissipation inside the tube. The peak which occurs around 180 Hz is due to 

oscillations in the first longitudinal mode (assume a=300 m/s, L=1 m; f=a/2L=150 

Hz). The maximum pulse amplitude is around 2 atm. 

 

Figure 48. Pressure-time history for the T-Burner test with tank and cavitating 

venturi (with no initial-pressure) 

 

Figure 49. FFT for the T-Burner test with tank and cavitating venturi (with no 

initial-pressure) 
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Figure 50. Pressure-time history for the T-Burner test with tank and cavitating 

venturi (with no initial-pressure) 

 

 

Figure 51. FFT for the T-Burner test with tank and cavitating venturi (with no 

initial-pressure) 
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Figure 52. Pressure-time history for the T-Burner test with tank and cavitating 

venturi (with no initial-pressure) 

 

 

Figure 53. FFT for the T-Burner test with tank and cavitating venturi (with no 

initial-pressure) 
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In Figure 54 and Figure 56 pressure-time histories for two T-burner tests 

with tank and cavitating venturi, which are initially pressurized to 65 bars and 67 

bars respectively, are given. Figure 55 and Figure 57 show the FFTs of the 

measured data of two seperate tests respectively. It can be seen from these figures 

that for these tests higher harmonics exist. The higher harmonics are multiple of 

first longitudinal mode. The maximum pulse amplitude is between 5 and 20 atm. 

The existence of higher harmonics may be due to the pulse strength. Pulse strength 

is a function of burn rate of pyrotechnic and burn rate is a strong function of 

pressure. Higher acoustic energy inside the burner may feed the higher harmonics 

with nonlinear energy transfer. 

 

 

Figure 54. Pressure-time history for the T-Burner test with tank and cavitating 

venturi (with initial-pressure of 65 bars) 
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Figure 55. FFT for the T-Burner test with tank and cavitating venturi with (with 

initial-pressure of 65 bars) 

 

 

Figure 56. Pressure-time history for the T-Burner test with tank and cavitating 

venturi (with initial-pressure of 67 bars) 
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Figure 57. FFT for the T-Burner test with tank and cavitating venturi (with initial-

pressure of 67 bars) 

4.1.2. Response Frequencies of T-Burner Setup with Choked Nozzle 

In Figure 58 and Figure 60 pressure-time histories for three T-burner tests 

with choked nozzle are given. In these tests the system is not initially pressurized. 

Figure 59 and Figure 61 show the FFTs of the measured data of two seperate tests 

respectively. It can be seen from these figures that results came out to be similar to 

the results of tests with tank and cavitating venturi. The pulsing generated shock 

waves are eventually died out by dissipation inside the tube. The peak occurs again 

around 180 Hz. The maximum pulse amplitude is around 2 atm. 
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Figure 58. Pressure-time history for the T-Burner test with choked nozzle (with no 

initial-pressure) 

 

 

Figure 59. FFT for the T-Burner test with choked nozzle (with no initial-pressure) 
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Figure 60. Pressure-time history for the T-Burner test with choked nozzle (with no 

initial-pressure) 

 

 

Figure 61. FFT for the T-Burner test with choked nozzle (with no initial-pressure) 

In Figure 62 and Figure 64 pressure-time histories for two T-burner tests 

with choked nozzle, which are initially pressurized to 71 bars and 69 bars 

respectively, are given. Figure 63 and Figure 65 show the FFTs of the measured 
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data of two seperate tests respectively. Results again show similar behaviour to the 

test data obtained from T-burner setup with tank and cavitating venturi. There exists 

higher harmonics. 

 

Figure 62. Pressure-time history for the T-Burner test with choked nozzle (with 

initial-pressure of 71 bars) 

 

Figure 63. FFT for the T-Burner test with choked nozzle (with initial-pressure of 71 

bars) 
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Figure 64. Pressure-time history for the T-Burner test with choked nozzle (with 

initial-pressure of 69 bars) 

 

 

Figure 65. FFT for the T-Burner test with choked nozzle with (with initial-pressure 

of 69 bars) 
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As an overall conclusion from these set of experiments it can be said that 

choked nozzle configuration and venturi configuration yield the same harmonic 

structure inside the tube. Therefore it can be concluded that the acoustic modes are 

not affected by the purging mechanisms. 

4.2. System Check-out Tests with T-Burner Setup with Surge Tank and 

Cavitating Venturi 

In this section application of the T-Burner tests, following the procedures 

described in detail in section 3.1 is presented. For these tests, a specific solid 

propellant of TÜBİTAK-SAGE, which is used in a solid rocket motor, is used. This 

propellant is chosen because there exits huge amount of data about its burning 

characteristics. Another reason is about the manufacturing techniques used at 

TÜBİTAK-SAGE. 

4.2.1. Test 1 

As a first demonstration of the setup with tank and cavitating venturi, the 

system is pressurized to 30 bars with Nitrogen gas instead of 70 bars. Actual tests 

will be performed for a propellant with working pressure of 70 bars. In this test, the 

data is recorded at 10 kHz. 

Recorded pressure data from two pressure transducers with respect to time is 

given in Figure 66. This graph proves that the ignition of the propellant is occurred. 

It shows that the T-Burner setup is working but neutral burning could not be 

achieved in this experiment.  
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Figure 66. Pressure-time history for the T-Burner test with tank and cavitating 

venturi 

It can also be seen from this figure that there exists no oscillations in the 

pressure data. This means that for this specific experiment a clear unstable 

behaviour can not be observed. Therefore, data processing of these data is not 

performed since it will not give any meaningfull result as for sure. 

As it can be seen in Figure 66, a sharp ignition transition regime is observed 

which may be a remark of excessive usage of igniter content. In this first test, use of 

2 grams of MTV as a part of igniter content which itself includes metal particles is 

thought to be the reason of not seeing any pressure oscillations. In order to prevent 

this problem for the next tests the amount of MTV is minimized and black powder 

is used as the main part of the igniter content. 

The ignition transition regime obtained in this test also verified the working 

of the rupture disc. It can be seen that, the system is pressurized up to 

approximately 75 bars and after that value the rupture disc is burst out. 
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Figure 67 shows the temperature variation with time inside the combustion 

chamber. This measurement is necessary for the evaluation of the velocity of sound 

which requires the adiabatic flame temperature. It can be observed from this figure 

that the response of the thermocouple used is not sufficient enough. Analysis of 

solid propellant combustion results in higher temperature values, which is about 

3000 K. It is sure that a thermocouple with higher response time is required 

especially when it is thought that a solid propellant with higher working pressure 

will be used for the tests. But it must be taken into account that even if a 

thermocouple with an appropriate response time is used it will burn out at these 

temperatures. On the other hand, adiabatic flame temperature of the solid propellant 

can also be obtained from some programs used for the simulation of solid propellant 

combustion which are originally developed in TÜBİTAK-SAGE. So, from this 

point forward no temperature data is measured in the tests. 

 

Figure 67. Temperature vs. time graph of T-Burner test with tank and cavitating 

venturi 
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4.2.2. Test2  

In order to see the effect of the amount of MTV in the igniter content a 

second demonstration of the setup with tank and cavitating venturi is performed. 

System is pressurized to 45 bars with Nitrogen gas. In this test, the data is recorded 

at 50 kHz. 

In this test amount of MTV inside the igniter is reduced to 0.2 gram. 1 gram 

of black powder is added to the igniter content. Recorded pressure data from two 

pressure transducers with respect to time is given in Figure 68 and Figure 69 

respectively. 

 

Figure 68. Pressure-time history for the T-Burner test with tank and cavitating 

venturi (1st pressure transducer) 
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Figure 69. Pressure-time history for the T-Burner test with tank and cavitating 

venturi (2nd pressure transducer) 

As it can be seen from both of the figures no oscillations could be obtained 

again. Also a mean constant pressure, which is a must of neutral burning, is not 

observed. For this specific test some unexplainable peaks of the pressure data is 

observed especially at the moment when the rupture disc is burst out.  

This test shows that the content of the igniter does not play an important role 

for this setup which uses a surge tank and a cavitating venturi. It is thought that 

main reason for not observing oscillations may be the existence of the rupture disc 

and the cavitating venturi. Cavitating venturi seems not working properly and burst 

of the rupture disc seems to damp out the oscillations. 

For these reasons, in order to see the effect of the pressure stabilization 

system which is used for the first alternative T-Burner setup, further tests are 

performed with the setup which uses a choked nozzle as the pressure stabilization 

system. 
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4.3. System Check-out Tests with T-Burner Setup with Choked Nozzle 

In this section application of the T-Burner tests, following the procedures 

described in detail in section 3.2 is presented. For these tests, a specific solid 

propellant of TÜBİTAK-SAGE, which is used in a solid rocket motor, is used. This 

propellant is chosen because there exits huge amount of data exist about its burning 

characteristics. Another reason is about the manufacturing techniques used at 

TÜBİTAK-SAGE. Different from first alternative T-Burner tests which are 

described in Section 4.2 cylinder charged propellant is also used. 

4.3.1. Test 1 

In order to make a comparison between two T-Burner setups which uses 

different pressure stabilization systems, same test that is described in Section 4.2.2 

is repeated without initial pressurization. The data is recorded at 50 kHz again. The 

igniter content and used propellant (end burning) are all the same with Section 

4.2.2. 

Recorded pressure data from two pressure transducers with respect to time is 

given in Figure 70. As it can be seen from this figure, the peaks that are thought to 

be a result of the burst of rupture disc and cavitating venturi are not observed in this 

setup. But still no oscillations and neutral burning could be observed. 

It is thought that there exist two different causes for this situation. One is 

about the propellant burn area. Side burning, instead of a full end burning, may be 

happening because of the absence of liner. 

Another reason may be the large interior volume of the T-burner tube. As it 

can be seen from Figure 70, maximum pressure obtained is approximately 50 bars 

instead of the design pressure 70 bars. It seems that the volume of the combustion 
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chamber is too large to be filled with this amount of mass flow rate generated by the 

end-burning propellants used. 

 

Figure 70. Pressure-time history for the T-Burner test with choked nozzle 

4.3.2. Test 2 

In order to fix the situation encountered in the previous experiment this time 

a propellant which will burn longer, 1.5 sec instead of 1 sec is used in the following 

tests. 

Three tests are performed with the same configuration in order to see the 

repeatability. Recorded pressure data from two pressure transducers with respect to 

time are given in Figure 71, Figure 72 and Figure 73 respectively. As it can be seen 

from these figures, results did not change a lot except a little increase in the 

maximum pressure. Still no oscillations and neutral burning could be observed. 
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Figure 71. Pressure-time history for the T-Burner test with choked nozzle 

 

Figure 72. Pressure-time history for the T-Burner test with choked nozzle 
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Figure 73. Pressure-time history for the T-Burner test with choked nozzle 

A similar result is observed by Villela, [43] (Figure 74). In their study they 

have studied four different types of propellants. The T-Burner setup they have used 

is very similar to the first alternative used in this study, which has a surge tank and 

cavitating venturi. Main difference between their setup and the setup used in this 

study is that they are using a large surge tank which itself provides a stable pressure 

without the usage of a passive control element such as cavitating venturi.  

When the results of Villela are investigated, it can be observed that although 

they are using a large surge tank, they could not be able to achieve neutral burning. 

Their system is for variable tube length, but for approximately 200 tests, they could 

not obtain any oscillations.  

Both in Villela’s study and in this study up to now, end burning propellants 

are used to obtain neutral burning. In this thesis, it is decided that use of a cylinder 

charged propellant which will provide more mass flow rate to the combustion 
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chamber may be the solution of the common problem encountered both in this study 

and Villela’s study. 

 

Figure 74. Pressure-time history of Villela’s T-Burner [43] 

4.3.3. Test 3 

In order to validate the decision mentioned above a 1-D internal ballistics 

simulation is performed by the experts in TÜBİTAK-SAGE for the T-Burner setup 

constructed. In order to simulate the pressurization period, 1-D unsteady Euler 

equations (conservation of mass, momentum and energy) were solved numerically 

by employing 2nd order space and time accurate Roe’s approximate Riemann solver. 

The wall boundary conditions were applied at the left and right end of the T burner. 

Combustion products were modeled as mass, momentum and energy sources in the 

conservation equations. The choked nozzle mass, energy and momentum fluxes 

were also modeled as source terms. The initial chamber filling period was 

calculated above 2 seconds which is consistent with the experimental observations. 
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In Figure 75, pressure versus time graph obtained from this simulation is 

presented. As it can be seen from this figure, with the setup constructed there is no 

possibility of obtaining a constant pressure that means neutral burning, with the use 

of the end burning propellant. Figure came out to be very similar to the 

experimental measurements. It can be concluded from this figure that the present 

propellant geometry and amount is not sufficient to obtain a neutral burning inside 

the combustion chamber. It can be concluded that absence of sufficient amount of 

mass flow rate inside the tube does not allow generation of oscillations. What is 

generated inside is damped out. 

 

Figure 75. Pressurization simulation of the chamber with circular end burning 

propellant configuration 

In order to obtain more mass flow rate from the combustion, burning area of 

the propellant has to be increased. With the present end burning propellant it is not 

possible to increase the burn area due to the geometric limitations of the T-Burner 

tube. So, a cylinder charged propellant that provides neutral burning, which is 

previously proven with ground tests, is adapted to the T-Burner setup. Since the 

burn area is higher it is essential to re-design the choked nozzle exit diameter. 
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Such a propellant was previously manufactured for ground test purposes. In 

order to accelerate the experiment, one side of the T-Burner tube is closed and one 

propellant charge is installed to the other side by appropriate adapters. It is expected 

that the pressure waves will reflect from the closed part and return back to give a 

similar result which is expected from an original T-Burner setup. 

Recorded pressure data from two pressure transducers with respect to time is 

given in Figure 76. As it can be seen from this figure, from one of the pressure 

transducers, oscillations in pressure data are obtained. These sinusoidal oscillations 

can be observed more clearly in the close-up view of the data, Figure 77. As it can 

be seen the other pressure transducer does not show any oscillation. This is most 

possibly because of the dynamic calibration of the transducers. All of the 

transducers used in this study are statically calibrated but dynamic behaviours of 

them are unfortunately unknown. This test showed that such a dynamic calibration 

is necessary for these types of T-Burner experiments. 

 

Figure 76. Pressure-time history for the T-Burner test with choked nozzle 
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Figure 77. Close-up view of the pressure-time history for the T-Burner test with 

choked nozzle 

An approximately neutral burning behaviour is obtained but it is hard to take 

a mean pressure from these figures. For this purpose, in order to apply data 

reduction techniques described in Section 3, a data fit of the evaluated data is 

performed and data is subtracted from this equation, Figure 79. By this way it is 

possible to observe the growth and decay rates of the oscillations which are 

necessary for the evaluation of pressure response of the propellant. 
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Figure 78. Evaluated pressure-time history for the T-Burner test with choked nozzle 

Figure 79 and Figure 80 shows the growth and decay rates of the 

oscillations. Mean pressure of the test is taken as approximately 55 bars. 

Approximate evaluation of the growth rate of oscillations and decay rate of 

oscillations seperately can be performed by taking the ratio of ln ˆ
P
P

 
 
 

 with elapsed 

time in the measured data. From Figure 79 and Figure 80, growth and decay rate of 

oscillations are computed to be 0.52 sec-1 and -0.63 sec-1. 
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Figure 79. Growth rate of the pressure oscillations 

 

Figure 80. Decay rate of the pressure oscillations 
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The frequency spectrum of the test is shown in Figure 81. The burner length 

is 1m as it mentioned before. Then, the average velocity of sound in the burner as 

indicated by the frequency ( ma ) is computed as 768 m/sec ( 2ma fL= ). The 

adiabatic flame temperature and mean burning rate of the solid propellant are 

evaluated form internal ballistics analysis as 3000 K and 12.2 mm/s respectively. 

After substituting the necessary values in to Equation (3.4), the pressure response of 

the propellant is calculated as 0.02. 

 

Figure 81. Frequency spectrum of T-Burner, waterfall diagram 

 
4.4. Helmholtz Instability Investigation 

Helmholtz resonator (HR) is named after Hermann Ludwig Ferdinand von 

Helmholtz (1821-1894), the German scientist who worked out the design equation 
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for the resonator. Essentially, a Helmholtz resonator consists of two parts, a rigid-

walled cavity of volume V, and a neck or an opening with area S and length L. The 

classical formula for calculation of the resonance frequency of the Helmholtz 

resonator is as shown the following, which can be found in every standard acoustic 

text book: 

2
c Sf

VLπ
=  (3.4) 

where c is the speed of sound. 

Helmholtz frequency of the T-burner in the current study is calculated as 88 

Hz utilizing the given formulation. As it can be seen from the FFT of previous test 

data, no Helmholtz instability is observed. As a result, it can be stated that the 

acoustic design of the T-Burner is correct. 
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CHAPTER 5 

DISCUSSION AND CONCLUSION 

In this study, experimental investigation of solid propellant combustion 

instability using an end burning T-Burner setup is performed. For this purpose, a T-

Burner setup is designed, analyzed, constructed and tested with all its sub 

components. 

T-Burner setup is mainly composed of a base part, a control panel and the T-

Burner itself. Combustion chamber, pressure stabilization mechanism, 

pressurization system, measurement instruments and data acquisition systems form 

the T-Burner. 

Pressure stabilization mechanism is utilized in two different alternatives, 

first of which is by the use of nitrogen gas and a small surge tank with a cavitating 

venturi. This is a brand new approach for this kind of system. The second 

alternative was to introduce a choked nozzle for pressure stabilization 

The main usage of a T-Burner setup is to compare the behavior of different 

propellants qualitatively. Evaluation of the response function of a specified solid 

propellant is also another usage. 

All necessary design, analysis and test efforts are carried out for all sub 

components of the T-Burner and a system design is also performed. Appropriate 

materials for all parts are selected. Production of sub systems and system assembly 

are performed. Measurement instruments and data acquisition system are coupled 
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with the T-Burner. All of these efforts resulted in a T-Burner test setup which can 

be used for the areas stated above. 

Constructed T-Burner setup is the first and only one in Turkey for these 

types of applications. All of the sub components except the measurement 

instruments and data acquision system are manufactured in Turkey. Use of a 

cavitating venturi in such an application for the stabilization of the pressure is a 

brand new approach. 

T-Burner setup with tank and cavitating venturi is tested for a specific solid 

propellant. This solid propellant is used for a rocket motor which was statically 

tested previously. No oscillations could be obtained using tank with cavitating 

venturi scheme. Also a mean constant pressure, which is a must of neutral burning, 

is not observed. For this specific test some unexplainable peaks of the pressure data 

is observed especially at the moment when the rupture disc is burst out. The shocks 

generated during the disc rupture and cavitating flow, could inversely affect the 

burning rate oscillations. 

For these reasons, in order to see the effect of the pressure stabilization 

system which is used for the first alternative T-Burner setup, further tests are 

performed with the setup which uses a choked nozzle as the pressure stabilization 

system. 

In order to make a comparison between two T-Burner setups which uses 

different pressure stabilization systems, same test that is described in Section 4.2.2 

is repeated without initial pressurization. Unfortunately, still no oscillations and 

neutral burning could be observed. 

It is thought that there exist two different causes for this situation. One is 

about the propellant burn area. Side burning, instead of a full end burning, may be 

happening because of the absence of liner. 
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Another reason may be the amount of the propellant gases that fills the T-

Burner tube. It seems that the volume of the combustion chamber is too large to be 

filled with this amount of mass flow rate generated by the end-burning propellants 

used. 

To understand the real reason behind the absence of neutral burning and 

oscillations, 1-D internal ballistics simulation is performed by TÜBİTAK-SAGE for 

the T-Burner setup constructed. It is concluded that, with the setup constructed there 

is no possibility of obtaining a constant pressure that means neutral burning, with 

the use of the end burning propellant. The present propellant geometry and amount 

is not sufficient to obtain a neutral burning inside the combustion chamber. It can 

also be concluded that absence of sufficient amount of mass flow rate inside the 

tube does not allow generation of oscillations. What is generated inside is damped 

out. 

In order to obtain more mass flow rate from the combustion, burning area of 

the propellant has to be increased. With the present end burning propellant it is not 

possible to increase the burn area due to the geometric limitations of the T-Burner 

tube. So, a cylinder charged propellant that provides neutral burning, which is 

previously proven with ground tests, is adapted to the T-Burner setup. Since the 

burn area was higher it was essential to re-design the choked nozzle exit diameter. 

Such a propellant was previously manufactured for ground test purposes. In 

order to accelerate the experiment, one side of the T-Burner tube is closed and one 

propellant charge is installed to the other side by appropriate adapters. It is expected 

that the pressure waves will reflect from the closed part and return back to give a 

similar result which is expected from an original T-Burner setup. 

In Figure 76 oscillations in pressure data were shown. However one of the 

pressure transducers did not show any oscillation. This is most possibly because of 

the dynamic calibration of the transducers. All of the transducers used in this study 
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are statically calibrated but dynamic behaviours of them are unfortunately 

unknown. This test showed that such a dynamic calibration is necessary for these 

types of T-Burner experiments. 

Since oscillations are observed, growth and decay rate and frequency of 

oscillations are calculated together with data processing to evaluate response 

function. 

In the upcoming studies including the T-Burner setup with choked nozzle, 

experimenting with twin propellant scheme has the priority. Pressurizing the system 

and pressurized testing will be of the next importance. 

For the setup with surge tank and the cavitating venturi, future works will 

include cylindrical charged propellant tests to see if neutral burning and oscillations 

can be seen. Cavitating venturi and rupture disc designs will be re-evaluated to 

overcome any design flows. 

For both of these mentioned setups, a constant length of burning chamber is 

used. To form a dataset, different lengths of burning chambers, which corresponds 

to different frequency values will be tested. Finally these dataset will be utilized to 

construct the frequency – pressure response characteristics of the propellant. 

Constructed T-burner may well be utilized for many different cases of propellants 

leading to an effective and easy to use tool for combustion instability studies. 
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APPENDICES 

A. TECHNICAL DRAWINGS 

 

Figure 82. Technical drawing of T-Burner Tube 
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Figure 83. Technical drawing of Vent Exit Pipe 



 109

Fi
gu

re
 8

4.
 T

ec
hn

ic
al

 d
ra

w
in

g 
of

 A
da

pt
er

 

 



 110

 

Figure 85. Technical drawing of Propellant Holder 
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Figure 86. Technical drawing of Igniter Body 
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Figure 87. Technical drawing of End Cap 
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Figure 89. Technical drawing of Top Plate 
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Figure 90. Technical drawing of Bottom Plate 
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Figure 91. Technical drawing of Base 
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B. SPECIFICATIONS 

Rupture Disc Specifications 

 

Figure 92. Mechanical data sheet of the rupture disc material 
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Figure 93. Mechanical data sheet of the rupture disc material – Cont.
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Pressure Transducer Specifications 

 

Figure 94. Data sheet of the pressure transducers
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Figure 95. Data sheet of the pressure transducers – Cont.
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Thermocouple Specifications 

 

Figure 96. Data sheet of the thermocouple
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Data Acquisition System Specifications 

 

Figure 97. Data sheet of the data acquisition system
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Figure 98. Data sheet of the data acquisition system – Cont.
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Figure 99. Data sheet of the data acquisition system – Cont.
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Figure 100. Data sheet of the data acquisition system – Cont.
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C. SUB SYSTEM EXPERIMENTAL RESULTS 

 

Rupture Disc Validation Test Results 
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Figure 101. Rupture Disc Burst Pressure Determination Tests – (t = 3 mm) 
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Figure 102. Rupture Disc Burst Pressure Determination Tests – (t = 4 mm) 
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Figure 103. Rupture Disc Burst Pressure Determination Tests – (t = 5 mm) 
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Figure 104. Rupture Disc Pressure vs. Thickness Variation 
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Figure 105. Rupture Disc Burst Pressure Determination Tests – (t = 3.4 mm) 
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Figure 106. Rupture Disc Burst Pressure Determination Tests – (t = 3.5 mm) 


