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Superscripts

e = unsteady quantity
- = mean quantity

Introduction

HEN an acoustic wave is present in a solid-propellantcom-

bustion environment, the mass flux from the combustion
zone oscillates at the same frequency as the acoustics. The acous-
tic wave is either amplified or attenuated by the response of the
combustion to the acoustic disturbance. When the acoustic wave is
amplified, this process is called combustion instability. The ampli-
fication is quantitatively measured by a response function.

The ability to predict combustion stability for a solid-propellant
formulationis essential to the formulator to prevent or minimize the
effects of instabilities, such as an oscillatory thrust. Unfortunately,
the prediction of response values for a particular propellantremains
a technical challenge.

Most predictions of the response of propellants are based on test
data, but there are a number of questions about the reliability of the
standard test method, the T-burner. Alternate methods have been
developed to measure the response of a propellant, including the
ultrasound burner, the magnetic flowmeter, and the rotating valve

Received 17 March 2003; revision received 1 June 2003; accepted for
publication 23 June 2003. This material is declared a work of the U.S.
Government and is not subject to copyright protection in the United States.
Copies of this paper may be made for personal or internal use, on condition
that the copier pay the $10.00 per-copy fee to the Copyright Clearance
Center, Inc., 222 Rosewood Drive, Danvers, MA 01923; include the code
0748-465803 $10.00 in correspondence with the CCC.

* Aerospace Engineer, Propulsion Branch. Member AIAA.

burner, but there are still inconsistencies between the results ob-
tained by these different methods.

Aside from the experimental differences, the values of the
pressure-coupled responses obtained by different researchers are
often compared erroneously, for the simple reason that inconsis-
tencies in the definitions of the responses and admittances are not
considered. The use of different definitions has led to substantial
confusion since the first theoretical treatments of the problem by
Hart and McClure in 1959 (Ref. 1). The definitions and relations
derived here are an attempt to alleviate this problem.

Definitions

In general, a response function characterizes an unsteady prop-
erty that results from another unsteady property. In the case of the
pressure-coupledresponse, the response is a measurement of an un-
steady property that is caused by an unsteady gas pressure above
the surface of the propellant. Traditionally, the resultant unsteady
propertyis the mass flux. However, it has also been defined as a com-
bination of the mass flux and the gas temperature. There is some
confusionin the literature about these definitions and the correctre-
lations between the pressure-coupled response and the admittance
of the propellantsurface.

The most common definition of the response is the ratio of the
nondimensionalized mass flux to the nondimensionalized pressure
oscillation. This first definition is

Rpy = (in/m)/(p/P) ey

A less common definition of the pressure-coupledresponseincludes
the gas temperature >

i fi+T )T
Rpy = ——/—— @
p/p
The admittance is generally defined as a relation between the
oscillatory velocity and the oscillatory pressure, as

Ay = pa(it/p) = (i/a)/(p/y p) 3

This definition has been used extensively in the literature since its
first use by Culick.?

To arrive at the relation between the admittance and the definition
of the response in Eq. (1), it is first necessary to linearize the mass
flux in the gaseous phase and the adiabatic relation, as shown in
Egs. (4)and (5), respectively.If these two relations and the definition
of the admittance are then substituted into the first definition of the
pressure-coupledresponse, the relation shown in Eq. (6) is found.
Thus,

/i = /i + ) @)
o/p=1/y)(p/Pp) (5)
Rp, = Ay + M)/yM (6)

The definition of the response that includes the temperature fluc-
tuation has a slightly different relation to the admittance. The re-
lation is obtained by linearizing mass continuity in both the solid
and gaseous phases and the ideal gas law. The mass flux of the solid
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phase in Eq. (7) is equal to the density of the solid propellant mul-
tiplied by the burn rate. When this is linearized, the expression in
Eq. (8) is obtained, that is,

m = pgiial @)

m/

N

= F/F )

The ideal gas law can also be linearized to obtain the expression in
Eq. (9). If the linearized mass fluxes in both the gaseous and solid
phases [Eqgs. (4) and (8)] are combined and substitutedinto Eq. (9),
then Eq. (10) is found:

pIp=p/p+T/T ©)
mjm+T )T =i+ p/p (10)

When Eq. (10) is substituted back into Eq. (2), a different rela-
tion between the pressure-coupled response and the admittance is
obtained, as

Rpy =1+ Ap/yM (1)

Responses obtained from this relation are greater than the values ob-
tained from Eq. (6) by 1 — 1/y for the same value of the admittance.
This difference is on the order of 0.1 for most solid propellants, a
small but significant difference.

A second definition of the admittance also leads to a yet another
relation between the admittance and Eq. 1. This definition of the
admittance,

Ap = (u/uw)/(p/p) (12)

has not been used with the definition of the pressure-coupled re-
sponse. Culick defined the admittance as a function of the inverse
of the acoustic impedance.* The relation between this definition
of the admittance and Eq. (1) is derived similarly to Eq. (6). The
gaseous mass flux and the adiabatic relation are linearized and
substituted into the definition of the response. Substituting in the

different definition of the admittance gives the expression
Rpi=Ap+1/y (13)

This relation between the admittance and the response also pro-
ducessignificantdifferencesin the value of the responsefor the same
value of the admittance. In this case, the difference between the two
responsesis a factor of the admittance.Responses found from Eq. (6)
could potentially be as much an order of magnitude greater than a
response found using the relation in Eq. (13) for the same value
of the admittance. Fortunately, this relation is no longer commonly
used to calculate the pressure-coupledresponse, although this is the
definition of the admittance that is most commonly used in acoustic
theory.

Conclusions

Although the two different definitions of the pressure-coupled
response have lead to some confusion, the second definition of the
response that includes the temperature flux oscillation is not com-
monly used today. The potential for confusion lies primarily in the
use of different definitions of the admittance. Several of the exper-
imental techniques use a measurement of the admittance to derive
a response. It is vital that the admittance and pressure-coupled re-
sponse be defined for the purpose of comparison to other experi-
mental techniques.
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