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A computer program has been developed for calculation
of the velocity-coupled response function of solid-
propellants from experimentally measured pressure data.

The proposed velocity-coupled response function measurement
apparatus consists of an end-burner combustor where the
propellant sample is oscillated in a direction normal to the
flow in the presence of a standing acoustic wave within the
combustion chamber. The pressure measurements are made at
select points along the length of the chamber,

The data reduction program consists of a Runge-Kutta
routine driven by a BFGS multivariable search routine. The
Runge-Kutta routine determines the pressure distribution
within the chamber of the proposed apparatus for a specific
velocity-coupled response function (Rv), The BFGS
optimization routine searches for the Rv which minimizes the
difference between the calculated and measured
pressure disiributions.

The data reduction program has demonstrated convergence
to the proper Rv value for pressure data that was generated

by sampling from gaussian distributions.
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1.0 Introduetion

From the beginning of solid propellant rocket
development, the rocket engine designer has been troubled by
the phenomenon broadly described as "unstable combustion”.
Normal combustion of a solid propellant is defined as the
regular predictable process associated with steady
conditions., Under steady conditions the burning rate of the
propellant depends on the local mean pressure and the local
mean mass flow moving parallel to the burning surface, and
the initial propellant temperature., With the exceptions of
detonations and explosions, unstable combustion in any
combustion process 1s undesirable.

It is important to distinguish between two aspects of
unstable combustion: irregular combustion refers to
combustion associated with large deviations in the mean
burning rate from that predicted under steady conditions
while oscillatory combustion refers to combustion with
periodic variations in flow properties about their mean
values,

Oscillatory combustion instabilities arise from the
coupling of pressure and velocity perturbations that are
assocliated with the presence of acoustic modes wit@in the
combustion chamber, with the combustion processes in the
burning zone at the solid propellant surface,

It is customary to assume that the fluctuation in the
mass flow can be separated into a pressure-coupled part and

a velocity-coupled part which are independent of each other.



Accordingly, the effects of pressure and velocity
perturbations on the burn rate can be represented by

the following equation (Ref. 1),

Iﬂ’ w—
= T Rep! » B, ul 1)
”, 7; a

Since the solid propellant combustion responses, Rp
and Rv, are the sources of acoustic amplification, their
accurate determination is required for a complete
stability analysis. Due to the complicated nature of the
combustion process, it is difficult to predict the burn rate
of a solid propellant on the basis of its chemical
properties alone. For this reason, researchers have relied
heavily on experimental approaches to combustion response
function prediction. At the present time, methods to
measure the combustion responses are being developed.

This investigation will focus on the data reduction
procedure for a new method of experimentally measuring

the velocity-coupled response function.



2.0 Historical Backeground

At the present time, a theoretical analysis of combustion
instability containing all relevant parameters does not
exist. This 1s largely because of an incomplete understanding of
the response of the propellant burning rate to oscillations
in the pressure and velocity of the flow adjacent to the
propellant surface, Satisfactory models and relliable
experimental techniques to predict the velocity-coupled
response functions of solid propellants have remained
particularly elusive, Until further progress 1s made in our
understanding of the mechanistic basis for velocity
coupling, research must be directed towards the development
of experimental techniques for the measurement of the
veloclity-coupled response function. Solution to the pr;blem
of velocity-coupled response function measurement will be
adequate only when there is quantitative agreement between
the various experimental methods and realistic analytical
models.

The measurement of combustion response functions has
been attempted by a variety of methods, each baving its
advantages and shortcomings. The methods are best
categorized by the type of burner used in the measurement
and by the nature of the exciting disturbance. Burner
configurations which have been used in the past include the
center-vented burner, the modulated exhaust flow burner, the
impedance tube burner and the bulk-mode self-excited burner,

Acoustic oscillations in the burners are either self-excited



or generated by external means. The center-vented burner,
commonly referred to as the T~burner, is an example of a
self-excited burner. The rotating-valve method 1is an example
of a burner where the oscillations are generated by external
means. The T-burner and the rotating-valve methods deserve
particular attention not only because of their extensive use
and evaluation, but also because they are helpful in
understanding the basic approach to experimental

combustion response measurement,

The simplest form of the T-burner (Ref. 2) for
pressure~coupled response measurements consists of a
circular tube with propellant disks mounted at both ends.
The products of combustion are exhausted through a vent at
the center of the tube., This configuration allows maximum
excitation of the fundamental longitudinal acoustic mode in
the tube, thereby generating maximum acoustic pressures at
the burning propellant surfaces. By placing the exhaust vent
at the center of the tube where the pressure oscillations
have the lowest amplitude, energy losses from the acoustic
field are minimized. The exhaust vent is usually connected
to a surge tank which is pressurized with nitrogen to the
desired mean pressure. When the propellant disks are
ignited, the propellant reaction flushes out the inert
nitrogen, and oscillations develop and grow exponentially
until losses limit the amplitude., When the propellant burns
out, the oscillations decay in a roughly exponential manner.

In its simplest use, it is assumed that the damping is the



same during the period of growing oscillations as during the
period of decaying oscillations. The initial growth constant
of the acoustic field () can then be regarded as the
difference between the energy gains and the measured damping
contribution, hence

a(;f’(’.,-.,., = X dampe (2.1)
Using linear acoustic theory, the rate at which energy is
transferred to the acoustic field can be related to the
response function. For end-burners the relation between
and the pressure-~coupled response is given by

Xgain = 4F(My Rp) (2.2)
where f is the frequency of the oscillating field and;ﬁis
the mean flow Mach nuamber. Using equations (2-1) and (2-2),
the response function can be inferred from measurements of
the growth constant and the damping constant,

Measurement of the velocity-coupled response function
is much more difficult than measurement of the pressure-
coupled response function. However, methods for adapting the
T-burner for ve;ocity-coupled measurements have been
considered. In order to induce velocity-coupled response,
the propellant test sample 1s exposed to a parallel velocity
flow in locations which maximize velocity-coupled
acoustic excitations. One means of accomplishing this is to
mount the test charges on the side walls and the driver
propellant at the ends., The difficulty with this arrangement
is that test samples respond to both pressure and velocity

oscillations. Hence, independent information about the



pressure-coupled response is required before the velocity-
coupled contribution can be extracted from the measured
pressure data, Variable-area methods with the propellant
samples located at the L/4 and 3L/4 positions along the tube
have also been considered. The basis for the variable-area
method becomes clear if we extend equation (2.,1) to the case
where the propellant surface area is not equal to the ¢ross-

sectional area of the burner tube, Equation (2.1) becomes
=3 =°(ga:7\ (éé.) - Q’/a“ (2 3)
Se

which is the equation of a straight line for X wath the area
ratio as the dependent variable. The energy constant («9““ )
is the slope of this line. From the energy constant the real
part of the response function can be determined. The primary
disadvantage of variable-area methods is that several tests
must be conducted to obtain the response function at a
specific frequency and pressure, Other disadvantages include
the theoretical uncertainties that are not reflected in the
simplified expression for « in equation (2.1).

The basic approach to rotating-valve methods (Ref. 3)
is to use exhaust modulation to control the acoustic
oscillations in the combustion chamber. The usual burner
configuration is a rocket motor with a cylindrical mounted
charge and a conventional nozzle to contrcl the mean
combustion pressure. A secondary orifice is operated
periodically to produce oscillations at a desired frequency.

For velocity-coupled response measurements, two rotating



valves are required., With one valve positioned at either end
of the combustion chamber and oscillated directly out of
phase, controlled velocity oscillations can be generated.
Analytical solutions of the mass, momentum and energy
equations for the rotating-valve burner configuration along
with measured acoustic response data are then used to
predict the velocity-coupled response function. Unlike the
T~burner method, the rotating valve approach determines both
the real and imaginary components of the response function.

Direct measurement of the oscillatory burning surface
regression using microwaves has also been considered. This
approach provides both magnitude and phase information about
the combustion response functions without having to
indirectly calculate them from measured acoustic data.
However, the difficulty of isoclating pressure-coupled
contributions from the velocity-coupled contributions has
not been resolved.

At present there is a lack of qualitative agreement
among the different approaches, and it i1s difficult to
ascertain which method is the best, Accuracy, cost and
repeatability are criteria for the evaluation of their

relative merits.



3.0 New Method

In a2 new attempt to determine the velocity-coupled
response function from pressure oscillation data,

L.L. Narayanaswaml has suggested an end-burner test
configuration ghere the propellant sample is oscillated
normal to the flow in the presence of a standing acoustic
wave in the combustion chamber (see Fig. 3.1).

Pressure coupling between the propellant burn rate and
the acoustic fleld 1s generated by the oscillating pressure
at the propellant surface. Velocity coupling is generated by
relative flow oscillating tangential to the oscillating
propellant surface.

The configuration of the standing wave within the
combustion chamber is that of a forced standing wave in a
closed-end tube modified slightly by the existence of
pressure and velocity coupling between the propellant burn
rate and the acoustic field. For given propellant sample,
environmental conditions, and acoustic frequency, the
configuration of the standing wave is uniquely determined by
the combustion response functions Rp and Rv., The pressure-
coupled response function (Rp) will be known from prior
experiment and the velocity-coupled response function will
be determined from pressure measurements along the length of
the experimental device. This investigation will focus on

the calculation of Rv from the pressure measurement data.



Figure 3.1 Schematic of Rv-Measurement Apparatus

‘k”’/’__,,—' oscilloscope

propellant sample acoustic driver



4.0 Data Reduction Procedure

The data reduction procedure that was developed for the
calculation of the velocity-coupled response function from
experimentally measured pressure data is presented here, The
prime motivation for the data reduction procedure is the
lack of an accurate means for direct measurement of the
perturbation velocity at the propellant surface.

An expression for the velocity-coupled response
function is obtained from equation (1.1) with modifications.
Using the continuity relation

/s
- H = 4.1

o

A

A o= 2!
A -2

and the isentropic relation

2l= & ($2)
2 A

equation (1.1) may be rewritten as
’ —
z,;(‘-’; . (%,o‘/)) L_fi (%,3)
“ ™ 225 z

The conditions at the'propellant surface are not
isentropic: however, for lack of an alternative, the above
substitution has been used to eliminate the density ratio
from the expression for Rv.

Al)l quantities on the right-hand side of equation
(4.3), except for the perturbation velocity (ué,) are known
at the propellant surface from either measurements
downstream of the propellant or by simple computation (see

Appendix 1).
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Because of the hostile environment near the burning propellant,
the perturbation velocity at the propellant surface cannot
easily be measured directly. The perturbation velocity at the
propellant surface is, however, a boundary condition to the
system of differential equations which governs the flow
within the cowmbustion chamber.

In principle, the general solution of the governing
equations along with the experimental pressure measurements
should allow easy computation of the boundary condition u/.
The correct boundary condition u,. would force the general
solution for the pressure distribution to match the measured
pressure distribution at the points along the length of the
Rv-measurement apparatus where the pressure measurements
were taken. The velocity-coupled response function (Rv)
would then be known from equation (4.3).

Unfortunately, the governing equations do not lend
themselves to a closed form solution. In light of tbhis, the
following numerical data reduction procedure has been

developed.

Step (1) Assume a value for Rv.

Step (2) Calculate the boundary condition uﬁf using
equation (4.3).

Step (3) Use u,’  along with the remaining boundary
conditions to numerically solve for the pressure
distribution within the experimental device.

Step (4) Compare the calculated pressure distribution to

11



the experimentally measured pressure distribution.
Step (5) Choose a new Rv on the basis of the results of the
comparison.
Step (6) Repeat steps (2) through (5) until the measured
and computed values agree to within prescribed

limits.

Steps (3), (4) and (5) will be discussed in greater detail
in the following sections.

Since the velocity-coupled response function is a
physical property of solid propellants, it is expected that
the iterative procedure presented here will converge to a
unique value, The validity of the final result can be
checked by comparing the experimentally measured pressure
distribution to the pressure distribution that would result

from the Rv value found.

12



5.0 Numerical Solution of the Governing Equations

Step (3) of the data reduction procedure requires the
computation of the perturbation pressure p’ as a function of
the axial distance from the propellant sample. A fourth-
order Runge-Kutta numerical technique has been used. The
discussion here will show how the governing equations have
been reduced to the form required by the RE-4 numerical

integration algorithm,

5.1 Governing Equations

The equations which govern the fluid flow within the
experimental device are

(1) conservation of mass

(2) conservation of momentum

(3) conservation of energy, and

(4) ideal equation of state.

Written in differential form these equations are

2 25 + P2U = © (5./.17)
s X ) 4

A2+ pudY + 0 =0 (5./,2)

St - X
oy uldp - 70 =0 (5,1.3)
s 2% Ax

= oRT (5,,.4)

13



The energy equation (5.1.3) incorporates the ideal
equation of state, and is approximately valid for negligible
heat conductivity of the combustion product gases.
Furthermore, convective and radiative processes are
considered to make negligible contributions to the energy
equation.

Since the flow within the combustion chamber involves
both mean and perturbation flows, it is convenient to

separate the two as follows

P = orp!

= 5 ra’ (5.5.5)
w = « * v’
r = Fer’

Furthermore, the perturbations are periodie so that
e &
= et
£
/’: /,4

v

Zé
w’' = oy & e

& 5.5.¢)

For periodic functions, the time-derivative operator
reduces to iw , enabling the governing equations to be

treated as ordinary differential equations.

14



Neglecting second-order effects the governing equations

reduce to the following when substitutions (5.1.5) and

(5.1.6) are made,

Lontinuity

/9_4_7*&')[:0 ¢5.7.3)
Jx 2%

Cwp'ru'Qe's 520 s 007 4 GO0 =0 (5.1.8)
poy 2 7 x Jx s x

Momentunm

ST + 4 =0 (5.1.9)
/X >X

/’c'wa'f-/"a—)_k/r /—a"’)._'-? ¢y @AY 1’ =0 C(5././0)
o Ax x Sx

Energy

Tic,

N
+*
3
W
Ll
0
™
n
>
<

FClwt L 5GC, AT ¢ su €T 10" Gl0F 4 o024 + 582 =0 S, /12)
Iz ox e

2x s¥ &
Eguation of State
A= ser  (57,13)
o= srrir er (5./.14)

Assuming that the mean flow Mach number of the flow

normal to the propellant is much less than 1, terms

15



containing 1% can be neglected. Rearrangement of the

previous equations under the assumption of negligible mean

flow Mach number yields the following equations,

4 =o (5,7.75)

X%
2f = -G AT (5././é)

Ax 7T Ix

2éd = g oF €5,7,/%)

2 ¥ 2

2’ = -1 bewm ~d Fli s L (T~ p ) DG (5 E)
=X . 27 75 =

P = —wa’ -,;(;2_4’-/,- w e (5,7, /9)

X ox

Tbese equations are in the form required by the

Runge-Eutta numerical algorithbm for integration. If the

temperature distribution T(x) 1s known, these equations
along with the boundary conditions at the propellant

surface, are sufficient to calculate the pressure

distribution (p’) along the length of the experimental

device.

16



5.2 Boundary Conditions
The boundary conditions required at the propellant
surface are listed below
mean pressure
mean density
mean velocity
perturbation pressure

perturbation velocity

For the purpose of this investigation, typical values
for the above quantities will be used. The values used,
along with other environmental parameters are given in

Appendix 1.

17



5.3 Temperature Distribution

Since the heat flux through the measurement apparatus
wall is unknown the mean flow temperature distribution T(x)
cannot be found directly. However, the following approximate
expression for the temperature distribution using the one-

dimensional steady-state heat diffusion equation has been

used.
r(Z)‘; (/p" a) Z + 7.” (5,,?,/)
where
2-‘7 2/5.__1 __/._
£, ot
and, and are the thermal conductivities of the

combustion gas and the apparatus wall respectively.
In the future, it may be necessary to refine the above
temperature distribution to incorporate three-dimensional

effects,

18



6.0 Error Function

In order to compare the numerical solution for the
pressure distribution to the measured pressure distribution,
the following least-squares error function has been

considered

N
2
ECR) = 2? /5517/ _ ;yenj//) cl.r)

=1
where N is the number of pressure measurements taken at
selected points along the length of the experimental Rv-
measurement device. The quantities pw: and p, are the
measured and calculated pressures at the i'th selected
pressure port.

The quantities Rv, p,/ and p,: in equation (6.1) are
complex. The velocity-coupled response function is complex
since the velocity~-coupled response is not generally in
phase with the tangential velocity perturbations. Also, the
perturbation pressure is complex having both magnitude and
phase. Consequently, the error function E is a complex
function. It is meaningless, therefore, to consider
minimizing E as defined by equation (6.1). In light of this,
the following .approaches have been considered.

(1) Minimize both the real and imaginary components of E
simultaneously.
(2) Minimize the magnitude of E only.

(3) Minimize the phase angle of E only.

All three approaches are valid since both the magnitude

19



and phase of the perturbation pressure distribution are
unique for a given velocity coupled response function (Rv).
As will be shown in Appendix 5, the use of the phase
distribution provides the smoothest error function (E), and
consequently, equation (6.1) has been modified through the
use of the phase angles of the perturbation pressures. Thus

the error function, E(Rv), given by

v
Ecry = 5 (&, - &2y ) (G2

£=y

is a real valued function of two independent variables. The
symbol { denotes the angular component of the perturbation
pressure. The independent variables are the real and
imaginary components of Rv,

The desired value of Rv is that which minimizes the
above error-function. When E is minimized, the pressure
distribution which has been calculated by numerically
integrating the governing equations will match the measured
pressure distribution as closely as possible at the N

selected points.

20



7.0 Location of Pressure Ports

As mentioned in the previous section, the numerical
solution for the perturbation pressure distribution can be
fitted to the measured distribution at selected points along
the length of the experimental device. The experimental
apparatus has provisions for measurement of pressure at
numerous locations along its length. The positions of the
pressure measurement will affect the performance of the
curve-fit procedure. The optimum location of these pressure
measurements is at the part of the curve where variation is
greatest since the shape of the curve will be most sensitive
to slight variations in admittance value. Perturbation
pressure phase distributions are provided in Appendix §
for a wide range of admittance values and a driver frequency
of 600 hertz, From these figures it can be seen that maximum
variation of the curves occurs in the region between 0.100
meters and about 0.150 meters along the length of the
Rv-measurement apparatus. The locations of the pressure
measurements have been chosen to be at ten equally spaced
locations from 0.100 meters to 0.145 meters along the

length of the apparatus.

21



8.0 Optimization Procedure

8.1 BFGS Optimization Algorithm

The BFGS (Broyden, Fletcher, Goldfarb, Shanno)
numerical optimization algorithm (Ref.4) has been used to
minimlize the error function (equation 6.2). Since the
velocity~coupled response function (Rv) is complex, the
domain has been considered to be the R 2 plane with the X1-
coordinate representing the real part of Rv and the X2-
coordinate representing the imaginary part of Rv.

Most search algorithms involve a line search given by

the following equation

74'_, = X,‘_ - o ‘//2- Vy('z/,_) dg,/;/)

where y 1s the function of interest, For a gradient search,
Hy is the unit matrix (I) and < is the parameter of the
gradient line. for Newton's method H, is the inverse of the
Hessian matrix, Hé’, and « is 1. The Hessian (H) is the
matrix of second partial derivatives evaluated at the point

x, . For quasi-Newton methods, Hh is a series of matrices

4
beginning with the identity matrix, I, and ending with the
inverse of the Hessian matrix (HZ). The quasi-Newton
algorithm that employs the BFGS formula for updating the
Hessian matrix is considered to be the most effectivg of the
unconstrained multivariable search techniques, according to
Fletcher (Ref. 5).

The minus sign in equation (7.1) indicates the

22



direction of steepest descent and a positive sign in the
equation would give the direction of steepest ascent,
However, equation (7.1) is really steep descent rather than
steepest descent., Only if the function of interest,the error
function, is scaled such that a unit change in each of the
independent variables reduces the same unit change in the
error function will the gradient move in the direction of
steepest descent, Scaling is a problem that has been
encountered during this investigation. It was resolved by
multiplying the real and imaginary components of the
admittance by 1000,

The BFGS algorithm is outlined in what follows.
(1) Choose starting point Rv - x,. (4 1)
(2) Compute gradient E(xk) using a forward difference

approximation.
(3) Form the Hessian matrix given below,

e r (% 4o 7a] (50 £47 0
Hu I So r §a &0’ He i AT dn !,,S,. (5.0.2)

Sw’ FI A LS/J I

where Sn Xper Xn  arnd Y - VE(X,,,)- VE(%y)
(4) Form the gradient line given below. -

leu ”Q -

Xy Xu &y, Hg VE (X4) (8.1.3)

(5) Search for parameter o,,, which minimizes the error
function (E) along the gradient line. This is described
in detail in the next section.

(6) Compute x,,, .

(1) Repeat steps (2) through (6) until convergence.

23



As mentioned previously, the initial value for the
Hessian matrix is the identity matrix.

The algorithm generates a sequence of values X, that
move rapidly from the starting point Xy to the neighborhood
of the optimum x* and terminate when the difference between
successive iterations is less than some prescribed value.

The value of the parameter « which winimizes the error
function along the gradient line is found by a Fibonacci
line search. The Fibonacci line search algorithm is

discussed in the following in the following section.

8.2 Fibonacci Line Search
To find the optimum of a search problem, a search plan
is required. A search plan is a set of instructions for

performing N sets of "experiments" x yeeesXq (values of

7 'xz
the independent variables). In this discussion, an
"experiment"” will consist of specifying the value of the
independent variable (A ) and determining the value of the
function E( A« ) for that specified value.

The Fibonacci search (Ref, 4) will be used to search
for the parameter « which minimizes the error function (E)
along the gradient line (equation 8.1.1). Values for range
from 0 to 1 generating points along the line from x,; to xb:'

The first step of the Fibonacci search requires .the
calculation of the number of experiments required to reduce
the final interval of uncertainty in  to within

tolerabdle limits. This desired final interval of uncertainty



(In) is given by the following equation.
Ly = Lo t8:.2,7)
4%,,
where I, is the initial interval, and A,,, is the (n+1)'th
Fibonaeci number, The initial interval (I_) is 1 since the
parameter « has possible values ranging from 0 to 1.

The Fibonacci numbers are generated as follows

A, 1
A, - 2
A; A;., + A/ ;2 for i > 2

The number of experiments required to reduce the
interval of uncertainty from I, 1toI, is the smallest

value n such that

4@*/ ; ‘Z_.:’. 131213_)
Lo

The values of & for the first two experiments are the

following
0/ 2 By Lowm = P2, Lo j 8.2, 4)
47,.—/
Xz_ - 49.’ I7| = 4’-' { r° ] (8; 2. ;‘)
4';‘AI
The position of «, is symmetrically toa, , a distance Iz

from the upper bound of the interval.

The procedure continues after the first two experiments
are evaluated by discarding the interval that does not

contain the minimum, It is important to realize that the
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function is assumed to be unimodal along the gradient 1line.
The error function (equation 6.2) is not unimodal, However,
it has been found that the distances between local minimums
is large with respect to typical gradient line lengths.

The third experiment is placed in the remaining
interval symmetrically to the one which was not in the
discarded interval, The procedure 1is continued by placing
the remaining experiments symmetrically to the previous one
with the best value until the final experiment is placed.

The procedure is best illustrated by the following

figures,

E(R,)
[ lirLrll'llvllx
2 @, ﬁ"z

Error Function along Gradient Line

Figure 8.2.1
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Suppose E(X,) > E(f.) then by unimodality the interval
(«4,,1]) would not contaig the minimum. Therefore, it is
discarded and the second interval of uncertainty is then
[0, «,1.

The third experiment is placed symmetrically to &, in

the remaining interval as illustrated below.

£ (2.)
Z
[
I
|
I
|
_— —2
f
l X
g a3 oy

Error Function along Gradient Line

Figure 8.2.2
The remaining experiments are placed in a similar
manner until the desired final interval of uncertainty I, is
obtained. The optimal value for o 1is then taken to be either

the upper bound or the lower bound the final interval of

uncertainty depending on whether the previously discarded
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interval was to the right or left, Since the final interval
is chosen to be small, any point in that interval could be

used as the optimal value,
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9.0 Description of Computer Program

The data reduction program consists of a Runge~Kutta
routine driven by a BFGS multivariable search routine. The
Runge-Kutta solves the governing equation for the
perturbation pressure distribution within the experimental
device for a specified admittance value of the solid
propellant. The following sections will discuss the
admittance to velocity-coupled response function conversion,
the Runge-Kutta algorithm and the BFGS multivariable search

algorithm in greater detail.

9.1 Admittance to Velocity-Coupled Response Function Conversion
The admittance (Y) of a solid propellant is defined by

the following equation.

Uy = Y 2l c9.7.7)
Py )

An expression for the perturbation velocity is obtained

by rearranging equation (4.3).

a— / -— —
Yo' = Aoy 2! (Rop-1) FR, Ui “e' ¢ 7.42)
335' &
Upon elimination of the normal perturbation veloecity
from the above equations the following relationship between

the admittance and the velocity-coupled response function is

obtained,

a G P
Program 2 (Appendix 3) has been written to perform

the above conversion.

29



9.2 Runge-Kutta Algorithm

A fourth-order Runge-Kutta algorithm (Ref. 6) is used
to determine the perturbation pressure distribution by
integration of the governing equations (5.1.15) through
(5.1.19). The input to the algorithm consists of the
environmental parameters and the boundary conditions at the
propellant surface. Typical values for the environmental
parameters and all boundary conditions except for the
perturbation velocity (u;,) at the propellant surface are
given in (Appendix 1). For calculation of the velocity-
coupled response function for a particular propellant sample
in a specified environment all input quantities except for u;
are fixed. This boundary condition is determined by
admittance values which are generated according to the
multivariable search procedure., For a particular admittance

value, the perturbation velocity (u. ) is given by

“4n' = ¥V 52l <9.2,7)
25

The step size (H) governs the locations at which the
perturbation pressures are calculated. It is important that
the perturbation pressure be calculated at points along the
length of the experimental device where pressure
measurements are made. Improved accuracy can be obtained by
decreasing the step size (H). Alternatively, the step size
can be adjusted in the middle of the calculation to

accommodate a pressure distribution that is rapidly varying.
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9.3 BFGS Optimization Algorithm

The purpose of this algorithm is to search for the
particular admittance value which provides the boundary
condition (u;_) which, when used as input to the Runge-Kutta
routine, yields the pressure distribution matching the
measured pressure distribution,

The BFGS algorithm has been encoded into a main
program, two subroutines and three function subroutines.

The three function subroutines are as follows, The
function FUNCT contains the function to be minimized
(equation 6.2). The function F uses FUNCT for the value of
the error function in the line search. The function FIBON
uses the values of F in the Fibonacei line search. The two
subroutines are slope, which evaluates the partial
derivatives using a forward difference approximation, and
PRINT, which prints the results of the computations,

The input variables for the BFGS routine are the
starting point (Y,) and the stopping criterion. The progranm
will terminate when the difference between the error
function values of two successive iterations is less than or
equal to the stopping criterion. The output results are the
iteration number, the value of the error function, and the

admittance value.

The main portion of the BFGS algorithm proceeds fronm
iteration zero, the starting point, and generates successive
peints until the stopping criterion is met. Initially, the

Hessian matrix (H) is the identity matrix. The gradient is
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computed using a forward difference approximation of the
partial derivatives (using subroutine SLOPE). The
Fibonacei search function, FIBON, is used to locate the

minimum along the gradient line fronm X, to x Then the

(N
stopping criterion is checked, and the Hessian matrix is
stored in ERROLD for future comparisons. The search
direction to the next point is calculated and stored in the
vector S. The value of the parameter of the line in the
search direction, K, is calculated using FIBON to locate the
next point. The value of the error function at the new point
is calculated and stored in ERR. The values of the iteration
counter, the function at the new point, and the new point
are printed using PRINT. The values of the gradient at the
current point are computed and stored in the vector GRAD.
The Hessian matrix is updated, and the program returns to

repeat the calculation until the error criterion is

satisfied.
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10.0 Simulation of Experiment

For the purpose of testing the data reduction program,
experimental pressure phase angle data have been simulated
by introducing random fluctuations in calculated pressure
phase angles for specific values of admittance. Experimental
data was simulated for two admittance values: (0.04,-0.02)
and (0.00,0.02). Program 3 (Appendix 4) was used to obtain
random fluctuations from gaussian distributions having
standard deviations ranging from zero through five degrees.

Using the simulated data, the program was tested to
see whether or not convergence to the above admittance
values from an arbitrary starting point was attained. The

results are presented in the following section.
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11.0 Simulation Results

Results are presented here for two sample runs of the
data reduotion program. Using admittance values of
(0.04,-0.02) and (0.00,0,,02) the perturbation pressure
distribution was calculated. The following computer
printouts show the results for random fluctuations in
input pressure data ranging from zero to five degrees.

The performance of the data reduction program has proven to
be satisfactory for perturbation pressure phase measurement
data having random fluctuations of less than five degrees,

The velocity-coupled response function values
corresponding to the admittance values were found using
Program 2 (Appendix 3) to be (0.15,0.48) and (-0.19,0.13)
for the respective admittance values (0.04, -0.02) and
(0.00,0.02). It was necessary to assume a value for the
pressure-coupled response function to perform the above
conversion., The value used for Rp was (0.1,-0.1). Since
the pressure-coupled response of solid propellants was not
investigated, the admittance to Rv conversion was not
included in the main data reduction progranm,

The test results are summarized at the end of this
section. The summary table shows the admittance values which
were recovered when pressure phase data corresponding to the
above two admittance values were input, It is clear from
these results that performance of the data reduction progran
is generally good when random fluctuations in the input

pressure phase data does not exceed four degrees,
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Standard Deviation in Random Error of Input Data = 0O degrees
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Standard Deviation in Random Error of Input Data = 1 degree
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Standard Deviation in Random Error of Input Data = 3 degrees
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Standard Deviation in Random Error of Input Data = 4 degrees
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Standard Deviation in Random Error of Input Data
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Standard Deviation in Random Error of Input Data = O degrees
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Standard Deviation in Random Error of Input Data =
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Standard Deviation in Random Error of Input Data = 3 degrees
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Standard Deviation in Random Error of Input Data = 4 degrees
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Standard Deviation in Random Error of Input Data =

ctipping Craterion LS00

tarTing Foant (Yoo 20020 -25.00

-
-
1
(U]
Wy
c
]
hd

Syperimental

FO 1Y = 20,807
Fo 2) = B3£.4¢8
O30 c0.z72
F( 4) = 74.172¢€
FCB) -21.85¢:
FCE) = =72.702
L7 = -81.52E
F( 3 -21 42¢€
FO 2y = -25.580
Foi -20.534

Irror fynctiion

\
4
3
a
purs
—
0
ul
1

J 1€55.¢7¢
: 23 asg
2 c1.2C6
: £1.22¢

i
m
Y
A
[gn]
(3]
Al
™
=

TEMAL TERMINATICN

46

5 degrees

Fhase Values (oearees)

v oX

noc
LT

.20

1000

-20.
-20.

0.300 -25.
1
i
H -20.



SUMMARY OF TEST RESULTS

Simulated Input Data for an Admittanoce Value of (0.00,20).

Standard Deviation Yalue of Error Starting Value

of Random Error Function Point Recovered
o 0.253 (5,10) (.143,19.6)
1 13.1 (5,10) (.201,19.2)
2 5.0 (10,15) (2.05,22.7)
3 88.6 (10,15) (-.182,16.1)
] 64.13 (5,10) (2.21,17.4)
5 138 (5,15) ('-1“3129'8)

Simulated Input Data for an Admittance Value of (30,-20).

Standard Deviation Yalue of Error Starting Value

of Random Error Funection Point Attaiped
0 0.179 (30, -25) (30.3, ~-20.1)
1 12.1 (30, -25) (50.6, ~20.0)
2 29.3 (30, -25) (38.6, -20.8)
3 79.7 (30, -25) (12,2, -19.3)
5 81.3 (30,-25) (31.3, -20.7)
5 170 (30, -25) (37.6, -22.7)

(note: all admittance values are multiplied by 1000)
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12.0 Conclusion

A data reduction program has been written for the
calculation of the velocity-coupled response function of
solid propellants from experimentally measured pressure
data. The program has been written for use with a new
velocity-coupled response function measurement apparatus
that is currently being developed at Embry-Riddle
Aeronautical University. The data reduction procedure has
proven satisfactory for simulated experimental data which
have random fluctuations with standard deviations up to four

degrees.
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13.0 Recommendations for Future MWork

The following recommendations for future investigation
which are outlined here are based on the possible need for
improvements in the performance and accuracy of the data

reduction program.

(1) Study the heat transfer between the combustion gases and
the surroundings. Revise the approximation for the

temperature distribution given by equation (5.3.1).

(2) Investigate the shape of the error function (equation
6.2). Proper scaling of this funetion will improve the
performance of the BFGS optimization routine. The method

of steepest descent works best when shape of the error
function is parabolic. Procedures for scaling are described

in detail by Wilde (Ref. 6) and Wilde and Beighter (Ref. 7).

(3) Investigate other types of error functions for the
possibility of obtaining one which is unimodal for the
domain of realistic Rv values., For unimodal error functions,
the global convergence property assures convergence to the

correct solution from any starting point.
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Appendix 1: Input Data
Typical values for environmental parameters are given
below. The variable names used are the same as those used
in the computer progranm.
ratio of specific heats: GAM - 1.4
universal gas constant: R . 287 J/kgk
specific heat at constant volume: CV = TI17 J/kgkK
conductivity of combustion gases: K1 30 W/mK
conductivity of apparatus wall: K2 - 40 000 W/mK
radius of apparatus: RADIUS 0.05 m
length of apparatus: LENGTH 0.01 m

ambient temperature: TINF 273 K

The following are boundary conditions for the variables
at the propellant surface.

mean pressure: PO = 101320 Pa

perturbation pressure: PPO = (0,1200) Pa

density: RHOO - 1.226 kg/m’

temperature: TNOT = 3500 K

The mean flow velocity (6;) at the propellant surface
can be calculated from continuity and the propellant mass
burn rate. The mass flow (m) is related to the mass bﬁrn
rate by

- Ty ps Ay (A1)
The continuity relation 1is

Tm 5 A (A2)
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Equating (A.1) and (A.2), the following expression for the

mean flow velocity 1is obtained

Un = L6 /24 (A.3)

Typical values for the quantities in equation (A.3) are
given below

mass burn rate: ry = 0.0063 kg/s

propellant density: o, 1200 kg/m?

exhaust gas density: J - 1.226 kg/m?

The mean flow normal velocity at tbhe propellant surface
is then

méan flow velocity: ug =6 m/s

The frequency of the standing acoustic wave was given a
value of 600 hertz. This value is within the frequency range
at which the Rv-measurement apparatus is expected to be
operated. The angular frequency is then 2 x 3.14 x 600 hz.

angular frequency of acoustic wave: w 3770 rad/s

It is necessary that the mass flow perturbation
frequency be identical to the acoustic frequency. This
requirement is met if the propellant sample is oscillated at
one-half the acoustic frequency since the mass flow response
is not sensitive to the direction of the tangential

perturbation velocity.
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The average tangential velocity obtained by

integrating over one period 1is

«i, (4.4)

where u,’, is the maximum value obtained by the tangential
perturbation velocity., A typlcal value for ;70 is 30 m/s.
The mean tangential perturbation velocity from the previous

equation is 19 m/s.
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Appendix 2: Data Reduction Program

This appendix contains a listing of the data reduction
program. This program determines the admittance value of the
propellant, The admittance to velocity-coupled response

function conversion is performed by Program 2 (Appendix 3).
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C

C REMD &03D ECHI INFJT DATAH

[
WelIE 4,y “RFLE-FIEONACLY SEARCH FOR &ADRITTANCE’
WPTTE(L,¥) ‘mmmm o mmm e o e e — oo o
WRITE(L,x) ‘

NTERM = Z
MRITE (4,%) “INFUT STOFFING CRITEFION /
PEAD(L, %) [FS
VR ITE (4,») ‘THFUT EXPERTMENTAL FFESSURE FHASE MEASUPEMHITS
READYT 4% fF&CIY . I-1,1M)
WITTE €1 x JLPUT STARTING UALME FOF ALMITTANCE (Yo)”

1o en T =1 TERD

PR,

VR ITE S a0y

WE"TE 2 ¥

VP ETE a1,y TR 0l & AF L Flie ADn T e E
WETTE 1 7o e
ik 170 v % Y 7

S TAE 1, v Ll DT

VFATE 0,

Lslirks oY e

- 1}

Costeppraa Ltsteracn P30 s
HURITTE €3 we ‘

4

L

W TTIE 4 .70 s~ 84y 37
S FOVe Y o7 5w tapne Foant (he) , 4% fe - o
WRIE (a,50
LFITE (31,9 Frperare i 1ad Frecenr = flhece "aluves crdearees?
P'RETE (1 ,%)
)AL NNE T S I B B
GRITE (4 430 T FACED
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i1

110

604

el

3

A

-
-t

O}

- a

-

CONTINUE
FORMAT (° P(’,12,7) =/ ,F8 3)
WRITE(Y,601)

FORHAT(/,/, "RESULTS -,

/, /,'Tteratacen’ 40X, Errer Functien’ ,40X,’Y X 1000

BFGS SEARCH

ERR= FUNCY( ~ O
CALL FRINTC INER, NTEFMh, EFF, X, }
Cal Ll S OFEC GRAD, FRR D

FO"h THE IDENTITY mATRI?

»a

40 1=1,NTEPH
0 40 =t NTERH
JF (I HE T3 HESS(I, D)= 6 (
IF (1 EO J) HESS(L 13- 1

CONTTIUE
Ca-TTRLE

ERROILD= ERR
ITEW= 1TEF + 1

201) = HESIZTAN » GFADIENT

L

k

b=

58 I=i,NTEPH
S =~ 00
S0 T=3,NTERM

S(I)= €(J) + HESS(I,J)) x GPADLT)

b
'

)

-—

0

CONTINLIE

ALFHA TN SECTION © 3

FIFOWNC DUMMY )

LETIRNIME nE>T A

I'ELT& = abllfes a HESSIAHN » O JTAE0T

no

ol V=1,V TEFN
LRLY 2 Te= ) % OO0 o
(Y= AT - TTL 0T
CeRTTHUE

ETE - FUCTINY
LT OWPRPEC (- Ala Mhe

FFETEFRINE 1'EU 170G rnTE 12

pPC= 0 0

Do

S0 =3 ,NTERM
GaMMA(I>~ GRADIC(Y1) - CGRADC))
DPG-- DPG + GAMMACT) ¥ DELTA(D)
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39

a

g

Nl

CONTINUE

L0 80 I={,NTERM

t,

A

.
a

«
)

GRAD(I)= GRADL(I)
CONTINUE
GPHG= 0 0
DO 90 I[=1,NTERM
HG(I)= 0 ©
DO 90 J=41,NTERM

HG(T)= HCLI) + HESS(1,1)

GPHE= GPHG+ HESS(T,J) * L2nrfA(1)

CONTIUE
LD 460 I=1,NTEFH
Did 400 D=4 ,NTERM

¥ GamtalT)

X CAMMACTY

HESECT ,1)= HERS(1,3) - (HE(L) ¥ DRELIL/J)Y PTG
=~ ADELT&c )Y x HGAI)
+ (1 + (GPHG /
X DELYACT)Y 7/ DPRG)

CONTINUE
TOLEP = DAEBS(ERR-ERROLD)

IF (TOLER GE. EFS) CALL PRINT(

IF (TOLER GE EPS) &0 TO
CALL FRINT(ITEF,HWTERN,EER
UPTTE (4,%)7 -

WRITE (4, %)
eTOP

END

KRl

VXL 10

LREG)

1TER .

COMPUTATION OF FAPTTAL DERIVATIVES

SURROUTIRE 3SLOPE( DERIV,
LOURLE FRECISTION DEPIV(ZG
ChdmMime X, & NTERM

DO 30 I=1,NTERH
DELTA= § 0E-24
TEMPY= (1)

X(I)= X(I) + DELTA
Y= FUNCTC( X )

B

)
L

E

DERIV(I)= (Y E)Y/DELTA

X(1)= TEMPX
CONTINUE
PETURN
EnD

PRINT TESULTS

CURFAOJTINE FRIWIO T, 1, U
’

LOUME PRFCISION X770

WP LTE (1,207 I,UaL, <X,
FrRmATY v T3O0IX FAR 3
FETUPN

[qro

FIROMACCT SEARCH FUNCTICON

DOYIBLE FFEZCISION FUNCTION
PONELRE TRECTISTON RATIOL, F

FIEONY
TECe3))

LLOUND, HEOJED, TUIFP, FINTER,

TE3THEK, TLRY, THBEY, TEST

FRACT,

?

INTECER EXFCNHT, ExPNO, FLAG
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C

i0

-

sy

minAs

ind
w0

000

%

LEOUND
TEST
HBOUND
FINTER
FACT

oo

0.00C4
1 61633

0w
~ Iy TN

3
[t

DETERMINE THE INTYERVALS OF THE FIRONACC] SEARCH

CONTINUE

TLEVY = F ¢ TEST )

THRY = F  HROUND )

IF (TLEBY GT . THRV)Y GO 10 Ze
TLE = 1EST
TEST= HROUND
HEQUND= HEOUND ¥ TACT
GO TO L

CONTINUE

PEFmINE POUSDS AND DELTA FOR FTROMATCT TEAMCH

JF(TEST NE 1 ) LEFOUND = TLE
INTER= MHEOUND- LEOUND

LZI.TA = TEBT LEOUNTD
TESTLP-= TEET

TESTHE= HEROUND - DELTA

IF (TESTLE LT TESTH®) ¢MT5 -8
TLF = TESTLE

TESTLE = TESTHPE

TEZSTHE TLE

DELTA = TESTILE - LPOUND
TESTHE = HRBOUND -DELTA
CONTINUE

INTER = HBOUND - LROUND
RATTO = INTER/FINTKFR

DETERMTNE THE NUMBER OF EXPEPImENTE FEQUIPED

FIKO(4) = 1
FIEN(2) = 2
BO F° I =7.%C

FIFO(1) = FTFO(T=1) * FIE0 I-2)

[F (FIBOCTY 10 EAVI0 EZPpa T 0 4
CONTTHUE

LA ]

1
N

Cy4FT CLOSLD EBOND FAPONSETT ZFAPLN

IOOAG FOFCT=4, EXFHNOD

TLEV= T ONESYLR

fHpVs | (TESTHER)

TFCTLAY CF THENV) O 70 39
LROUND= TESTLH
THTER = KHEOUND - LEOLD
Uil Th« IHTER- DPCLTA
TEGTL-= TEETHD
1ES fHE= HBEIUND il T
Fl.l:l‘; = 1
GO 7O ac

CONTINLIEZ
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C

490

HBOUND= TESTHR

INTER= HBEOUND - LEOUHD
DELTA= INRTER - DELTA
IESTHE= TESTLP

TESTLRE= LEOUND + DELTA

FLAG = 0
CONTINNE
IF (FLAG EO {) FIHON = TESTLE
LF (FLaAG EQ 0) FIRON = TESINDR
RIZTURK
EHD

FUNCTION EVALUSTION FOR FIFOUACTY &EAPCH

DOURLE PRECTSION FUNCTION F (1)
DOURLE FRECTSION K, TEST(22), X207,
COMHON %, 5, NTEKM
L0 £0 I=§, NTERH
TEST(TY=X(I) ~ K ¥ S(1)
CONTINUE
F= -FUICT( TEST >
RETUR
EftD

CAaLCULATE VALUE OF ERPOR FUNCTION

DUVEBLE PRECISION FUNCTION FLNCT (3
DOUBLLE PRECIGION X(ZD)
IHTEGER STEFP ,COUNT

S(20,

rudeT

REAL GAM,P,CY,W,H Ki,K2,RADTUS,LENGTH, THOT , TINF

REAL P8, RHOU,U0
COrMPLEX PFG,R\,FP,UT
REAL FACL0),HAG

COMMON/RI.OCK/STEP ,COUNT,GA4,R,CV, W, H,L1,F2,FARTUS,LEHGTH, THOT,

ATINF,PJ,RHDI, U0, PPD,PA, RV, 3P, UT
REAL FCI00 ),RHOCAGE ), U400 ),A0
COMFLEX UP(10d ),FP(40D ) ,UPD
REAL RZ, JP ,FHASE

RV = (1,0)% X{4) + (0,1) x X(2)
Al SURT(GAMXFO0/PHOOD)
UPD = RUXAIXPPI/GAM/FO/4ND0

CoALL RFIFOURCGARM,P,CV,COURNT , H.W. LY b2, FPADTUS, LENGTH F O FHOC U0,

ALPOLFPG,P,RHO U,UP,PP,THOT . TINF)

aETTh = 6 G
D} 747 N=i,10
P2 o= FEAL (FR(N~1E)D

1P = ATHARC PN+ 3D
FHHSE = ATéd (TPSPIVHIRE/T 14987
TF W(RZ 20 g )y ARD Il FR 0

IF P2 LT € il (1P ER O
vtk EQ v > &N P LT v o
IF (KR LT L) #RD WIP BT L2
1F ((PZ LT uw 3 ApD (P LT )
MnG - THASE
O 13 = OPFTIN + AN -HAGY MY
LONY LNUL

FUNCT = OPTIH
RETURN
END
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READ RVY-MEASLUREMENT APPARATUS AND ENVIROMENTAL DATA

SURROUTINE

INTEGER 87
REAL GAM,R

IneruT

EP ,COUNT
JCAL WL H LK k2, RADIUS, LENGTH, THOT , TINF

RE&L PO, RHOD, LD

COMPLEX FP
REAI. PACID

¢,RBV FP,UT
)

COMMOR/BLOCK, STEP ,COUNT . GAM,E, 0V, U, H kL, 112, RADIUS, LEAGTH, THOT,
ATTOF P RHDOD D0, PRI, A, Y, RP,U)

OFEC UNIT

READ(Z, %) Garf,R,EV,STEP,COUNT H,W, K1, k2, RADTUS  LENGTH . PO . RHOD,FI*D

L FNLPRLUT

RETLIPH
EWL

SUEPOUTINE
TRHOD . UD, LIP
INTEGER CO
REAL CaM,R
PEAL F{1O0
COMPLES UP
COMPLEX @1
¢h4 LS
rOMPLEX FU
REAL TDIST

BOURDERY C

PC1)
FHOCL D
u¢s
UF (47
FPOSD

i ogn

FLRSE-t LT

o4 3
i - TLIST
T - TTFR}
-1 Fin'Cs
-2 = FURCE

G = FUdcs3
web o= FHINGA
-2 FLHICS

1 = FUNECH
FA2,FRA +
E2 = FuiC2
/72 ,FF(N) +

= 3,FILE="TRDAT &T,STATUS = "0:iD"7

LUG, THOT, TINFL,FA(4) ,FAYZY FAL3),PACL) ,FA(S)

RKFOUR (G&h, R, LY, COURT,H, W, ki, k2, RALTUSR,LENSTH, PO,

J.PED. P RRO,U.OF,FP,TROT,TINF)
UNT
LOVLWLHL K L RS, PADIUS, LENSTH, T4,12
YLEHOCINO >, 008 ) ,PO.RIH00, N
CiGG ), PPCICD ) ,URE,PPG
,A2,A3 .4, AS, KL, B3, E3, 84, R3,C1,0%,C2,C4.C05.04,0

HC4,FUNC2,FUNCS,FLUNC4 , FUNCS
, TDER IV

ONDITIONS AT FROFELLANT SURFACE

FO
RHOD
up
UFQ
FPO

A FOURTH-URDEF JRTESPSYION ALGURITH N

RSOIER] )

CNLLEHGTH, TROT, TIF s, b2, RalklUS LENRTH?
Voo LTRGEH THOT TR K (R 2,V ADRINE LERE =

CE Ot RHOOM Uk, UF G, PP ANy 10, TS, GARLF TV WD
Py, THOCR) G S UR G G FP Gy T4, T2, 650, R, 0N W
(PG L RHO G UENY ,UP (WY PP TS, T2, Gal,F,CU L W)
(PARY RROCH UG PN LB (), T, T2,6nM, R, LY. W
CPCHD CFHDOT) Oy UE GRS FECRY 18, T2, Gan L R, O\ LD
(POond + AL/E,FHOCHY ¢ AZ/ 2, UGN« 372,100 + 4
ASAZ,TEH, T2, 6AR, R, CY, 1Y XN

(POUY + AL/2,RHOCH) + AZ/2,U(HNY + A3/2,UP(HY + A
AS/2,TL,T2,660,F,CU, W) xH
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C

[

B3 = FUNC3 (P(N) + AL/2,RHO(N) + A2/72,UCN) + A3/2,UP(N) + A4
$/2,FPC(NY + AS/2,71,T2,CAH4,R,CV,W) 1H

B4 = FUNCA (P(N) + AL/2,RHOCN) + a2/72,U(N) + A3/2,UP(H) + A4
$/2,FP(N) + AS/2,T1,T2,CANM,R,CV,W) AH

BS = FUNCS (P(N) + AL/2,RHOCH) + A2/2,0CH) v A3/2,1UP(H) + n4
L/Z,FPONDY + AS/2,TL,T2,GAN,R,CV,W) aH

Ci = FUNCE (P(H) + PA/2,RHOGID + P2/2,0G0H) + EB3,2,LP(H) + B4
$/2,FP (Y 4 PS/2,74,72,6AM,R,0V,W) %K

C2 = FUNC2 (PI{N) + EL/2,RHOGN) = R2/2,UC8Y + BT 3 0P (1) + 144
£/2,FP () 4 RS/2,T4,T2,CAM.R,CV,U) aH

C3 - FURCI (Purd) + BE/2,RHND(NY + P2 32,000 + FIT 2, UPCNY + 124
$/2,PP(NY 4 FS/2,T1,TZ,64M,R,CV,1) ak

Ca = FUNCa (F(Ns + BE/Z,RHOG + B2/2 000 + 3.7, U0 ¢ kA2
L/72,FP(H)Y + PE/2,11,TE,8A0,K,CV, 1) ¥H

CS = FUNCS (P(N) + BE/2,RHOCN) + F2/Z,0000) + BI 2,UP () + Itd
S/, TPONY 4 KS/2,7T4,T2,CAH,F, 00, W) aH

D1 = FUNCL (P(H) « Cf FHO(RY + C2,L0N> + CT UP(H) + C4,FP(R)
4 4+ CS,T4,T3,GAM,R,CV, W) aH

Dz FURNCZ (FI/NY « C1,RHD(N) + CZ,UN) + CZ UR(NY + 04 FPR/RD
¢ 4+ CS,T4,T2,64M.R,CV, W) *H

DZF = FUNCI (P(N> + T6,RHO/N) = C2 Uity - LT UWF{HY + (2 FPruy
¢t + C5,T4,T2,060,F,C0, W) XN

D4 = FUNCA (P(N) + C§,RHO(NY + C2,UChy + [, URIY 4 T4, FFrih
% + CS,TL,T2,CAH,P,CV,W) %H

DR~ FUNCE (P(N) + C§,PHONY + CZ,Uind — CI,UF 1) + (2 FPOD
o+ C5,7T4,72,6404,R.CY, W) %H

F (N+1) = F () 4 4 SE w(AL + Zabs 4+ DeCH 4 D

RHO (p+4) = FHO () « 4 '8 ¥(A2 + 2303 - 23C2 + D2)

u (H=4) = U (i) + 1 ‘6 2 (A3 + L»BI +« 24C3 - DI

P (N4 = UP (W) + 1 /6 X(AA + ZRRE4 + ZACH + D4y

FP  (N+4) = FP  (N) + § /& ¥(AS + ZYFS + 405 + DS

CORTINUE

RETURN

£ D

FUNCTLON FUNC 4 THRU S ARE GOVE! HING EQUATIONS TN KK FORM

CUMPLEY. FUNCTION FUNCL (A,B,C,D,E,F,G,H,1,T,1)

REAL &,K,C,F,G,H,1,7T,K

COMFLEX I E
FURCL = 0
FETURN

Zidh

LOSPLE- FUMTION

FEYL oo,k JF LN
CORFLE DL E
FHRC = - FeFait
FETUFN

i)

COMITLES, b LN TN
QEAL AL B, 0L, F, G0
COAPLEY D, F
FUNCS = «C/kY0
PELF)

w2

COMPLEXY FUNCTION
REAL A,RB,C,F,G, N
COMPLEX D,E

FLMCZ +n L L

7
L, d K

Fuses
T,

FUurCa &,
1,0,k
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¥

cOn

COMPLEX FUNC3,L

L = FUNE3 (A,B,C,D,E,F,G,H,I,T,k)

FUNCA = (1 /(BACKC - HXAIIR(D , 4 DIKKE + (C/(EXCAC = H¥A))IXEX
$CG ,4 DMED + (4 /C(RXCXC - H¥A))x(HAE - E¥LiC)IL

RETURN

END

COMPLEX FUNCTION FUNCS (A,H,0 ,b,E,F,G,H.T,J, 1
REAL A,L,C,F. G,1,I,7T,K

COMFLEN D,E

COMPLEX FUNC3,l ,FUNCA,n

L = FUNC3 ¢A,E,C,D,E,F,G,H,1,T,1)
Moo= FUNTS (AL.F,C,D,E,F,G,H,I,],K
FUNCS = ~Bycu L4 YAKsD  TAHCEH paptl
REIURN

END
FUMRCTYON TDYET CHLCULATES TEAFEFPATURE ALOCG 4X18

FPEAL FUNCTTION TLIST (N, LENGTH,THOT 1 4 b2 FADTI)
TN TEGER ™

FENL LENGTIH,THOT , Vi, kZ RAEDIUS LARELA, DTS LalUs
LAMEDA = E%K2/K1sPADTUS/ILEAETH

LIST = BAACOSLENGTH

DALUE = (TNOT - TINFIXEXP (-LAREDAYDIETY 2T IF
TDIET VAl Uk

FETURN

ENWND

FUNCTION TDFRIY CALCULATES TEMP  GFALTERT ALOWR A¥ S

REAL FUNCTION TLDERIU (I,LENGTH,TNOT,h§, ¢ 2 RaLIUS)
INTERER o

PEAL LEMGTH,TNOT,k1,K2,RaDIUS, LAMEDA, DIST , VALUE
LaMEDA = 2¥K2/Ki/RADIUS/LENGTH

DIST = N/ICGYLENGTH

VALUE = -LAMEDA¥ (TROT — TINF)®EXP(-LANFDAXDLIST)
1DERIV = VALUE

METURN

EiD
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Appendix 3: Admittance to Rv Conversion
This appendix contains a listing of the program which
is used to convert admittance values to velocity-coupled

response function values.
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FTN7X

2
C

C

Program 2

ADMITTANCE T0 VELOCITY-COUPLED RESPONSE

PROGRAM ADRV

REAL A,U,(AM, PO, UT

COMPLEX AE,FP,RP,RV

CaMl = 1.4

PO = 404300

o= 6.1

A = SQRT(GAMXPD.1 224)

Ur=1iy

WRITE (§,%)

URITE (1,%) ~aADMITTAHNCE-RV CONVERSION’
WRITE (1,%) " mmmmmm e -
WRITE (4,%> 7 7

FUNCTION CONVERS10M

WRITE (4,%) "INPUT PRESEURE-CUUFIED RESFONSE FUNCTIOH

READ (1.%) RP
WRITE (4,%)" ~

URITE (4,%)’INPUT ADMITTANCE UALUE
READ (1,%) AE

FP o= (0 ,1200.)

Ry AZUSUT ¥ (AL XAAFP/GANAFD = UXFP/GAM/FO X(RF-1)2

WRITE (41,%> /7
WRFITE (4,%) ‘RY VaLUE IS RV
END
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Cl1.42> ACRV
PCMITTANCE-RV CONVERSICN

(éHTUT0P$§SSURE-CUUPLED RESPONSE FUNCTICN VARLUE

INPUT ARDOMITTANCE VALUE
(0.00,0.02)

RV VALUE IS (- 18716, .13643)

C1.42> ADRV
ADMITTANCE-RYV CGNVEKSICHN

(éHPUTOPE§SSURE-CDUPLED RESPONSE FUNCTION VALUE
L1,-0.01

INPUT ROMITTANCE- VALUE
(0.04,-0.02)

RV VALLE IS (.15684,.48043)
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Appendix Y4: Gaussian Random Number Generator

This program was used to generate the random numbers
that were used to simulate experimental data. A listing of
the random numbers that were used in the testing of the

program is included.
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oo
200

100

Program 3

RANDOM NUMERER CGUNERATOR - SAMPLING FROM GAUSSIAN

PROGRNAM GAUSS
RENI. R

WRITE (&,%) “GAUSSIAN RANDDM (JURKRER GENERGTDR
WRTITE (&,%)
Lo 4100 I=4¢,%
WRITE (&,4) ‘STANDAPD DEVIATION = 1
L0 200 N = 1,10
1 = 1%GR&M (4)
WRITE (5,300 R
FORMAT (7 P = ',F6 3)
CONTINUE
WFITE (&6,%)
CORTINLNE
EWD
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GAHAUSSIAN
STANDARD
R
R =
R - 14
R
R
P
R = 1
kR = 2
R =
R =
STANDARD
R = 3
Ro= 2
R = -
R= o
R -4
n =
R =
R =
R = 1
R = 2
STANDARD
o= =3
P2
Ro= 3
R =
R = a
R =
R = ¢
R = 3
R =
P -3
STANDARD
Fo= ]
.
Pooo-2
R o= -
R
Roe o4
R i
R = 4
kK = i
o = =3
CTTANLAERD
M= -3
p ) -
o= -
K = -9
R = -7
N Y
R - i
= -
R = 2

RANDON NUMRER GENERPATOR

DEVIATION =
402
121
A09
729
700
224
(e}
933
473
558

LEVIATION = 2

(>

CEVIATION 3
i9¢&
78S
&TL
133
&87
007
€32
495
P63
174

DEVIATION = 4
i02
252

xze

[T RN -
Ty
a7
ai3
PN
o359
21
09
2610
3449
234
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Appendix 5: Parametric Studies

The following figures show how the pressure phase
angle distribution within the Rv-measurement apparatus
varies with the real and imaginary components of the
admittance value for a solid propellant for conditions
specified in appendix 1, Figures A,1 through A.5 show the
phase angle distribution dependence on the real component of
the admittance when the imaginary component 1is held fixed.
Figures A.6 through A.10 show a similar dependence when the
real component is held fixed., From the figures presented
here it can be seen that the phase angle distribution is
slightly more sensitive to variations in the real component
of the admittance, Consequently, better performance of the
curve-fit procedure can be expected for the real component
of the admittance than for the imaginary component.

The apparent discontinuity in the curves of figures
A.2 through A.10 results from the choice of scale. The
curves cross the 180 degree line which is equivalent to the
~180 line. These curves have the same form as the curve in
figure A.1,

Whereas, the figures show the phase angle distributions
at the location nearest the propellant sample where
variation is greatest, the tabulated results are provided to
show how both magnitude and phase angle components of the
pressure vary throughout the length of the Rv-measurement
apparatus. The magnitude of the pressure is provided in
decibel units as well as Pascals units for convenience.

A typical plot of the magnitude component of the

71



perturbation pressure distribution 1is provided in figure
A.11. This plot reveals the severe non-linearity at very
low pressures which prevents effective use of magnitude

information in numerical curve-fit procedures,
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Computer Hardware and Software

The data reduction program was coded in FORTRAN 77
using a HP-3000 system. The perturbation pressure graphs
were done with the Lotus 123 software on an IBM clone

with a Gemini 10x printer.

* Page 62 does not exist
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