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SUMMARY

Combustion instability in solid propellant rocket engines con-
tinues to be a plaguing problem to the propulsion engineer. Acoustic
instability, which has its origin in the response of the burning rate
to rapid pressure transients, is perhaps the most comﬁon of those in-
stability phenomena. For this reason knowledge of propellant burning
rates under unsteady pressure conditions would be an invaluable aid to
the prediction and prevention of acoustic instability. To the present
day, however, very few techniques have demonstrated the ability to mea-
sure burning rates under fully unsteady conditions,

A microwave continuous measurement technique has been utilized
to measure burning rates of a CTPB and AP composite solid propellant
during rapid decompression, A microwave signal oscillating at a known
source frequency is passed through the end of a burning propellant strand
opposite the burning surface and allowed to reflect off the burning
surface, which is receding at some unknown velocity. By continuously
comparing the phase angle of this reflected signal with the phase angle
of another signal oscillating at the original source frequency, a rela-
tive phase angle between the two signals is obtained. The rate of change
of this relative phase angle with time is proportional to the propellant's
burning rate.

Several important conclusions were reached in the course of the
investigation. Roughness of the propellant surface can definitely be a

source of error, but the types of roughness generally encountered should



xiii

induce errors no larger than ten percent. Reflections from the flame
zone, originally thought to be a major source of error, were proven to
be quite negligible, if they exist at all. The main limitations on the
technique were found to lie in the resolution and inherent noise of the
output of the phase sensing equipment and in the response of the data

acquisition systems employed.



CHAPTER I

INTRODUCTION

Background

In the design of solid-propellant combustion systems, oscillatory
phenomena are common obstacles to the engineer. The combustion process
is responsive to pressure and flow disturbances, and the resulting dis-
turbances of the combustion reaction can, under certain conditions,
amplify the original fluctuations. Due to the nature of the combustion
process, which relies on diffusion, heat and transfer, and chemical
kinetics to prepare the reactants for reaction, a particular combustion
field has a limited supply of 'ready" reactants at a given time, A
sudden increase, or positive disturbance, in the combustion rate, depletes

"ready' reactants and, consequently may result in a nega-

the supply of
tive disturbance in the burning rate. The alterations of the ''ready"
reactant concentration may agitate the diffusion processes, while the
changes in the rate of energy release can affect the heat transfer pro-
cesses to the pre-heating zone of the propellant or to the yet unburned
"ready" reactants, With all this interaction among the transport and
chemical processes, it is no wonder that combustion tends to support
periodic flow and pressure disturbances,

Since such oscillatory behavior is in most cases quite undesirable,
extensive analytical and experimental research has been directed towards

its understanding and elimination. Ideally, one would like to be able

to predict and eliminate instabilities long before the testing stage



of a new full scale solid propellant system. However, this involves the
ability to construct a theoretical model of the system at hand. Many
approaches to this problem have been proposed, but, up to the present,
sclid propellant, unsteady state combustion modeling has been difficult
to evaluate because of a lack of comprehensive experimental data with
which to compare theoretical results (1).

Since, in many cases, oscillatory combustion is produced and
amplified by pressure disturbances in the flow field (acoustic instability),
accurate experimen?al data relating to the response of the burning rate
to rapid pressure transients would be a great aid in predicting the onset
of instability. However, to obtain burning rates for use as unsteady
state data, a technique must be used which has excellent propellant length
resolution and a rapid response time.

A microwave technique has recently been developed which yields
practically instantaneous burning rate values, contrary to previously
demonstrated microwave methods, and also produces the desired resolution
(2). The purpose of the subject thesis was to demonstrate a refinement
of the system described in reference (2) and to present data to support
its ability and reliability in the measurement of solid propellant burn-
ing rates. 1In addition, data relating to the burning rate response of a
carboxyl-terminated poly-butadiene (CTPB) propellant with ammonium per=-

chlorate (AP) oxidizer to rapid depressurization 1s presented,

Review of the Literature

Many different schemes for the measurement of solid propellant
burning rates have been proposed and most offer sufficient accuracy as

long as the system operates at near steady state conditions. However,



in order to study burning rates during rapid periodic pressure oscilla=-
tions, as occur during acoustic instability, or during rapid depressuri=-
zation, as in the case of propellant extinction studies, one must have
more capability and flexibility than previous methods have demonstrated.
Specifically, the technique must have excellent propellant length resolu-
tion and a rapid response time,

An estimate of the resolution necessary can be extracted by con~
sidering the following. At dP/dt values of 2000 psi per second, the
solid-phase temperature profile departs from its steady state contour
(3). Assuming 50 psi tec be the upper limit on the pressure range, AP,
over whichk an average burning rate is to be obtained, at 2000 psi per
second the pressure drops 50 psi in 25 milliseconds as shown in Figure 1,
Assuming a high burning rate of one inch per second, the burning surface
travels 0,025 iuch or 635 microns; as shown in Figure 1, For ten per-
cent accuracy, the technique must measure this length change with a
resolution of 0.0025 inches or 64 microns., If the burning surface
movement could not be measured during a maximum time span of 25 milli-
seconds, the result would be average burning rates over pressure ranges
greater than 50 psi. Relaxing the restrictions on the length resolution
of 64 microns would yield less than ten percent accuracy.

In the subsequent discussion, the most promising techniques for
measuring burning rates under conditions that begin to depart from
steady state are reviewed and their individual advantages and inadequa-
cies are pointed out,.

Probably the simplecst technique proposed is one which utilizes

probes embedded in the propellant to detect the arrival of the burning



_L _____ % = 2000 psi/sec

Figure 1. Relation Between Change of Length Measured AL and Pressure
Range AP over which Burning Rate is Averaged.



surface. The probe may incorporate any type of sensing element that
will detect the temperature rise as the burning plane passes; i.e.,
thermocouples, fuse wires, and conducting bridges. An example of a
probe used in an erosive burning study is illustrated in Figure 2 (4).
As the combustion gases arrived at the probe tip, there was a change in
electrical conductivity between the ends of the wires, which in turn was
used to actuate a display lamp. The system allowed t#e use of up to 50
probes, while the display lamps were photographed on moving 35-milli-
meter film by a camera operated by a ten millisecond timing pulse. The
probes were mounted in the chamber prior to the casting of the propellant,
This method allowed average burning rate measurements over a period of
approximately 0.5 seconds,

The main disadvantage of this system for measuring transient
burning rates lies in the mechanical difficulty of mounting a sufficient
number of probes to reduce the time over which burning rates must be
averaged, In addition, the presence of the probes themselves may signifi-
cantly alter the burning rate in the vicinity of the probes by disrupting
the flow of gases and altering the heat transfer processes.

A similar technique, which eliminates some of the difficulties
associated with probes, involves imbedding a fine resistance wire net-
work in the propellant as in Figure 3. 1In one study (5), 0.0045 inch
diameter lead-antimony wire was used to form a network which was embedded
in a small specimen of the propellant. An x=-ray picture of the small
specimen was taken to determine the distance between the sharp bends of
the cross-wires of the network. Since these bends were the first points

hit by the burning surface, it was essential to know their relative
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location in order to calculate burning rates, The small specimen was
then bonded to the main block of propellant in a manner which allowed
the plane of the wire network to be normal to the direction of burning,
The test meter was then statically fired and the results were recorded
on an oscillograph. As the burning surface clipped each cross-wire in
succession, the resistance of the wire network changed, causing a
corresponding current change through the oscillograph: Well defined
steps appeared on the oscillograph which allowed the time to burn be=
tween each point on the wire network to be calculated. From this data
the burning rate was easily deduced.

The choice of lead=antimony wire with its characteristic low
melting point and low thermal diffusivity gave this method a distinct
advantage over the previous probe method. The selection of lead-antimony
wire was based on burning tests in which three different types of wire
were utilized; 0.014 inch diameter copper, 00,0045 inch diameter copper,
and 0.0045 inch diameter lead-antimony. The qualitative observation of
partially burned samples indicated that the larger diameter copper wire
caused congiderable coning (formation of conical cavities around the em-
bedded wire), the smaller copper wire caused less coning, and the lead-
antimony wire caused no noticeable coning. This lack of coning indicated
that the heat transfer from the burned gases to the unburned solid was
not appreciably affected by the presence of the wire,

As with the probe method, the basic pitfall of using the em-
bedded wire technique for measuring transient burning rates lies in its
inability to measure average burning rates over periods less than the

order of one-tenth of a second. The smallest time interval obtained



in the study (5) under consideration was 0.32 seconds., In order to ob-
tain smaller time intervals, the wires would have to be so close that
appreciable alteration of the burning rates in the vicinity of the wires
would be likely to occur,

In the past several years, the Jet Propulsion Center at Purdue
University has been the source of a great deal of research work done in
the area of techniques for the measurement of solid propellant burning
rates. A study completed in 1966 by personnel at Purdue demonstrated
a technique for the '"continuous' measurement of solid propellant burning
rates (6). The method was continuous in that it utilized a positioning
type servomechanism to properly feed a propellant strand into a combus=
tion chamber, as shown schematically in Figure 4. As the burning surface
receded during firing, its location was detected by a sensing element.
The output from this sensor was used to control the speed of a servo-
motor which thus fed the propellant into the chamber at the same rate
at which it was consumed, thereby causing the burning surface to remain
at the same position relative to the chamber. By monitoring the rate at
which the propellant was fed into the motor, a direct indication of the
burning rate was obtained., The major difficulty encountered with this
technique was the choice of an adequate sensing system to locate the
burning surface and supply an accurate feedback signal for the servo-
motor,

In this study (6), investigators tested three types of sensing
systems for potential use with the servomechanism apparatus. The first
concept considered was a microwave beam directed through microwave

windows in the chamber wall, A sensor would detect the attenuation of
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the microwave beam as a function of the location of the burning surface,
However, following a theoretical study, it was concluded that the micro-
wave detection system was unsuitable for use as a feedback transducer

due to extreme attenuation of microwaves by the combustion zone (7).

The second concept that was analyzed involved the use of ultrasonic
methods for detecting the burning surface. These included attenuation
measurements, resonance measurements, and pulse-reflection measurements,.
In the analysis it was assumed that an electromechanical transducer would
transmit ultrasonic waves through the propellant parallel to the burning
surface. As a result of the unfavorable physical properties of the
propellant itself, the attenuation and resonance approaches were labeled
impractical. Pulse-reflection measurement was found to be the most
suitable of the ultrasonic methods. However, it was found that in order
to obtain & sufficiently large reflection, it was necessary to maintain
the propellant at approximately =20 degrees Fahrenheit to =40 degrees
Fahrenheit and operate at ultrasonic frequenby ranges of 400 KHz or lower.
The third concept investigated for detection of the combustion zone in-
corporated a gamma ray transducer and a radiation source. This proved

to be the most suitable apparatus for use with the servomechanism techni-
que and was subsequently developed into the system shown in Figure 4.

The nuclear radiation detection system consisted of a 2,5 curie
source of Cobalt-60 and a scintillation detector., From the Cobalt-60
source, a collimated beam of gamma rays was directed through the chamber
wall parallel to the burning plane., The scintillation probe was located
opposite the radiation source and, as the burning surface passed, detected

the change of density from the solid-propellant to combustion gases. The
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output from the scintillation detector was used as a feedback signal to
control the rate at which the propellant was fed into the chamber.

Another method for detection of the burning surface was demon-
strated in a later investigation (8). This technique utilized a visible
light beam system in which a series of lenses directed light from a
tungsten strip lamp over the burning surface. The fraction of light
passing the strand was detected by a photomultiplier tube and was used
to generate the error signal for the servc-system.

In all of the above servo mechanism configurations the burning
rate could always be found in either of two ways: 1) by measuring the
slope of the position-time trace of the propellant positioning shaft,
or 2) by monitoring, via a tachometer, the speed of the servomotor which
controlled the velocity of the propellant,

In spite of the fact that the servo mechanism measurement techni-
que yields extremely good results for near steady state linear burning
rates, the inherent overshoot and the relatively large time constant of
50 milliseconds of the first order servo mechanism (9) make it impractical
for unsteady applications.

Cineradiography, a method by which a moving picture record of
fluoroscopic x=-ray images is made, is a promising technique for the
measurement of burning rates of solid rocket grains. Thiokol Chemical
Corporation has conducted a study demonstrating the feasibility of such
a system (10). 1In this investigation, static tests of a five inch
diameter motor were conducted, The system, as shown in Figure 5, utilized
a 300 kilovolt Norelco x~-ray machine, which directed a beam through the

motor forming a shadow image on the five inch diameter input screen of
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Norelco image intensifier. The intensifier converts this shadowy image
into a highly intensified reproduction on the 0.63 inch diameter output
screen. The image appearing on the output screen was photographed with
a 16 millimeter Bell and Howell movie camera operating at eight frames
per second. The results thus obtained were satisfactory, but higher
frame rates are essential for transient burning rate data. By using
the best image intensifiers available, film speeds of up to 100 frames
per second can be achieved with this type of apparatus. The burning
rate is determined by using a film reader to observe and measure the
burning surface regression between each frame on the film,

In addition to burning rate measurements, this technique is
adequate for monitoring small motors during static test firing in case
unusual events occur and for determining erosion characteristics of
propellants and chamber materials. Thus, cineradiography may ultimately
become a very useful tool in solid rocket research., At present, though,
it is not adequate to yield transient burning rate data, because of its
lack of resolution, i.e. its ability to accurately locate the burning
surface,

A method for continuous, high resolution measurement of the burn-
ing rate of solid propellants has been tested by researchers at the
University of Waterloo in Ontario (11). This method consists of using
a solid propellant strand as the dielectric material in a capacitor.
This capacitor is used as part of the total capacitance of a parallel,
resonant L-C circuit, as shown in Figure 6, oscillating at a center
frequency of 10.7 megahertz, The change in resonant frequency is directly

proportional to the change in circuit capacitance. In turn, the change
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in capacitance is proportional to the change in length of the strand,
and the rate at which the capacitance changes with time yields the
propellant burning rate. By conversion of the resonant frequency varia-
tion to a voltage variation, a signal directl y proportional to the in-
stantaneous length of the unburned portion of the strand was obtained.
Simultaneous electrical differentiation of this voltage resulted in a
signal directly proportional to the instantaneous burning rate of the
propellant strand, The conversion of the resonant frequency variation
of the L-C circuit containing the propellant capacitor was accomplished
by the use of an FM intermediate frequency amplifier and demodulator.
The resonant circuit was incorporated in a transistor oscillator, which
supplied the frequency modulated signal to the FM amplifier and de-
modulator. A more recent study (12) utilized this capacitance method
to take rapid depressurization data for several different solid pro-
pellants,

Through a brief analysis, it was deduced that the capacitance
method has a length resolution capability on the order of five microns
(11). However, this five micronAL is actually the magnitude of the
error introduced through the instability of the constructed oscillator.
This means that, neglecting all other sources of error, a five micron
AL could be measured only to within plus or minus five microns, a 100
percent error. Thus, the minimum AL that can actually be measured with
ten percent accuracy would be a 50 micron length change. Another source
of error with this technique lies in the fact that the conductance of
the flame itself must always be accounted for and the corrections which

are derived from the theory involve many assumptions which are subject
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to debate, This method appears to have good potential in the measurement
of solid propellant burning rates, but the signal noise generated by
the flame must always be dealt with.,

An ultrasonic pulse-echo apparatus, illustrated in Figure 7, which
has been shown to give excellent steady state burning rate results and
should require little, if any, refinement in order to measure transient
burning rates, was tested at NASA's.Langley Research Center (13). The
pulse-echo technique consists of transmitting a high frequency (20,000
Hz) sound pulse through a test specimen of propellant and recording the
time required for that pulse to be reflected back from the burning sur-
face to its original source, If the velocity of sound in the test
specimen is known, a simple calculation gives the total distance traveled
by the sound pulse. This technique is made possible by the step change
in acoustic impediance between the solid propellant and its combustion
gases, which causes most of the incident acoustic energy to be reflected
back to the source., 1In this investigation (13), the rate at which the
acoustic pulses are generated were selected by the operator from range of
up to 1200 pulses per second, FEach pulse emitted by the synchronizer
initiated the operation of the pulse generator and the sweep circuit,

The pulse generator then transmitted a high frequency electrical pulse

to the ultrasonic transducer, This transducer embodied a piezoelectric
crystal which cenverted the electrical pulse into an ultrasonic pulse,
The ultrasonic wave passed through the test sample and was reflected from
the various interfaces. When the reflected pulse arrived back at the
transducer face, the same piezoelectric crystal converted the induced

mechanical vibrations back into an electrical signal. The amplifier was
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then used to increase the electrical signals to a level that could be used
to drive the vertical plates of the cathode ray tube, By utilizing a
relatively high synchronizer pulse rate, it was possible to obtain an
essentially continuous display of the distance traveled by the burning
surface, High speed photography was then used to provide a time history
of the display. Film readers permitted the acquisition of the required
data which was then converted into a curve of propellént thickness burned
versus time, the slope of which yields the burning rate.

Since it was not always possible to know the precise velocity
of sound in the propellant, the instantaneous thickness of the propellant
was found as follows. First, the length of the unburned propellant
strand was measured, Second, the relative distance on the cathode ray
tube between the reflections from the fixed interface (acoustic spacer
rod-propellant) and from the moving interface (propellant-combustion
gases) were noted with respect to time. This allowed a corresponding
linear relationship to be established between the distance traveled by
the signals on the tube and actual propellant length burned. Naturally,
the main sources of error arise in measuring and interpreting the dis-
tances traveled by the signals on the tube. This fact limits the length
resolution of the technique. However, the method already has excellent
time response characteristics, and with improved data display and re-
duction equipment, could likely be used to obtain reliable transient
burning rate data.

The first use of a microwave technique for the measurement of
solid propellant burning rates was recorded by Giannini Controls in 1962

(14). 1In this demonstration a microwave beam was directed through a
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propellant strand from the end opposite the burning surface as in

Figure 8. 1In this arrangement, the microwave beam from the oscillator
was first split into two signals, one which traveled away from the "T"
down the control arm and the other which traveled down the measurement
arm, The wave in the control arm was reflected by a sliding turner and
traveled back to the "T'" at the original frequency. The wave in the
measurement arm was reflected by the burning surface and also traveled
back to the "T", Thus, as the propellant strand burned and the micro-
wave path length in the measurement arm decreased, an imbalance between
the two reflected signals occurred at the "T'". A signal proportional to
this imbalance was sent by the "T" to the crystal detector. The re-
sulting maxima and minima at the crystal detector occurred in successive
quarter wavelength intervals. By recording the rate at which these
maxima and minima occurred on an xX-y recorder swept at one inch per
second and by measuring the wavelength of the microwave beam in the pro-
pellant, it was possible to obtain the burning rate of the propellant
strand.

A similar but slightly more refined microwave system was demon-
strated by the Rohm and Haas Redstone Arsenal Division in Huntsville,
Alabama (15). In this system it was recognized that reflections are not
only caused by the burning surface but also by the interface between the
air filled waveguide and the transition section leading into the pro-
pellant. For this reason, instead of assuming that all the reflected
energy was coming from the burning surface, the Rohm and Haas system,
shown in Figure 9, allowed the portion of the incident wave reflected

by the fixed interfaces to mix with that reflected by the burning
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surface, thus yielding a truer indication of the burning rate when the
analysis given below was employed.

The basic principle of both of the above microwave techniques is
illustrated in Figures 10 and 11. A signal at a source frequency, f;,
is passed through a propellant strand from the end opposite the burning

surface, 1t is reflected from the burning surface, and due to the mo-

tion of this surface, undergoes a doppler frequency shift, expressed as

2r/ 2
fr - fi = fi(lfr?c) =Ar ] (1)

Pg

where f_ is the frequency of the reflected signal, r is the burning sur-
face velocity, and ¢ is the speed of light., This frequency shift is
commonly measured by allowing the reflected signal to mix with a signal
of the incident frequency, resulting in a traveling wave with amplitude
maxima (commonly known as beats), as shown in Figure 11. The frequency
at which the beats occur is given by f. - f;.
Assuming a large burning rate of one inch per second and an

incident frequency of 30 gigahertz (30 x 10 seconds™!

), the beat fre-
quency is found to be about 10 beats per second (2). Since at least one
half of a beat must be observed before the beat frequency can be deter-
mined, 50 milliseconds is the smallest time increment over which average
burning rates may be obtained. At dP/dt values of 2000 psi per second,
this yields burning rate data averaged over a 100 psi range, regardless
of what the resolution capability may be, This simple fact renders this
technique, often called the microwave interferometric approach, incapable

of yielding accurate burning rate data during rapid pressure excursions,

However, the microwave interferometric method, due to the simplicity of
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both its theory and its necessary equipment, is a very reliable method

for burning rate measurements at near steady state conditions.

Summary

In the field of solid propellant technology, there is a great
need for reliable unsteady state experimental data, Propellant character-
istics must be known under various operating conditions for use in direct-
ly predicting the occurrence of combustion instability and in evaluating
theoretical combustion models. Though, in the past, trial and error
production methods have often eliminated instabilities, a better under-
standing of the behavior of propellants in unsteady environments 1is
necessary before the phenomenon of instability can be entirely avoided.

Other than the microwave system to be described in the remainder
of this thesis, only one technique, the propellant capacitance method,
exhibits the fundamental potential to measure solid propellant burning
rates under fully unsteady conditions. Several other experimental
methods, including the microwave '"interferometric'", and the cinera-
diographic methods, have been found to yield excellent burning rate
results at conditions near steady state, but have fundamental limita-
tions which prevent their use in unsteady state experiments,

Under contract from the Air Force, a microwave apparatus, based
on the system described in reference (2), has been assembled and used
for the measurement of solid propellant burning rates. The objective
of the investigation was to demonstrate the capability of the microwave
continuous measurement technique by using it to measure the unsteady
state burning rate of a CTPB composite solid propellant undergoing rapid

depressurization,
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Several preminary tests were conducted to determine the effects of
propellant surface roughness on the resolution of the equipment, Also .
some steady state tests were made in order to compare the burning rates
at particular pressures under steady and unsteady conditions, Further
studies are continuing with the ultimate goal being to determine the
response function, the complex quantity relating burning rate oscilla-
tions to pressure oscillations at a given frequency, of several differ-

ent solid propellants to pressure disturbances of various frequencies,
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CHAPTER II

MICROWAVES AND THE CONTINUOUS MEASUREMENT TECHNIQUE

Review of Microwave Theory

This section will briefly describe the basics of microwave propa-
gation and introduce several terms that will appear later in the dis=
cussion.

Microwaves are electro-magnetic waves which propagate at the speed
of light with frequencies between 0.1 and 30 gigahertz (0.1-30 x 109
cycles per second) and have wavelengths much greater than the radiation
of the visible spectrum,

Microwaves may travel in unbounded space or on conducting paths,
whose form may be that of coaxial cables or metallic waveguides. The
frequencies which may propagate in a given waveguide configuration are
determined solely by the inside dimensions of the waveguide, whether it
be rectangular or circular. The frequency below which propagation will
not occur is called the "cut-off frequency'". By operating a microwave
waveguide system as near to the cut-off frequency as possible, it is
relatively certain that only one mode (frequency) is propagating in the
waveguide. The system under discussion utilizes X-Band waveguide and
instrumentation. X=Band is the range of microwave frequencies from 8.2
to 12.4 GHz.

The actual theary of the propagation of the microwave in the wave-
guide is rather complicated (16). It is sufficient to say here that,

when the system is operating near the cutoff frequency, only the lowest fre-

quency mode is allowed to propagate down the waveguide. This lowest
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mode, in most cases, turns out to be what is referred to as the TEqg
mode. "TE" stands for "transverse electric'" and means that the electric
field is everywhere transverse to the direction of propagation. The
subscript indicates that there is one half wave variation of the electric
field intensity along the narrow dimension of the waveguide, assuming

a rectangular waveguide configuration is being used, and no half-wave
variations of the electric field intensity along the narrow dimension of
the waveguide. The TE,o mode has the longest operating guide wavelength
and is designated as the dominant mode. For the dominant mode the cut-

off wavelength (corresponding to the cutoff frequency) is given by

A = 2a, (2)

[+

where a is the wide dimension of the rectangular waveguide,
The power of a microwave is often indicated in dBm, which is given

by

-

where me is the power in milliwatts. When the power Pl of one signal is

referenced to the power Ba of a second, the ratio may be expressed in dB,

as

P
Im
= W
PdB 10 loglo(?g__). (4)
mW
In the transmission of microwaves it often becomes necessary to

pass through attenuating materials or dielectrics. The properties of a
dielectric are expressed in a complex quantity called the dielectric.

constant E/ED’ which is given by
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E/E, - E'/E,+ j_"IE,. )

E'/EO is the real part, which itself is often referred to as the di-
electric constant, and g"/g  is the imaginary part. The tangent of the
phase angle f is often used as a measure of attenuation, called the 'loss

tangent' and given by

tan @ = g'/e’'. (6)

It should be emphasized at this point that when restricted by
the conducting walls of a waveguide, the guide wavelengths and velocities
of microwaves may be higher than their unbounded space values. These
"stretched' parameters are called the '"group wavelength'" and "group
velocity" respectively and are usually subscripted with "g'". The equa-
tion for the "group wavelength' of a microwave propagating through a

dielectric~filled rectangular waveguide as given in reference (17) is

-1
. ARG
xz % £ \2|%
A =X (EL -2 5+ %1+ [ = Bep (7
Pore T N
N
where
= wavelength of wave of frequency w in free space
X, length of f £ in £
)‘c = cutoff wavelength of waveguide
)\g = group wavelength of wave of frequency w in waveguide
€' /e, = real part of dielectric constant
8”/&0 = imaginary part of dielectric constant,

In the remainder of this thesis, }% will refer to the group wave-
length in X-Band waveguide filled with air (e';’eo =1 and tan@ = 0.0) and

Apg will refer to the group wavelength in propellant-filled waveguide,
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the propellant being a dielectric material.

Microwaves may be wholly or partially reflected by interfaces
of materials of different dielectric constants. This fact is the basis
for using a microwave to detect the position of the burning surface of a
solid propellant strand. At the moving interface between the solid un-
burned propellant and its combustion gases, a portion of the incident
power is reflected. However, by carefully designing the interface be-
tween the air-filled standard X-Band wave guide section and the propellant
holder (an impedance matching process), it is possible to greatly reduce
most reflections from this fixed interface., As a result, the majority of

the reflected power returning from the combustion chamber is that reflected
by the moving, burning surface.
Reflections on microwave transmission lines are often given in

terms of the voltage standing wave ratio or VSWR, which is defined as

L4 Ze . Bux (8)
Ei = Er  Emy’

VSWR =
where E; is the voltage amplitude of the incident wave and E. is the volt-
age amplitude of the reflected wave. The VSWR is thus simply a ratio
between the maximum voltage (incident and reflected signals in phase) and

the minimum voltage (incident and reflected signals 180 degrees out of

phase) on a transmission line,

Microwave Continuous Measurement Technique

The problems encountered in the microwave interferometric approach
are overcome in the present microwave technique by continuously measuring
the phase angle between a source reference signal and the reflected

signal., This is shown in the phasor diagram of Figure 12, where 93 is
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the angle to be measured. The doppler shift is equal to the derivative

of this phase angle with respect to time as indicated by the following:
w. = 360 (f;)deg/sec (9)

and

v+ B, = 360 (f.)deg/sec. . (10)

Subtracting equation (9) from (10) results in

ﬂé = 360 (fr - fi) (11)
and from Equations (1) and (11)
(12)

Thus, knowledge of the wavelength of the microwave in the propellant,
which is easily measured, permits the determination of the burning rate,
The distance traveled by the burning surface can be found by integrating

Equation (12) to obtain

l&x:=‘QEEJ§BE,
720

where AP, is the total change in phase angle.

In traveling into the propellant strand through the bomb window,
shown in Figure 21, reflections from fixed discontinuities are created.
Therefore, before each test an attempt is made to cancel all reflections
(other than tha burning surface reflections) by tailoring the amplitude
and phase of a signal at the source frequency and using it to cancel out

the fixed reflections. This technique has succeeded in most cases in



33

reducing the fixed reflections to approximately 0.02 percent of the
burning surface reflections. At this magnitude, it is not necessary
to correct for these fixed reflections, However, it is interesting-to
note the effects they could have if they were large.

The effects of the fixed reflections can be seen and calculated
by analysis of the phasor diagram shown in Figure 13, The quantity
needed to determine the burning rate is ﬁa and ﬂm is Lhe quantity actually
measured, The fixed reflection is represented by vector A, rotating at
the source radian frequency w.; B is the vector representing the burning
surface reflection rotating at a frequency of w,. + ﬁa with respect to a
fixed axis or Ba with respect to the tip of A. The resultant test signal
is represented by the vector C. The relation between f§, and f  from
geometry is

_ 202/32
a "M cZ/p2 - A%/% - 1

(14)

Instrumentation is available which will measure the relative phase
angle between two X-Band signals (8.2 - 12,4 GHz) to a 0.2 degree resolu-
tion, Using ﬁa = 0.2 degrees and %bg = 1,0 inches, which is an average
group wavelength of X~Band waves in propellant, the length resolution
Al is approximately ten microns, This is well below the 64 micron resolu-
tion necessary for transient burning rate data averaged over a 50 psi

pressure range.,



3k

A
wr
w
L
[ ] / \

. ¢, \ REFERENCE
(w.r.t. FIXED SIGNAL
AXIS)

>R,

A= FIXED REFLECTIONS

B= BURNING SURFACE REFLECTIONS
C= TESTSIGNAL

¢m = MEASURED PHASE ANGLE

¢a = ACTUAL PHASE ANGLE
w, = KLYSTRON RADIAN FREQUENCY

Figure 13. Phaser Diagram with Fixed Reflections.



35

CHAPTER III

THE INVESTIGATION

The test plan was divided into several phases. The first phase
consisted of tests designed to determine the capabilities of the equip-
ment before any propellant was actually ignited, The second phase in=-
volved some steady state burning rate tests at various pressures. The
third phase entailed several unsteady burning rate tests under various
rapid depressurization rates.

The first series of tests were intended to show how various types
of burning surface roughness affect the measured phase angle as compared
with a planar surface regressing perpendicular to the microwave beam.
This had been a point of concern since the propellant strand was so
long and thin (3 x 0.4 x 0.3 inches) and perfectly planar regression of
the burning surface was not likely to occur in all cases.

A second investigation was then made to determine the magnitudes
of fixed signals (or reflections) from within the microwave system itself
(not from the transition section). These reflection tests along with
the roughness tests mentioned above comprised the first phase of testing.

The second phase of testing consisted of six steady state burns
at pressures of 0, 50, 100, 150, 200, and 300 psig and one slow de-
pressurization burn from 300 to O psig. These tests had several purposes:
1) to test the equipment under actual combustion conditions by observing
the effects of the fixed reflections (which are much harder to recognize

under unsteady conditions), 2) to establish procedures for later testing,
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3) to yield data with which to calculateiapg at various pressures, and
4) to yield steady state burning rates with which to compare the un-
steady burning rates to be obtained from the rapid depressurization
burns.

Four rapidly depressurized burns were conducted in the third test
phase. The use of two different orifice plates allowed two tests at
each of two different depressurization rates. The goals of these tests
were: 1) to demonstrate the capability of the equipment to measure
burning rates under unsteady conditions, and 2) to obtain unsteady burn=

ing rate data for comparison with steady state results.

Apparatus

The apparatus consisted of several major components. The micro-
wave system and instrumentation generated and controlled the microwave
signals and provided the data necessary to calculate the burning rate of
the propellant strand. The pressure enviromment of the burning pro=-
pellant was maintained by the bomb and the bomb control system, The
data acquisition system tailored and recorded the data signals. Finally,
the propellant mixing and casting apparatus was the equipment necessary
to mix, cast, and cure the propellant samples. An overall view of the
test apparatus excluding the bomb and the propellant casting equipment
is given in Figure 14,

Microwave Svstem and Equipment

A block diagram of the system used in the subject investigation
is illustrated in Figure 15. A klystron, whose frequency is stabilized
to one in 108 Hz per second provides a microwave signal. This signal

passes through a directional coupler where ten percent of the power is
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diverted away. Part of this diverted signal passes to a synchronizer,
whi ch conpares its frequency with a crystal oscillator and applies a
correction to the klystron as necessary. The renai nder of this diverted
energy passes on to a frequency neter and then to a power neter for
neasurenment of klystron power output. The original 90 percent of the

kl ystron power which was not diverted passes further to another coupler
where one percent is picked off to serve as a reference signal. This
signal is sent on to the network anal yzer. Further down the |ine another
ten percent of the main signal is diverted to pass through a nulling |oop
designed to cancel out the fixed reflections from the wavegui de- bonb
interface. This signal is fed back into the main signal downstream of
the bonb. The nain signal passes on to a circulator which in turn passes
the signal on to the bonb where it is reflected and undergoes a fre-
quency shift. The reflected test signal travels back through the circu-
lator, picks up the power diverted by the nulling loop at a reversed
coupl er, then passes on to the network anal yzer for conparison with the
reference signal. The network anal yzer produces a voltage proportional
to the relative phase angle and rel ative anplitude between the reference
and test signals. These voltages along with the output of a pressure
transducer and two other voltages signalling the ignition of the propellant
and depressurization of the bonb are converted to digital signals and

recorded on nmagnetic tape for later reduction by a conputer.

This system incorporated sone refinements over the systemin
reference (2). First, the extensive use of isolators, which act as diodes
allow ng the mcrowave to pass in only one direction, elimnated nany

reflections that could have interfered with the results. Second, the



