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Obtaining the admittance function for propellants is an important part of combustion instability analysis.

However, obtaining an admittance function is an expensive process. The T-burner is the industry standard method

for characterizing acoustic response of solid propellants. This device is expensive tomaintain andoperate due to large

test matrices required to quantify the response for a single propellant. To reduce costs, a method was developed for

obtaining admittance functions from a pulsed tubular grain. This method allows for several modes to be evaluated

simultaneously and in so doing reduces the total number of tests. A reusable tubular grain motor that can be pulse-

tested was designed. Two methods were used to evaluate the data, namely Culick’s nonlinear gas dynamics method

and Flandro’s energy balance method. These methods returned similar results. Linear analysis (as developed by

Flandro and coworkers) was performed. A baseline propellant was first evaluated, three motors with 1% SiC as a

stability additive, and twomotors with 4%Al. Good agreement was found between the twomethods. The SiC, which

is not a common additive, was found to greatly increase the stability of the motor. One tubular pulsed test has the

potential to replace at least 15 T-burner tests.

Nomenclature

Ab = admittance function for the burning surface
An,Bn = defined by Eq. (15)
Arn = defined by Eq. (2)
a = speed of sound, ms�1

Cm = weight ratio particles to gas
Cv = specific heat at constant volume, Jmol�1 K�1

E = time-averaged energy density
E2
m = energy normalization function
km = wave number for axial mode m, n�R=L
L = length of the motor, m
Mb = Mach number at the burning surface
nb = linear burn rate law exponent
n = mode number
P = chamber pressure, MPa
Pr = the Prandtl number
p0 = acoustic pressure, MPa
r = radial position, m
rn = amplitude of the nth mode
S = surface area, m2

s = entropy, J kg�1 K�1

U = mean flow velocity, ms�1

Ur, Uz = mean flow velocity components, ms�1

u = gas velocity, ms�1

u = oscillatory velocity vector
V = volume, m3

v = velocity, ms�1

z = axial position, m
� = growth or decay constants, s�1

�c = nonlinear gas dynamics term arising from Culick’s
method

�DC = mean pressure constant from Eq. (6)

� = ratio of specific heats
�2d = viscous dialational function �2d � �2Re�2� �=��
�2Re = inverse square root of the acoustic Reynolds number

based on the radius
��t� = instantaneous pressure amplitude ratio, p0=P0

	n = defined by Eq. (15)
� = second coefficient of viscosity
� = dynamic viscosity of the gas, kgm�1 s�1


 = density, kgm�3

�d = particle relaxation time, s
�n = frequency shifting of the nth mode
 n = mode shape of the nth mode
!n = angular frequency of the nth mode

Subscripts

0 = indicates the quiescent chamber reference conditions
* = dimensional quantity
lim = indicates the limiting amplitude is reached
�r�, �i� = refers to the real and imaginary parts
b = burning propellant surface
std = predicted value

Superscripts

(1) = denotes first-order accuracy
^� � = acoustic (irrotational) part

� � = indicated the mean value
~� � = vortical (rotational) part

I. Introduction

C OMBUSTION instability is a common problem experienced in
solid rocket motors. The ability to accurately predict the

combustion stability of a motor is strongly influenced by the quality
of the available experimental data for a propellant. T-burners are the
industry standard but requires a large test matrix. This makes it
expensive to operate and maintain.

This study will show that the total number of tests required to be
able to adequately predict a solid rocket motor’s combustion stability
can be reduced. The basic concept of the T-burner is expanded to a
tubular grain motor. The ever improving linear stability analysis is
applied to calculate loss and gain mechanisms, which previously
would be measured experimentally during a T-burner test to find the
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response of the propellant. A new analysis of the burn time data is
developed that allows multiple modes to be evaluated simul-
taneously. This allows for a broad frequency range to be investigated.
This analysis also allows triggering to be evaluated which is not
possible with a T-burner.

A cylindrical grain motor is pulsed 3 times during the burn time. If
the motor does not go unstable it is possible to determine the growth
or decay constants, � for multiple longitudinal modes at three
different pressures. When the motor is linearly stable the classical
linear analysis and Flandro’s energy balance analysis is used. Both
Culick’s and Flandro’s nonlinear method were applied when the
motor is unstable after pulsing.

The � values of different modes can then be used to obtain the
admittance function for the propellant. Improved linear stability
integrals are used to account for all other gain and loss mechanisms.
This will be limited to the first fivemodes due to constraints resulting
from assumptions made to solve the linear stability integrals.

The data from three motors were evaluated. A base line propellant
with no stability additives, amotorwith 1%SiC, and amotorwith 4%
Aluminum. SiC is not commonly used as a stability additive and will
be evaluated as a viable alternative to ZrC.

II. Test Motor

The test motor was designed to be pulsed 3 times and also to be
reusable [1]. The bulk head was modified to accommodate three
pulsers, two dynamic transducers and one static pressure transducer.
To allow for reuse, the grain (10 kg propellant) can be cast into a
reusable sleeve. This allows for the motor grain to be easily inserted
and removed. The nozzle can easily be interchanged to allow for
different pressures to be evaluated. The motor is 1.4 m in length
allowing for a frequency range of 350–2000 Hz to be evaluated. The
frequency range can be altered by changing the length of the motor.
The pulsers were all identical with rupture pressures between 30–
35 MPa depending on motor pressure. It was desired that the
maximum rupture pressure be achieved as to give best chance of
causing instability.

III. Mathematical Strategy

Analysis of the stability of solid rocket motors can be divided into
two distinct areas, namely linear and nonlinear stability analysis.
Flandro and coworkers [2–9] have published extensively on im-
proving the linear stability prediction. It has been shown that these
new stability integrals have improved theoretical prediction capa-
bilities, as shown by Flandro [7]. Linear theory has been well estab-
lished for longitudinal waves in cylindrical motors.

Nonlinear stability has been a subject of much debate (cf. Culick
[10]). Two methods will be used in this study, namely Culick’s

nonlinear gas dynamics method and Flandro’s energy balance
method. French [6] has shown that Culick’s and Flandro’s methods
give the same results as prediction tools for cylindrical motors. Here
they will be applied as analysis tools.

A. Composite Wave Assumption and Superposition

Culick [10–12], Flandro et al. [7–9], and Flandro [13,14] have
shown that analysis is greatly simplified by realizing that the waves
are composites of the chamber normal modes. The composite steep
fronted wave can be described [7–9,13,14] with:

p0�r; t� � ��t�
X1
n�1

Arn�t� n�r� (1)

For a port with constant cross section8>><
>>:
Arn�t� �

�
8n

4n2�1

�
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�
n�a0
L

�

 n�r� � cos

�
n�z
L

� (2)

This approach has been shown to conform to all experimental
features and greatly reduces computational effort. Thus, it is also
possible to use a fast Fourier transform (FFT) algorithm to decom-
pose the wave in to the individual modes.

B. Linear Stability Integrals

There has been extensive work done on improving the linear
stability integrals (Chibli et al. [2], Flandro and Majdalani [3],
Fischbach et al. [4,5], French [6], and Flandro et al. [7–9]). The main
focus is to incorporate the vorticity. The derivation of these can be
found in the original papers and will not be given here. The integrals
are listed in Table 1. The total motor growth constant �m is given as

�m � �1 � �2 � �3 � � � � �
XN
i�1

�i (3)

�1 is the pressure-coupled response and the nozzle losses, �2 is the
dilation energy correction, �3 the acoustic mean flow correction. �4,
theflow turning correction and�5, the rotationalflow correction have
been shown to be equal and opposite in sign [2,3] as have �9 the
pseudorotational correction and �10 the unsteady nozzle correction
[2,15].�6 is themeanvortical correction,�7 is the viscous correction,
and �8 the pseudo acoustical correction that can generally be ignored
as it is of the order M3

b. The mode stability will be determined as
follows:

Table 1 Stability integrals and results for tubular grain motor

�s Volume integral [3] Surface integral [4] Tubular grain [3]
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2
Mb�U � p̂2�	
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aFlandro and Majdalani [3] ignore �10 due to uncertainties. However, Chibli et al. [2] and Fischbach et al. [15] show �10 opposite and equal to �9.
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�m � �1 � �2 � �3 � �6 � �7 (4)

FromTable 1 it is noted that only�7 is connected to themode number
km in the form of the so-called penetration number 



� k
2
m�

2
Re

M3
b

(5)

Chibli et al. [2] and Fischbach et al. [15] both note that a small 

assumption has been made, that is 
 < 1. For the test motor used, the
penetration number becomes larger than 1, after the fifth mode.
Therefore, analysis will be limited to the first five modes observed
experimentally.

C. Flandro’s Energy Balance Method

Flandro [13,14] originally proposed that the growth can be
described by one variable, �, the normalized system amplitude. This
analysis includes the classical linear stability computations and
includes a nonlinear loss mechanism due to the formation of steep
fronted waves forming. Subsequently [7–9] an additional design
equation was included to predict the mean pressure shift. The design
equations are two nonlinear coupled ordinary differential equations(

d"
dt
� ��1�"� ��2�"2 � � � �

d �p
dt
� ��1�DC � �

�2�
DC"

2
(6)

��1� is the linear growth constant of the first mode. ��2� is the first
nonlinear term and is regarded here to be only shock wave losses.
This analysis can be extended to higher orders but there are no known
higher order interactions. To be able to apply these equations it is
necessary to calculate the linear stability, shock wave losses and the
mean pressure shift.

1. Shock Wave Losses

Flandro first included shock wave losses [13,14] and it has been
used to good effect in prediction algorithms [6–9,16]. The only
nonlinear contribution is that of a steep fronted shock wave [8,9]:ZZ

V

Z �
�2Re

�� � 1�Prr
2T � �2d�r � u�2

�
dVy (7)

This is the entropy gain and energy loss associated with steep
fronted waves. Flandro et al. [8,9] notes this term has traditionally
been ignored because it is only of significance when there is a very
steep gradient in particle velocity and temperature. Acoustic waves
rarely are of such high amplitudes that this becomes a significant
factor, indeed the smaller the acoustic wave’s amplitude the more
negligible it becomes.

Treating the shockwave as an area of nonuniformity, Eq. (7) can be
manipulated to yield the energy loss for a steep fronted wave [8,9]:�

dE

dt

�
shock

��
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��� � 1�
�s2 � s1��
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�
�
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�
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�
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12�3
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This leads to the following approximation:

��2� � � �� � 1�
3E2

�
�

2�

�
3

Sport (9)

Where � is dependent on thewaveform that is assumed and Sport is
the area of the shock front. For axial or longitudinal waves this is the
cross-sectional area of the duct at a convenient location. For a
cylindrical grain motor [6,13]

��2� �
�
� � 1

6�

�
a0
L

(10)

2. Mean Pressure Shift

A dc pressure shift or mean pressure shift is often observed. It is
closely linked to the growth of the limit amplitude of the acoustic
wave. It is demonstrated that themechanism that drives oscillations is
the same as that for the dc pressure shift.

Ad hoc terms such as velocity coupling, burning surface velocity
rectification, and acoustic erosivity that have been included in many
analysis can be discarded. From the continuity equation the source of
the dc pressure shift is readily obtained. By expanding and time
averaging the equation the nonlinear terms are also retained [8,9].
The following is obtained [8]:

d �p

dt
��r � �Mb �
� �

"2

�
rhp0u0i (11)

The first term here represents the quasi-steady mass flux from the
surface and the mass leaving through the nozzle. Integrating over the
volume of the chamber:

d �p

dt
�
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where

n � hp0u0i

�
(
� 1
�
MbA

�r�
b h�p0�2i �a�Waves Normal to Surface

�Mb

�
�A�r�b � 1�h�p0�2i �b�Waves Parallel to Surface

(13)

IV. Culick’s Nonlinear Method

Culick [17,18] obtains second-order nonlinear equations for the
mode amplitudes 	n

�	 n � !2
n	n � 2�n _	� 2�n!n	n �

X1
i�1

X1
j�1
�Anij _	i _	j�Bnij	i	j	

z����������������������}|����������������������{Non-Linear Gas Dynamics

(14)

2�n _	 and 2�n!n	n represent the linear interactions, the nonlinear
gas dynamics is represented by the summation equation. For small
fluctuations, j	nj � 1, 	n can be represented as follows:

	n�t� 
 rn cos�!nt� ��t�� � An�t� sin�!nt� � Bn�t� cos�!nt�
(15)

Paparizos and Culick [19] presented truncated equations for
dAn=dt and dBn=dt for longitudinal modes in a cylindrical motor

dAn
dt
� �nAn � �nBn �

n�c
2

Xn�1
i�1
�AiAn�i � BiBn�i�

z���������������������}|���������������������{term1

� n�c
Xm�n
i�1
�An�iAi � Bn�iBi�

z���������������������}|���������������������{term2

(16)

dBn
dt
� �nBn � �nAn �

n�c
2

Xn�1
i�1
�AiBn�i � BiAn�i�

z���������������������}|���������������������{term3

� n�c
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i�1
�An�iBi � Bn�iAi�

z���������������������}|���������������������{term4

(17)

�c represents the only term arising from the nonlinear gas
dynamics
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�c �
�1� ��!1

8�
(18)

Culick’s [10] cylindrical case � and � values are used to evaluate
these truncated results. Equations (16) and (17) are integrated
forward in time.

V. Calculating the Admittance Function

A. Flandro’s Method

From Eq. (6) it is possible to obtain an admittance function from
the acoustic wave amplitude and the mean pressure shift. For a
tubular grain assuming that shock wave losses are the only nonlinear
mechanism, the change in acoustic wave amplitude for longitudinal
modes becomes [6,13,14]

d�

dt
� ��m � �2

�
� � 1

6�

�
�a

L
(19)

When the limit amplitude is reached d�=dt� 0. Thus, Eq. (19) can
be rearranged to give

�m � �limit

�
� � 1

6�

�
�a

L
(20)

The admittance function is contained within �1. Rearranging
Eq. (3)

�1 � �m �
XN
i�2

�i (21)

Internal ballistic data is used to calculate the � values. The
admittance function can now be calculated for each mode
individually. An admittance function can also be obtained from the
mean pressure shift. When the new mean pressure is reached
dp=dt� 0. This means the pressure is no longer changing [8]

0�
�
�DC

�p0 �p�n�b
a0

Sb � �p

�
2

� � 1

� ���1�
2���1�

Sthroat

	

� "
2

�

ZZ
S

n � hp0 � u0i dS (22)

Using the results from Eq. (13) and after some algebraic
manipulation, the admittance can be calculated as follows [8]:

plim

pstd
�
�
1� "

2C2

4�2
�A�r�b � C1�

	� 1
1�nb
�

(23)

The nb is the burning rate exponent, the pressure ratio is that of the
measuredmean pressure and the expectedmean pressure if therewas
no instability, andC1 is 0whenwaves are normal and 1when they are
parallel

C2 �
1

Sb

ZZ
S

 2�r� dS (24)

C2 accounts for the effective mode shape of a wave. For
longitudinalwaves it can be assumed to be approximately 0.5 [8]. It is
now possible to solve for the admittance function. This method is
limited to the first mode only. Flandro accounts for the losses due to
nonlinear gas dynamics as a single shock front. This greatly
simplifies the prediction of stability, however, it has limitations as an
analysis tool.

B. Culick’s Method

Culick’s method allows for more than one mode to be evaluated.
One of the major obstacles for this method has been computational
expense. The amount of calculations required increase exponentially
as the number of modes are increased. In the mid 1980s to early
1990s a large amount of work was done following on from Culick’s
analytical work [17,18] and Levine and Culick’s numerical work
[20,21]. Many analyses were reduced to only consider two modes to
reduce computational effort. This is no longer an obstacle.

The results shown in Fig. 1 are calculated from the values for� and
� presented by Culick [10]. Identical results are obtained by French
[6] for the same data set. Figures 1a–1c show the results when the
published � values are used, and Figs. 1d–1f show the results if � for
all modes are set equal to zero. Identical results are obtained as also
shown by French [6]. Inspecting Eqs. (17) and (18) it is noted that the
frequency shift essentially transfers energy from An to Bn and vice
versa. Figures 1a–1c shows that An and Bn are 180� out of phase.
Using random � values do not alter the limit amplitude, it only alters
the period of oscillation of An and Bn and thus the time it takes to
reach the limit amplitude.

Recognizing that when An is at its maximum, Bn is equal to zero
and also that when dAn=dt is equal to zero, dBn=dt is at a maximum,
the converse is also true.When �n is set to zero, either An orBn is at a
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Fig. 1 Amplitude (p0=P) vs time steps (0.00001 s), produced from Culick’s tubular grain data [6].

ROUSSEAU AND KNOETZE 1001



maximum, and correspondingly the matching amplitude is set to
zero. Essentially it is being assumed that all modes are in phase with
either An and Bn at a maximum or a minimum. It can be shown that
for odd modes, n� 1; 3; 5; . . .

Bn � rn sin
�
�

2
n

�
An � 0 (25)

For even modes, n� 2; 4; 6; . . .

An � rn cos
�
�

2
n

�
Bn � 0 (26)

Furthermore, it is now possible to obtain �n for each mode using
Eqs. (16) and (17). For odd modes, n� 1; 3; 5; . . .

�n ��
�
��nAn �

n�c
2

Xn�1
i�1
�AiBn�i � BiAn�i�

z���������������������}|���������������������{term3

� n�c
Xm�n
i�1
�An�iBi � Bn�iAi�

z���������������������}|���������������������{term4 	

Bn (27)

For even modes, n� 2; 4; 6; . . .

�n ��
�
�nBn �

n�c
2

Xn�1
i�1
�AiAn�i � BiBn�i�

z���������������������}|���������������������{term1

� n�c
Xm�n
i�1
�An�iAi � Bn�iBi�

z���������������������}|���������������������{term2 	

An (28)

The mode amplitudes, rn published by French [6] are used.
Exactly the same � values are obtained (cf. Table 2).

When using this method it is important to remember that Eqs. (16)
and (17) are truncated. The last several modes’ � values will be
erroneous since their value is more strongly linked to the subsequent
modes. When only 5 modes are used only � 1 and 2 are correct. As
more modes are added the values of �3 and �4 change until their
values are no longer affected by higher modes. Inspecting term 2 and
term 4 of Eqs. (16) and (17) it can be seen that these terms are only
interconnected to higher modes. An iterative process is used to
evaluate for a specific mode if enough modes are taken into account
to return a valid �.

VI. Cylindrical Motor Data Analysis

The tubular grain motor was pulsed tested with a HTPB/APC
composite propellant. After firing a pulse, oscillations occurred and a
mean pressure shift was observed (see Fig. 2). The signal was then
divided into windows equal to the period of the first longitudinal
mode. These windows were then evaluated using an FFT algorithm.
This is a relatively simple method for calculating the amplitude
growth of the individual modes.

In Fig. 3 it can be seen that after the initial plateau region is reached
the amplitude remains constant for several cycles, and then the
limiting amplitude readjusts to changing motor conditions. This is
due to the dynamic behavior of themotor. Once instability occurs the
limiting amplitude constantly readjusts to increasing burning area,
increased volume, change inmean pressure, and changingmean flow
velocity. The limit amplitude reached first will be used since this is
the point closest to stable operating conditions. At this point the
normalized system amplitude is 0.15. Furthermore, 25 modes were
used to obtain the �1–10 on Table 3 using Culick’s method.

Table 3 gives �1 obtained from both methods and �2–10 from
Culick’s method. Flandro’s method obtains �1 � 35:6 s�1, for a

system amplitude of, �
 0:15. The linear analysis givesA�r�b � 1:61.

�1 obtained using Culick’smethod is 38:3 s�1 withA�r�b � 1:67. This
shows relatively good agreement between the two methods. This
result shows that using cylindrical motors to obtain an admittance
function is indeed possible. If the test motor is modified so that 

remains less than one for higher modes it should be possible to
evaluate even more modes simultaneously. This can easily be
achieved by increasing the length of the motor. Revaluating �7 to
include 
 > 1 should also be attempted.

Figure 4 shows the admittance curve calculated from the �1–5
obtained using Culick’s method. This curve shows agreement with
those of Blomshield et al. [22]. Blomshield et al. used a similar
propellant with anHTPB binder and an array of stability additives for
their T-Burner investigation. The trends observed are similar to the
peak response being observed between 800–1200 Hz.

The admittance function obtained from the mean pressure shift is

found to be, A�r�b � 4:6. This corresponds more closely with the
admittance found for the third and fourth modes. There is clearly

Table 2 Mode stability � (s�1)

Mode 1 2 3 4 5

Published [6,10] 81.4 �316 �561 �874 �1256
Calculated 81.4 �316 �561 �874 �1255
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Fig. 3 Pulsed motor firing and individual modes.

Table 3 �1–10 (s
�1) at 5.3 MPa

Mode 1 2 3 4 5 6 7 8 9 10

Flandro 35.6 —— —— —— —— —— —— —— —— ——

Culick 38.3 59.9 64.5 31.7 �32:4 �80:1 �103 �232 �240 �242
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results.
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some refinement required to be able to use this method with
confidence as mentioned by Flandro [8].

VII. Motors with Stability Additives

A. Stability Integrals

Particle dampening is an extremely useful tool as a suppressing
agent for Combustion Instability. In modern tactical motors that are
required to be smokeless ZrC particles have become the particles of
choice. However, adding particles reduce the SRM performance
(more inert particles mean less propellant).

The linear stability integrals do not need to be altered for this
motor. The particle dampening can be added to Eq. (20). The most
commonly used expression for particulate dampening will be used
[22]

�p �
Cm

�1� Cm�
!

2

!�D
1� �!�D�2

(29)

The relaxation time �D is given as

�D �

pD

2

18�
(30)

B. Pulsed Test Results

1% SiC/LC replaced an equivalent mass of APC. Three motors
with SIC additives were also pulsed 3 times. The first motor’s
pressure range was set to 4–6 MPa and was stable to the first two
pulses only going unstable after the third pulse (cf. Fig. 5a). The
second motor’s operating pressure was set to 5–8 MPa and was also
pulsed unstable after the first pulse (cf. Fig. 5b). Both these motor’s
pulsers were set to the maximum pulse level obtainable from
the hardware. The final motor’s operating pressure was also set to
5–8MPa but the pulsers were set to 50% of themaximum. Themotor
only went unstable after the second pulse (cf. Fig. 5c). Two
approaches were followed to evaluate all pulses that were damped
out. Firstly, the classical linear analysis is employed

��t� � e�t (31)

The natural logarithm is taken of the normalized amplitude, a
straight line is fitted to the data and the slope of this line is �. As with
the unstable case the decaying wave’s data is windowed and
evaluated with the FFT algorithm. Fitting a straight line to this data
gives an � for each mode. Figure 6 shows the nonlinear prediction
using �1 obtained from the linear analysis. The experimental results
deviates from the predicted values due to the transducer noise being
of the same order as the decaying wave. Using the linear analysis, on
both the system amplitude and the amplitude of the first mode, the
same value for � was obtained. This indicates that using the, FFT
algorithm does give a correct result and that the � values obtained are
representative of the modes stability.

The second method used was fitting Flandro’s energy balance
Eq. (19) to the system amplitude. This method is once again limited
as it only gives the � for the first mode. The � values obtained using
both methods showed excellent agreement (cf. Table 4).

The data analysis used when the motor is unstable is the same as
for themotor with no stability additives. The limit amplitude is found
using the FFTalgorithm. Both Culick’s and Flandro’s methods were
used. From the results in Table 4 it can be seen that the additives have
increased the motor stability greatly. It can also be seen that the
stability decreases with burn time. It is noted that investigations by
Baum and Levine [23,24] and Blomshield et al. [25,26] have found
that stability decreases towards the end of the burn time. This can be
attributed to increased pressure in progressive burning grains
(increased response), decrease in mean flow velocity and decreased
nozzle dampening.

The addition of the particles has reduced the surface response
dramatically and seeminglymore thanwould be expected. It has been
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Table 4 Example of linear and nonlinear data

analysis�1–5 (s
�1) for motor 1

Pulse 1 at 5.0 MPa
Mode 1 2 3 4 5
Flandro �46:4 —— —— —— ——

Linear �44:7 �50:7 �78:7 �84:2 �157
Pulse 2 at 5.6 MPa

Flandro �39:1 —— —— —— ——

Linear �46:0 �41:0 �73:1 �84:7 �111
Pulse 3 at 6.3 MPa

Flandro 72.3 —— —— —— ——

Culick 72.3 67.7 �8:14 �159 �382
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documented that addition of particles can both reduce and increase
the pressure-coupled response [22] with significant deviation from
the baseline propellant. There may, however, be several contributing
factors.

SiC is not commonly used and no information could be found that
has been published on its use. It was chosen due to its good thermal
properties, high melting temperature (2730�C), and availability. SiC
in this reactive environment may form SiO2. This, reaction if it takes
place at the propellant surface, may have a significant affect on the
response of the propellant. At the motor operating temperature SiO2

is a liquid; this can result in particle amalgamation altering the
particle size distribution causing the particle dampening predictions
to be incorrect.

A second factor may be increased surface losses. The addition of
the new particles changes the propellant surface properties. This can
have a significant affect on the ability of the burning process to drive
the acoustic waves. Several tests will still be performed with SiC as
an additive; this should give a clearer indication of the dominant
dampening mechanism. SiC has shown itself to be a viable
alternative as a stability additive.

The Ab values obtained when the motor is unstable is an order of
magnitude larger than that when the motor is stable and corresponds
more closely with that of the baseline propellant (cf. Fig. 7). The
increase in admittance as the pressure increases is coupled to a
corresponding increase in burn rate. Looking back at some of the
very first investigations by Denison and Baum [27] a pressure
fluctuation has several local effects. These effects cause a moving
burning zone that in someway provides energy to the acoustic wave.
At higher pressures even small disturbances can have a more
noticeable effect. As the amplitude grows the local effects become
even more pronounced. The admittance is not only a propellant
property at a specific pressure but also the acoustic pressure of a
disturbance. It should be expected that at the same mean pressure the
admittance function obtained from a pulse where the motor remains
stable should be different to that of a motor that is unstable. Counter
balancing the ever increasing response of the propellant is the
nonlinear increase due to the steepening of the wave resulting in a
limiting amplitude.

This is often referred to as triggering, or more correctly the system
has received enough broadband energy to excite a steep fronted
wave. There is always low level instability present [8,9] however the
amplitude increases so slowly it is indistinguishable from the
transducer noise inmost cases. The limitation of T-Burners is that the
admittance function obtained is that of the propellant when unstable.
This value allows for an accurate prediction of the limit amplitude but
not necessarily at what pulse amplitude themotor will be excited into
forming a steep fronted wave. Careful design of a test matrix should
allow for triggering to be studied more closely and the admittance
function can be evaluated in terms of not only the mean pressure but
also the magnitude of the acoustic pressure. To be able to take full
advantage of this capability will require careful evaluation of the
relationship between the acoustic pressure, mean pressure and the
admittance function. Figure 7 shows all these trends. The first two

sets of data at 5.1 and 5.7MPa are from the first test and are the stable
pulses. The admittance increases as the pressure increases and the
disturbance is approximately the same. The second two sets and final
set of admittance curves obtained at 6.2, 6.7, and 8 MPa show the
admittance obtained when the motor is unstable. The admittance
curve obtained at 7 MPa reveals the importance of the pulse
amplitude. Though at a higher mean pressure the admittance value is
quite low in comparison with other tests, however, the pulse
amplitude magnitude was 50% of the previous tests resulting in a
muted propellant response. As the pressure increases the transport
properties and density change correspondingly; this has an effect on
the penetration number. 
 increases such that only the first three
modes can be used with confidence after the third pulse. The surface
plot (Fig. 7) therefore only uses the first three modes’ admittance
values. Two motors with 4% Al have also been tested. These motors
proved significantlymore stable than the SiC counterparts, due to the
increase in particle loading and different particle size ranges. Thefirst
motor with an expected operating range from 3.5–5.5 MPa was
pulsed 3 times at maximum pulse strength and remained stable (see
Fig. 9). The second Al motor had an operating range between 5–
8MPa and went unstable after the second pulse. As with the 1% SiC
formulation the admittance function obtained again increased with
the pressure increase for the same level pulse amplitudes (cf. Fig. 8).
The admittance function obtained at 7MPa is the admittance once the
motor has gone unstable. This again shows the importance of
triggering. The results for the unstable admittance correlatewell with
the admittance curve of a similar Al propellant published by
Blomshield et al. [22].
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VIII. Conclusions

It has been demonstrated that a pulsed tubular grain motor can be
used to obtain an admittance function. Three different composite
propellants were tested and results obtained for all three correspond
well with published literature. Linear theory for such a configuration
is well established with analytical results. The two predominant
nonlinear theories have both given comparable results. It has been
shown that both can be used as analysis tools. Culick’s method,
however, allows for multiple modes to be evaluated.

Triggering can be evaluated. This is arguably the most vital
information to amotor designer as this will allow for the prediction of
the pulsed stability limit, i.e., what magnitude pulse will cause
instability. Furthermore this information can be compared with the
maximum pulse that a motor could feasibly experience during
operation.

Ideally a test would consist of three pulses with only the last pulse
causing instability. This will allow three different pressures to be
evaluated with a minimum of five modes yielding reliable results.
Thiswillmean that aminimumof 15 data pointswill be collected that
otherwise would have required 15 T-Burner tests.

Thismethod is still in the initial phases of development and several
issues need to be addressed such as reevaluation of �7 for 
 > 1. This
will enable the evaluation of more modes simultaneously. An
alternative solution would be to increase the aspect ratio of the motor
by increasing the length of the motor. These obstacles can be
overcome yielding ever improving results from such tests.

The data is windowed to the length of period of the first
fundamental longitudinal mode. When evaluating higher modes
using the FFT algorithm it is important to realize that several cycles
will have been completed and thus the amplitude at this point is an
average value during this time period.
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