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NOMENCLATURE
Symbol Description
A Defined in Equation (30)
Ab Acoustic admittance
a Constant in Clausius-Clapeyron Equation, see Equation (16)
B# Pre—exponential factor
C Constant, see Equations (55 and 56)
CE Specific heat of liquid
Cp Specific heat of gas
D Diffusion coefficient
E Activation energy
hz Standard heat of formation of species i
i V-1
Kl Constant, see Equation (C.1)
L Heat of vaporization
Ll Constant in Clausius-Calpeyron Equation, see Equation (16)
M Molecular weight
N Total number of species
n Reaction order
P Pressure
q Heat of combustion
R Gas constant
T Defined in Equation (21)
T Temperature
T Temperature of cold end of liquid fuel
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t Time
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x Distance
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[ Liquid
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R Real quantity

8 Liquid surface

s Inner side of liquid surface
s+ Quter side of liquid surface
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SUMMARY

The major objective of the present study was to investigate
the combustion characteristics of liquid hydrazine strands under
both steady state and osclllatory conditions. A theoretical model
of the combustion system was developed and compared with the
experimental results.

The theoretical model of the system assumed one-dimensional
flow and used global kinetic parameters to characterize
the hydrazine decomposition flame. The properties of the liquid
phase were assumed constant; however, a variable property gas phase
solution was obtained through the use of a modified Howarth
trangsformation. Conventional low pressure phase equilibrium was
used to characterize the liquid surface. The equations resulting
from the theoretical model were solved using a perturbation analysis
with the amplitude of the Imposed pressure oscillations taken as
the perturbation parameter. Thus, in zero order, the model corresponds
to steady strand combustion while the first order model takes into
account the effects of a small amplitude, sinusoidal pressure
disturbance.

The steady experimental results were obtained using a steady
strand burner. With this apparatus, steady strand burning rates
were obtained for mean pressures ranging from 0.32 up to 42 atm.
Liquid temperature disturbations and surface temperatures were
measured in the range of 1.0 to 20.5 atm.

For the unsteady measurements, an oscillatory version of the

steady strand apparatus was developed. With this apparatus, the



burning rate response of hydrazine to imposed pressure oscillations
was measured. The apparatus permitted the amplitude of the
oscillating pressure to be varied independently of the frequency

at a given mean pressure. Oscillatory burning rates were cbtained
in the mean pressure range of 1 to 10 atm with frequencies varying
from 0.40 to 5.2 Hz and pressure amplitudes up to 35% of the mean
pressure.

The experimental steady strand burning rates were found to
be dependent on the liquid hydrazine purity. Adding water as an
impurity to the fuel resulted in a reduction in the burning rate.
However, for the highest purity fuels tested (98.6 and 99.4%) the
burning rate of the two fuels was not appreciably different.

The diameter of the sample tube was found to have an effect
upon the experimental burning rate. As tube size increased, the
burning rate decreased due to the reduction in the effects of surface
tension for the larger tubes. By plotting the strand burning rate
as a function of the reciprocal of the tube diameter, linear plots
were obtained allowing the determination of the fundamental strand
burning rate (burning rate in an infinite diameter tube) by
extrapolation.

For subatmospheric pressures the fundamental burning rate
varied as the square root of pressure; for pressures greater than
atmospheric, the fundamental burning rate wvaried linearly with
pressure. The theory was matched to these results by assuming a first
order deccmposition reaction for subatmospheric pressures and a

second order reaction for pressures greater than atmospheric.



The liquid temperature experimental results gave a good
prediction of the theoretical model assuming constant liqudid
properties and by using a wvalue of 1.26 % 10_3 cmzlsec for the
liquid thermal diffusivity of hydrazine. The liquid surface
temperature results were alsco adequately predicted by the theoretical
model, justifying the low pressure phase equilibrium assumption.

The steady strand results indicated that the theoretical
model was in geod agreement with all the available data on hydrazine
strand combustion. Next, the theoretical model was compared to the
experimental osclllatory burning rate measurements. It was found
that the oscillatory measurements of both amplitude and phase angle
of the liquid surface oscillations were in good agreement with.the
theoretical meodel if the decomposition reaction was assumed to be
second order with an activation energy of about 40 kecal (E=15) for
mean pressures in the range of 1-10 atm. Unlike the steady state
where activation energy had_little effect upon the predicted burning
rate, for the oscillatory case activation energy had a pronounced
effect upon both the amplitude and phase angle of the unsteady burning
rate.

The theoretical results showed that for activation energies
characteristic of hydrazine (E=10-15) an increase in the response
of the combustion process occurred due to interaction with transient
liquid phase effects. This yielded a band of frequencies where the
combustion process exerted sufficient amplifying power to provide a
mechanism for driving combustion instability. As pressure increased
the amplifying power of the combustion process increased and this

frequency band moved to higher frequencies.



CHAFTER I

INTRODUCTION

1.1 General Statement of the Problem

The problem of combustion instability has plagued liquid
rocket engine designers for a number of years. Since this phenomenon
severely reduces the efficiency and thrust of the engine and in
exXtreme cases may even cause destruction of the rocket, there is
much interest 1In gaining an understanding of the process. Briefly,
combustion instability results from the coupling of the combustion
processes with the fluld dynamic processes in a combustion chamber,
As a result of this coupling, the combustion supplies oscillatory
energy to sustain any oscillations of the fluid dynamiec variables
{(pressure, velocity, ete.). If sufficient damping exists in the
system, the energy will be dissipated more rapidly than it is supplied
and the oscillations will decay. Thus, combustion instability can
be prevented by either increasing the damping of the system or by
decreasing the coupling of the combustion and fluild dynamic processes.

The main method of suppressing combustion instability has
been to use acoustilc liners, Helmholtz reasonators and cother damping
devices in the combustion chamber. However, even with these damping
devices one can mnever be sure a combustion chamber will be stable
until test firings are made. The most desirable approach to the
problem is to gain an understanding of the coupling between the
combustion and fluid dynamics of the system and then to devélop

means of reducing this effect.



There have been basically two approaches to the theoretical
description of the processes taking place in a combustion chamber.
One method is the heuristic approach of Crocco [1, 2, 3] or the so-
called time-lag theory. Crocco postulates the existence of a time-
lag between the time when an element of fuel is injected into the
combustion chamber and the time when it is gasified by combustion to
final products. However, the time-lag can only be deduced from
experimental rocket firings and no detailed description of the
coupling between combustion and the gas dynamics is offered.

The other approach has been due to Priem [4, 5, 6] who
numerically solves the gas dynamic eguations for the combustion
chamber. Two of the most important parameters of the analysis are
the thermal energy and gas release rates of the combustion process.
With Priem's approach, attention is focussed on the nonsteady
burning rate response of an individual droplet te a fluctuation in
the surrounding gaseocus flow field (either a pressure or a velocity
fluctﬁation or both). This burning rate response is then used as the
source term in the gas dynamic equations.

The above discussion has indicated the importance of the
burning rate response of a liquid to fluctuations in 1ts environment.
Thus the subject of the present investlgation is the study of the
burning rate responge of a liquid to fluctuations in ambient
conditions. For ease of interpretation of the results, only
pressure fluctuations are considered. In adﬂition, the pressure
fluctuations are assumed small when compared to the mean pressure.

The particular fuel chosen for study is hydrazine since the hydrazine



family of fuels comprise some of the most important fuels used in
current space rocket applications.

In the next section a review is made of the available
literature on steady hydrazine combustion. Emphasis is placed on
hydrazine strand burning since this experimental technique is used
in the present study. In the following section, the literature on
liquid combustion instability, in particular the unsteady burning
rate response of a liquid to fluctuations in its environment, is

reviewed.

1.2 Previous Related Studies

1.2.1 Steady Hydrazine Combustion

Numerous studies have been conducted on steady state liquid
hydrazine combustion as droplets and also as liquid strands. The
literature on hydrazine droplet combustion has been reviewed in
detail in Reference [7]. By considering the bulk of the data on
hydrazine droplet combustion, References [7-11], Reference [7]
concludes that a monopropellant gas phase model is more realistic
than a bipropellant meodel for hydrazine.

The work on hydrazine strand combustion has been mainly
concerned with the effect of pressure on hydrazine burning rates.
With the strand burner technique, liquid hydrazine is placed in an
open—-ended test tube which is contained within a windowed pressure
vessel. After ignition, the liquid surface moves down the tube as
the fuel is consumed by the combustion process. The rate of propagation
of the liquid surface (the strand burning rate) is then measured as

a function of pressure.



Adams and Stocks [12] investigated the burning rate of
liquid hydrazine strands in a nitrogen pressurized vessel over the
presgsure range of 1-45 atm, Tube diameters of 3 and 5 mm were used.
Burning rates were measured by timing the movement of the liquid
surface, between marks placed 3 cm apart on the tube surface, with
a stopwatch. The results of Adams and Stocks [12] show considerable
scatter. However, they conclude that for pressures up to about 10
atm the burning rate of liquid hydrazine is proportional to the
square root of pressure. For higher pressures their data indicates
that the burning rate is independent of pressure. They also found
that above a certain pressure hydrazine failed to burn as a ligquid
strand. This upper extinction pressure was found to be a function
of the tube diameter and also the concentration of the liquid
hydrazine, The upper extinction pressure increased with increasing
tube diameter and increasing liquid fuel concentration. In addition,
the upper extinction pressure increased by substituting helium for
the nitrogen pressurizing gas.

Gray and Kay [13] and Gray, et al., [14] extended the work
of Adams and Stocks [12] to subatmospheric pressures. They found
that a lower extinction pressure, below which the liquid failed
to propagate down the tube, also exists for hydrazine.

The burning rate of liquid hydrazine was found to be
proportional to the square root of pressure for pressures as low as
0.4 atm [13 and 14] in agreement with the results of Adams and
Stocks [12]. The lower extinction pressure increased with increasing

tube diameter and also increased with decreasing liquid purity. As



the lower extinction pressure was approached a slight bubbling
of the liquid near the liquid surface was observed.

Antoine [15] studied the burning rate of liquid hydrazine
strands in the pressure range of 1-19 atm. The tube diameter and
liquid purity were Found to have a significant effect on the burning
rate. As tube diameter decreased and/or liquid purity decreased, the
burning rate decreased significantly at a given pressure. For the
100% concentration liquid hydrazine burning in the largest diameter
tube tested (12.7 mm), the burning rate varied linearly with pressure
over the pressure range tested. The extinction pressures for hydrazine
were not investigated by Antoine,

Thus, the previous studies on liquid hydrazine strand
combustion all indicate that liquid phase purity and tube diameter
have a significant effect on the burning rate. The results of Adams
and Stocks [12], Gray and Kay [13] and Gray, et al., [14] indicate
that the burning rate of hydrazine is proportional Eo the square root
of pressure in the pressure range of 0.4-10.0 atm whereas the results
of Antoine [15] indicate that for 100% N H, the burning rate is
proportional to pressure in the pressure range of 1-10 atm for the

12.7 mm tube.

1.2.2 Combustion Instability

The literature on liquid propellant combustion instability
is vast (for example, Reference [16] cites 778 references). Therefore,
‘pnly the most important studies on liquid burning rate response to

imposed ambient oscillations will be considered here.



Experimental studies on nonsteady liquid combustion are
virtually non-existent. The approach used in the past has been to
infer the burning rate response from the pressure-time curves from
actual rocket engine firings. Of course, this approach depends on
some theoretical model of the combustion-gas dynamic problem, and direct
experimental verification of any unsteady combustion model is
imposslble with this technique.

Numerous unsteady liquid combustion theoretical models have
been proposed. Two of the earliest models are quite similar.

Williams [17] and Strahle [18, 19] considered longitudinal standing

wave fluctuations acting on the leading édge of a burning droplet.

Both assumed the classic Burke-Schumann thin diffusion flame existed

in the interior of the leading edge boundary layer. Williams

comsidered only a flat plate whereas Strahle studied both the stagnation
point and flat plate flows.

Both of these studies found only rather flat response curves
as a function of frequency and, moreover, the peak that does exist
cccurs at such a large frequency (1000-10,000 Hz) that no influence
on instability is expected. However, the fallacy with these treatments
can be traced to the assumption of constant liquid temperature with
time. If can be shown that the characteristic thermal wave time in
the liquid phase is at least an order of magnitude greater than the
characteristic thermal wave time in the gas phase., [20] Thus, on
this basis, the gas phase is more logicall& considered quasi-steady
compared to the liquid phase, especially at low frequencies. In
other words, the assumption of constant liquid temperature cannot be

true even at low frequencies.



Heidmann and Wieber [21] assumed that the gas phase burning
rate of the fuel was equal to the liquid fuel vaporization rate at
each instant of time. For low frequencies this is a valid assumpticn.
However, as in the investigations of Williams [17] and Strahle
[18, 19], the thermal wave time effects are neglected and the droplet
temperature, at any instant of time, is considered uniform but
varying with time.

T'ien and Sirignanc [22] recognized the importance of the
liquid thermal wave time. They considered a fuel evaporating from
a flat plate with a reacting gaseous boundary layer and a longitudinally
oscillating external flow. The gas phase was considered quasi-steady
compared with the liquid phase which is correct in the limit of
low frequency oscillations, They found peaks in the response
function which are directly related to the effects of thermal lag
in the liquid phase., However, it is questionable that this analysis
indicates the true combustion gas dynamic coupling mechanism since
the peaks are not of sufficient magnitude to provide instability in

an actual rocket.

1.3 . Specific Statement of the Problem

As indicated by the preceding discussion, although a number
of theories of the unsteady combustion of liquid fuels have been
developed, the direct experimental verification of any of them has
not been accomplished up to the present time. In addition, all of
the theoretical models consider a bipropellant gas phase combustion
process., Some of the most important fuels used in current space

rocket applications are liquid hydrazine and its derivatives. Earlier



work on the combustion of hydrazine indicates that a menopropellant

gas phase model is more realistic for the hydrazine fuels. [7]

However, discrepancies exist concerning the reported dependence of

the steady burning rate of hydrazine on pressure.  [12-15]

Thus, the specific objectives of the present study were:

1.

Study the steady strand combustion characteristics of

hydrazine both theoretically and experimentally.

a. Experimentally determine the stéady strand burning

rate as a function of pressure, liguid concentration

and tube diameter.

b. Experimentally measure the liquid temperature

distribution and surface temperature as a function

of pressure,
c. Develop a theoretical model of the system and
compare directly with the experimental results.
Study the oscillatory combustion characteristics of

hydrazine both theoretically and experimentally.

a. Experimentally measure the oscillatory burning rate

(both magnitude and phase angle with respect to

to the imposed pressure oscillations) of hydrazine

as a function of mean pressure and the frequency

and amplitude of the imposed pressure oscillations.

b. Develop a theoretical model of the oscillatory
system and directly compare the theoretical

predictions with the experimental results.



CHAPTER II

EXPERIMENTAT. APFPARATUS

As indicated in the Introduction, a major objective of the
present study was to experimentally measure unsteady hydrazine
burning rates. However, before studying the unsteady combustion
characteristics of hydrazine, the steady state characteristics were
studied thoroughly.

In this chapter the apparatus used to obtain the experimental
data are described. First, the steady strand combustion apparatus
is discussed fellowed by a description of the oseillatory combustiom
apparatus. Since the basic configurations of the two apparatus were
the same, many of the components used in the apparatus, such as the
ignitor, pressure gages and instrumentation, were similar. These
components are described in detail in the section on the steady strand

apparatus.

2.1 Steady Strand Apparatus

The liquid strand combustion apparatus was used to study
the steady state combustion characteristics of hydrazine. With this
technique the burning rate of the fuel is determined by measuring
the constant rate of regression of the liquid surface as the fuel
is consumed by the combustion process. In addition to measuring
burning rates, liquid temperatures were measured using a thermocouple.
In the next section the steady strand burner is described in detail

followed by a deseription of the test procedure.
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2.1.1 General Description

A sketch of the steady strand apparatus 1s shown in Figure 1.
The pressure vessel used for the tests had an inside diameter of
6.4 cm with an inside length of 28 cm and was rated to a pressure of
400 atm. The windows of the vegsel provided a 2.5 cm diameter
viewing space. The ignitor coil used to ignite the fuel sample was
made of spiral wound 24 gage nichrome wire about 30 cm in length,

The voltage applied to the wire varied from between 55 to 65 volts.
A Heise pressure gage with a range of 0-750 psia was used to measure
the total pressure in the test chamber.

Three sizes of pyrex sample tubes were used--4, 8 and 12 mm
I.D, each with a wall thickness of 1 mm. The thermocouple was
located 4 cm from the lower edge of the ignitor coil and 3 cm from
the bottom of the tube to insure that the combustion wave was steady
when the temperature measurements were made.

The optical system consisted of a background light and high
speed motion picture camera. A PEK Labs. Medel No. 911 mercury arc
lamp was used to provide the back light to the 1liquid column. The
shadowgraphs were taken with a Photosonics Model No. 16 mm-1b 16 mm
camera using Kodak Plus X Reversal film operating at speeds up to
lOO-frames per second. The distance measurements from the film
records were obtained using a Vanguard Motion Analyzer. The Vanguard
provided a gain of about 25:1 which was adequate for accurate
regolution of the film records.

The thermocouples used to record the liquld temperatures were
constructed with 0.0003 inch 0.D. platinum-platinum 10% rhodium burtt

welded wire. The procedure used to construct the thermocouples is
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Figure 1 Sketch of the Steady Strand Burner Apparatus
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described in Reference [23]. The thermocouples were stretched:
horizontally {to minimize conduction errors) through holes burned
in the glass tube and sealed in place with epoxy. In order to
maintain the reference junction of the thermocouple at a fixed
temperature, the thermocouple leads were carried outside of the
test chamber such that the reference temperature was maintained at
room temperature.

The thermocouple ocutput was recorded on a CEC Type 5-124
oscillograph having a flat frequency response to 2000 Hz., The film
and temperature records were synchronized by a switch closure which
deflected a galvanometer on the oscillograph and started a light
streak on the film. A 100 Hz timing signal was placed on.the
oscillograph using its internal timing generator and also on the film
record using a 100 Hz Wollensak pulse generator.

Hydrazine (95+% purity) obtained from the Eastman Organic
Chemicals Company was used in the bulk of the testing. A gas
chromatographic analysis performed on a sample of this fuel by Bell
Aerospace Company indicated that it was composed of 98.5% hydrazine,
1.3% water and 0.1 trace impurities. Some limited testing was also
done using hydrazine of 99.4% obtained from the Matheson, Coleman

and Bell Corporation.

2.1.2 Test Procedure

The general experimental procedure Was similar to that
employed in References [24-26]. The liquid fuel was placed in a
glass tube contained within a windowed chamber. After pressurizing

the chamber with nitrogen to the desired test pressure, the fuel
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was ignited with a heater coil., Following ignition, the liquid

burned down the tube with a constant rate, after a short development
period for the combustion wave. As the liquid surface propagated

past the window in the chamber, the rate of regression of the liquid
column as well as the position of the thermocouple in the liguid

phase was determined from motion picture shadowgraphs taken through

the windows of the chamber. Thus the test data consisted of a complete
liquid phase temperature record as well as the burning rate of the
fuel.,

Prior to testing on any given day with the steady strand
combustion apparatus, the thermocouple and optical systems were
calibrated, The oscillograph was calibrated by applying a known
voltage to the input of the galvanometer and noting the output
deflection of the light beam on the trace. The optical system was
calibrated by positioning a wire of known diameter (measured with a
micrometer) ar the thermocouple location in the viewing space of the
camera and photographing it.

After calibration, the following steps were followed during
a typlcal experimental run. First the tube and test chamber
windows were cleaned. The tube was then filled with fuel and
positioned in the test chamber. The camera was focussed and the
chamber pressufized with nitrogen to the desired test pressure. The
ignitor was turned on and then off following ignition; the oscillograph
and camera were turned on. As the liquid surface came into the
viewing space of the camera, the synchronization switeh was activated

to synchronize the film and temperature records. Following
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completion of the test all systems were turned off, and the chamber

was flushed with nitrogen to remove the combustion product gases.

2.2 Oscillatory Strand Combustion Apparatus

In order to study the unsteady combustion of hydrazine an
osecillatory version of the steady strand apparatus was developed.
As noted prgviously, in the steady strand combustion case the ligquid
surface regresses at a constant rate deown the tube. However, under
unsteady conditions the surface regression rate is no longer steady and,
in particular, under oscillatory conditions the surface regression
rate oscillates about some mean burning rate. The next four sections
give a detailed description of the oscillatory apparatus and its

operation.

2.2.1 General Description

The experimental apparatus was required to have the
capability of varying the mean pressure and the amplitude and
frequency of the pressure oscillations and measuring the response
of a burning liquid to these parameters, Figure 2 1s a sketeh of the
oscillatory combustion apparatus with the above capabilities,

The major components of this apparatus are the glass tube filled with
liquid fuel, the camera-lens optical system used to measure the
fluctuations of the burning liquid surface in response to the imposed
pressure oscillations, and the rotary valve arrangement used to
provide the oscillating pressure variations,.

In order te minimize the total flow rate of air required to

produce a given pressure oscillation, the chamber volume was kept to a
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minimum. The test chamber used in the oscillatory experiments had
an inside diameter of 2.6 cm with an inside length of 17 em and
was leak checked to a pressure of 15 atm. The windows in the
chamber had a 2.5 cm viewing space,

A photograph of the test chamber is shown in Figure 3.

Also shown in the photograph are the camera and lens used to
photograph the liquid surface, These items are discussed in detail
in the next section.

The ignitor coil used to ignite the fuel sample was of
similar construction to that used in the steady strand burner. The
static pressure gages sketched in Figure 2 were 0-300 psia Heise
gages.,

In contrast to the steady strand experiments, only one
size sample tube was used in the oscillatory tests. The tube size
used was 8 mm I.D. with a tube wall thickness of about 1 mm. As
in the steady strand work, the oscillatory burning rate measurements
were made at a position about 4 cm from the lower edge of the ignitor
coil and about 3 cm from the bottom edge to insure that end effects
were minimal. The 98.6% purity hydrazine obtained from Eastman
Organic Chemicals Company was used throughout the oseillatory

testing.

2.2.2 Photographic System

Quasi-steady analysis indicated that typical liquid surface
oscillation amplitudes were on the order of 0,01 mm. In order to
optically resolve such small distances, the camera-lens gystem

sketched on Figure 2 and shown in the photograph in Figure 3 was used



Figure 3 Photograph of the Uscillatory Strand Test Chamber
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in conjunction with a Vanguard motion analyzer. The camera was a
35 mm Dumont Type 2582 strip camera and the lens had a focal length
of 150 mm and was & mm in diameter. The camera was modified by
removing its lens and replacing it with an 0.02 inch slot.

Both the lens and camera were mounted on movable bases so
that the overall gain of the camera—-lens system could be caried.
Primary gains as high as 5:1 were obtained with this system.

This gain coupled with the gain of about 25:1 of the Vanguard Motion
Analyzer provided overall gains of 125:1 which was adequate for
accurate resolution of the film records.

Kodak Plus~-X Pan film was used throughout the testing. The
camera speed was varied depending on the test conditions from about
133 to 400 inches per minute. Timing marks were placed on the films
using an Adtrol timing pulse generator.

The background light was supplied by & wercury arc lamp
identical to the ome used {in the steady strand work. The background
light was dispersed by passing it through a ground glass filter. The
intensity of the light was reduced by removing the focussing mirror

from the lamp and also by passing the light through a blue filter.

2.2.3 Pregssure Supply System

The ogeillating pressure in the test chamber was established
using the rotary valve arrangement shown in Figure 2., This method
is similar to the system described in Reference [27] for establishing
an oscillating propane gas flame. With this technlque an oscillating
pressure was set up in the test chamber by an oscillating air stream,

A stream of air was passed through a needle valve and ball valve
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mounted in parallel. The amplitude of the oscillatory pressure was
varied independently of the frequency by varying the relative amounts
of air passing through the two valves. The frequency of the
oseillating pressure was varied by changing the speed of the DC
motor used to rotate the ball valve. The mean pressure in the
chamber was varied by the setting of the needle valve downstream from
the ball valve. A photograph of the rotary valve arrangement and
DC motor are shown in Figure 4. The speed of the DC motor was
reduced about 6:1 with the pulley-V belt system shown in Figure 4.

Two configurations for the rotary valve system were tested.
The first configuration tested had the rotary valve system upstream
of the test chamber. However, by placing the rotary valve system
downstream of the test chamber, as sketched in Figure 2, a more
nearly sinusoidal pressure trace was cbtailned.

The pressure in the chamber was recorded using a Kistler
Type B03A pressure transducer with the output displayed on both an
oscllloscope and an oscillograph for retention. The output from
the transducer was fed through a Kistler Model 504 Electrostatic
Charge Amplifier and then to the cscilloscope. From the charge
amplifier the signal was fed through a CEC Type 1-165 DC amplifier
to the CEC Type 5=-124 oscillograph. The gain of the pressure
recording system with the oscillograph varied from about 0.8 psi/
inch up to about 3 psi/inch.

The incoming air stream was supplied by a 350 psi shop
oil-free compressor. Three-eighths inch stainless steel tubing was

used for all the piping in the pressure supply system,



Figure 4 Photograph of the Rotary Valve Arrangement
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Any phase shift between the imposed pressure oscillations
and the resulting burning rate oscillations were determined from the
films and the pressure trace registered on the oscillograph. The
film and pressure records were synchronized by a switch closure
which deflected a galvanometer on the pressure record and started a
light streak on the film. Since the camera had no internal lamp, the
light streak was supplied by an external neon lamp. Fiber optics
were used to pilpe the light from the neon lamp through the camera
housing to the film, Timing marks were placed on the pressure
record using the internal timing generator of the oscillograph

and on the film records by an Adrol timing generator.

2.2.4 Test Procedure

The Kistler pressure transducer was calibrated using a dead
weight tester and the calibration was checked each day of testing with
a mercury mancometer, The optical system was calibrated at the
beginning of each day of testing and also after each adjustment of
the gain by photographing the resulting movement of the liquid
surface when adding a known volume of liquid from a Hamilton Type
1001-N micro-syringe. For the optical calibration, air was passed
through the system at about the total flow rate used in testing so
any effects of the air flow could be taken into account.

After the daily calibrations, the windows and lens were
throoughly cleaned. The sample tube was filled with fuel and
positioned in the test chamber. The test condition in the chamber
was set by the pressure supply system. The fuel was then ignited

with the heater coil. Both the camera and oscillograph were turned



22

on; the switch was activated which started the light streak on the
film and deflected the galvanometer on the pressure trace. After
completion of the test, the camera and oscillograph were turned off.
After flushing the combustion product gases from the chamber, the
tube was removed and cleaned, and the windows and lens were cleaned

in preparation for the next test,



CHAPTER 11

THEORETICAL CONSIDERATIONS

As indicated in the Introduction, this study was concerned
with the influence of pressure transients on the combustion of a liquid
monopropellant fuel. The combustion system which the theoretical model
wust describe consists of a fuel evaporating from a liquid surface and
then subsequently undergoing exothermic chemical decomposition in the
gas phase. A portion of the heat evolved in the decomposition
process flows back to the liquid surface providing the energy
for further evaporation of the liquid; the remainder of the energy
released is convected downstream by the gas flow. The main thrust
of this study was to gain an understanding of the coupling between
an oscillatory pressure wave and the fuel burning rate.

In this chapter the theoretical model of the monopropellant
combustion process is described. After reviewing some related solid
propellant theories, the model and assumptions are discussed,
followed by the development of the equations describing the system.
Thegse equations are placed in dimensionless form and a perturbation
solution sought with the amplitude of the oscillating pressure used

ag the small perturbation parameter.

3.1 Existing Theories

Since the process is assumed to be one dimensional, some
insight into the modelling of the experiment can be gained by studying

sclid propellant combustion instability theories. In particular,
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neglecting condensed phase reactions, solid propellant models are
applicable to the present problem with modified boundary conditions
at the two phase interface and slight modifications of the gas phase
analysis. However, even with the one dimensional assumption the
equations describing the complete unsteady process are extremely
complex since they must account for the interaction between the time
dependent chemical kinetics and gas dynamics. Although the present
theoretical model is of the one-dimensional experiment, the results
ghould lead to a better understanding of liquid response and thus to
improved droplet response models.

In contrast to liquid propellant instability studies, solid
propellant 1nvestigators have recognized the importance of the
condensed phase characteristic thermal wave time for many years. Hart
and McClure [28] discuss the relevant characteristic times for the
various time dependent processes associated with unsteady solid
propellant combustion. Based on this study, the wvarious theoretical
models [29-31] have all assumed a quasi-steady gas phase and completely
unsteady condensed phase. An exception to this is the recent study
of T'ien [32] who relaxed the quasi-steady gas phase assumption and
numerically obtained soluticns for an unsteady gas phase as well as
an unsteady liquid phase.

However, even with the quasi-steady gas phase assumption,
analytical solutions cannot be obtained unless further simplifying
assumptions are made. The need for further simplification arises
because of the highly nonlinear chemical kinetic terms appearing in

the quasi-steady gas phase equations. The form of these simplifying
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agssumptions is where the various theories differ. For example, Krier,
et al., [29] assume a zero activation energy for the global form of
the kinetic term whereas Friedly and Petersen [30] effectively limit
their solution to infinite activation energies (infinitely thin
flames) by using the Zel'dovich [33] flame theory. Denison and

Baum [31] use the results of adiabatic laminar flame theory to
formulate the nonadiabatiec solid combustion problem in analytically
tractable form. Reference [34] offers a more complete discussion of
the various solid combustion theories.

The most rigorous approach to the solid propellant combustion
problem is that due to T'ien [32] who models the gaseous reaction
with global kinetie parameters and numerically integrates the steady
state gas phase equations. An approach similar to that of T'ien was
used in the present investigatlion. The major differences between the
present analysis and that of T'ien involve phase equilibrium through
the Clausius-Clapeyron equation and variable gas phase properties
in the present case as opposed to an Arhenius surface gasification
rate and constant gas phase properties for T'ien's amalysis. In
addition, T'ien numerically integrated his equations from the surface
toe some fictitious flame length. The present solution method awvoids
the introduction of a flame length by using asymptotic analysis to
generate starting values for large distances from the surface and

numerically integrating to the surface,

3.2 General Model and Assumptions

A gketch of the theoretical model is shown on Figure 5.

The coordinate system chosen is inertial with respect to the origin
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which is located at the mean position of the burning surface. [35, 36]
Assuming imposed sinusoidal pressure oscillations, the instantaneous
position of the liquid surface, X > varies as shown in Figure 5 to
first order in pressure amplitude. The general appearance of the
steady state temperature, fuel mass fraction and gas phase reaction
rate profiles are also sketched on Figure 5.

For generality, the gas phase transient effects have been

included in the analysis, similar to the approach used by T'ien

for solid propellants. [32] The effects of variable properties are
also included through the introduction of a modified Howarth
transformation.

The major assumptions used in the analysis are as follows:

1. The flow is one-dimensional with a Mach number much
less than unity and all body forces are negligible,

2, The flame is premixed and laminar, A one-step,
irreversible chemical reaction takes place in the gas
phase and any time lags associated with the chemical
reaction itself are negligible.

3. Radiation heat transfer is megligible. An estimation
of the radiation contfibution indicates that it accounts
for less than 1% of the total energy required for the
vaporization of hydrazine under steady state
conditions (see Appendix A). This is primarily due to
the fact that hydrazine has a low adiabatic flame
temperature.

4, With regard te thermodynamic properties, all gas

phase diffusion coefficients are equal, all melecular
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weights are equal and constant, all gas phase specific
heats are equal and constant, the gas phase mixture
thermal conductivity variles linearly with temperature
but is independent of composition, and the liquid is
composed of a single chemical substance having constant
properties.

Since the pressure levels are low, the combustion
products are taken to be insoluble in the liquid

phase. Chemical reaction is also neglected in the
liguid phase.

Based on the findings of the steady strand portion of
the study, the Lewis number is assumed to be unity.

The gas phase is taken to be an ideal gas and at the
ligquid surface fuel mass fraction is related te the
surface temperature through the Clausius-Clapeyron
equation. The justification of the use of the
Clausius-Clépeyron equation is presented in Appendix A,
Since the Mach number is much less than unity, the
inertial and viscous termsg in the momentum equation
are neglected.

The complete unsteady gas phase equations are used

but the wavelength of any periodic pressure disturbance
is assumed to be long compared to the distance from
the cuter edge of the reaction zone to the liquid
surface. Estimatien indicates that this assumption

is valid for frequencies up to about 50,000 Hz (see
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Appendix A). Assumptions 8 and 9 indicate that
pressure is only a function of time.

Thus, the theoretical model includes the effects of time
dependent heat and mass transfer in both the liquid and gas phases,
Variable property effects are also included in the gas phase and
global kinetic parameters are used to characterize the hydrazine

decomposition flame,

3.3 Governing Equations

3.3.1 Dimensional Equations

With the above assumptions, the equations of overall
continuity, species conservation and energy in the gas phase and
overall continuity and energy in the liquid phase were obtained from
the general equations given by Williams [37],

The equations are as follows:
Gas Phase, xs*(t*) < x% < w
Conservation of Mass

ap* BD*V*

t* Bx* 0 (1)

Conservation of Species

3Yi BYi 3 BYi,
p¥ == + ply [b*D ] = V&w% (2)

¥ dx*  ax% Rk

Conservation of Energy

= q¥wk (3

3T ars o [ o] o
* Phulenli E3 —_ -
P*C, gor PRV, TR T B {“ax*} Py
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Since the gas is ideal

P# = p*RT#*/M (4)

In Equations (2 and 3) the following definitions have been

used:
LO]Px |8 Yr ! —E¥

w = BT (oo = .exp[ﬁf; (5)

N /;E
q* = - h T (6)

1;1 Yy

(J; - M;)
Ji = — {7)
F

Here w% is the rate of reaction of the fuel with a pre-exponential

factor of B*T*d and an activation energy of E*, q* is the heat of

combustion and V; is related to the stoichiometric coefficients.
Liquid Phase, - < x* < xs*(t*)
Congervation of Mass
v§ = constant (8)

Conservation of Energy

2
aT# BT pr*
] e e — - A e =
PR s T S e T M 2 T O )

Since only oscillatory scolutions are required, the initial
conditions are irrelevant. The boundary conditions applicable to
the present problem can be summarized as follows. At the cold end of
the liquid propellant, the temperature must be constant with respect to

both =x% and t*.
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X® > -

T* > T*  (a constant) (10)

At the liquid surface, xg(t*), s5ix conditions must be satisfied.
The first two are obvious and are mentioned only for completeness.
That is, the temperature and pressure must be continuous across the

surface.

* = T%

Ts— Ts {11)
% = P*

PS_ Ps (12)

Conservation of mass applied across the moving surface reduces to:

pRvE = x5 = p*(vk - x¥) (13)

and conservation of energy at the surface yields:

at#|  _ |, ,8T*] _ _
Aﬁ[ax* T {)\*Eg]s-'_ pE(vE - ¥)[(Cp — CITH + L*] (14)

Since the products of combustion are assumed to be insoluble in the
liquid phase, the gradient of the fuel mass fraction is related to

the fuel mass fraction itself at the liquid surface as follows:

Choh
—_— = I -
[p*D Bx*]s+ Py - (¥ - D) (15)

The Clausius-Clapeyron equation relates the fuel mass fraction at the

surface to the surface temperature

* "Lf
a
YF,s = 7% XP |77 ] {16)
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where L* is the heat of vaporization of the fuel and a* is a constant
with the dimensions of pressure. The remaining boundary conditions
relate the variation of fuel mass fraction and temperature far from
the ligquid surface. Far from the surface, the gas phase chemical
reaction must go to completion sinece eventually all the fuel will

react. Thus

X% o

YF + 0 (17)

for all time. In addition, the temperature must become independent
of x* since the only energy source, the chemical reaction, has gone
to completion and heat-conduction will smooth out any temperature
variations with respect to distance. However, the temperature will
still vary with time since the pressure isg a function of time.

Therefore:

uH + oo

Tk(x*, t*) -+ T;(t*) (18)
where T;(t*) is a known function.

3.3.2 Nondimensional Equations

Equations (1-18) are placed in dimensionless form by

introducing the following wvariables.

& ¥* ®
o= Tem  velp
pwo «0 Va0
2
‘nk *
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x¥p* C v*
x = — B0 (19

The subscript <o signifies a zero order (steady state) quantity
evaluated at infinity.

Treatment of variable gas phase properties is accomplished
by the Howarth Transformation appropriate to the present coordinate

system by defining

C v* X
n=-£= f prdxk (20)
. oo, x*(t*)

and by defining a modified mass flux as

r = pv + %? | pdx (21)
x (£)
The Shvab-Zeldovich variable 6, is also introduced as a

new dependent variable.

g = qYF + T {22)

Substituting Equations (19-22) into Equations (1-4) then

yields:
Gas Phase, 0<n<e
ar _ ‘
Fri 0 (23)
30, 86 _ 3% [y-1]1 o
E-i-r_ﬁ_PE—Z__ Y E?t_=0 (24)
n LT
2 oA
ar, ar_ 3% [y1]1e
e T Ty TP anz vl i Tl U (25)
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In deriving Equations (24 and 25) use has been made of the

fact that /% = -1, The dimensionless reaction rate 1s defined as
+&— - -
w = é; Tl 8-n P" 1 (G—T)n exp [—%} (27)
q

where E is the dimensionless activation energy,

%
E = “R—%‘*— (28)
Bl s

q is the dimensionless heat of combustion

%*
q = _5___C = (29)
P 0

and A 1s related to the pre-exponential factor and zero order mass

flux
BT HO A eopx 97
) (s} O
b= [MRT;‘; ] (30)
pmovmo P ©
Also, noting that
A® T*
S TR (31)
00 @0

and through the use of the ideal gas equation of state, it follows

that

pA = P 32)

The dimensionless liquid phase continuity and energy

equations are

Liquid Phase, -@ < n < 0



r = r(t)
3T.’. ﬂ_e .@E—?—:O
at on 1‘an2

The nondimensional boundary conditions are as follows.

the cold end of the fuel,

n > -

T(n,t) + T__

At the liquid surface, the conservation of mass yields

r(t) = 9(0)[V(0)—xs] = DE(VR,—XS)
The conservation of energy across the surface becomes

oT oT
oA = I’E—} - r[T(o) (1-8) + L]
% 2[8n}n=o_ el n=ot

where B is the ratio of liquid to gas specific heats

C
-
8 = C

P
and L is the nondimensional heat of vaporization

L*

C T*
P 0

L =

The insolubility condition requires that

35
(33)

(34)

(35)

At

(36)

(37)

(38)

(39)

(40)
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p[g—g] = z[8(0) - T(o) - q] + P[ngl] (41)
n=c+ M=ot
The Clausius-Clapeyron equation after nondimensionalization is
L
8(0) = 2 exp [T(O)] + T(0) (42)
where
L#
a® 1
a=—r L. = roa (43)
Ps 1 RTNB
The dimensionless conditions far from the surface reduce to
n -+

g(n,t) » T(n,t) + T(L) (44)
where T(t) is a specified function.

3.3.3 Perturbation Analysis

To solve the system of partial differential equations,
Equations (23-25 and 34), with the given boundary conditions, it is
assumed that all amplitudes of oscillation are small. This assumption
allows the use of a perturbation analysis. For oscillatory solutions,
the dependent variables can be expressed as a function of a perturbation
parameter £, where £ is assumed to be small

P(t) = 1 + get®t

T(n,t), lut

8(n,t)

n

To(n) + eTl(n)e

iwt
Bo(n) + sel(n)e

r{t) = r + erleiwt
x () = 0 + exélelwt (45)
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In these equations £ represents the normalized amplitude of the imposed
pressure oscillations. Substituting Equation (45) into Equations
(23-25, and 34) and the boundary conditions, the resulting equations

i
are separated in terms of -like powers of ce wt.

3.4 Zero Order (Steady State) Problem

3.4.1 Equations

For the zero order problem, the gas phase can be solved
independently of the liquid phase. The problem reduces to the

following:

Gas Phase, 0< N < =

a®r  ar

o 0 1-n 14+8-n n ~E
e o T4 AT, (1-T)" exp ["i':] =0 (46)

with the boundary conditions

n- e
T, > 1 (47)
and at n = 0.
[dTo]
—_— =g+ T (0) -1 (48)
dn n=0+ )
, _Ll

TD(D) = 1 - aq exp [EZTESJ (49)

In Equations (46-49) use has been made of the conservation of mass

requirement that

r = comstant = p v, = 1 (50)
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and also that

eo(n) =1 (51)

from Equations (24) and (45).

In Equation (46), the quantity A is unknown since it is
related to the burning rate pgovio which is unknown. The three
boundary conditions permit a unique value of A to be determined.

The liquid phase solution is required for the complete
specification of the first order problem. To zero order in £, the

equation and boundary conditions are:

Liquid Phase, - <1 <0
dzT0 dTo (52)
§ ——2 . _Z = 52
1 an dn
T o = To + T n=20 TO = TO(O) (53)

The solution of Equation (52) subject to the boundary conditions

of Equation (53) is

T, =T+ [T (0) - T ] exp(n/é)) (54)

3.4.2 Solution Method

The zero order problem ig given by Equations (46-49),
Equation (46) is highly nonlinear and must be solved numerically,
Since the domain of interest is half-infinite, one obviousgly can not
integrate to infinity numerically. One approach to this problem i1s
to integrate from n = 0 to some finite N, the outer flame edge,

where T0 is within some small percentage of its true value at
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infinity, i.e., unity., This was the apprcach used in Reference

[32]. A more rigorous approach is to consider the asymptotic

form of Equation (46) for large n. The form of the solution for T

for large n depends on the reaction order n, and further considerations
are limited to first and second ordef reactions. It is shown in
Appendix B that with n = 2, by balancing convection and reaction,

To(n) must be of the form

-1

T,=1- [¢em (-E)n - C] (55)

for large m where C is an unknown constant. For n = 1, To(n) must be

of the form

)n] (56)

To =1-C exp

[1 - JV1+4A exp (-E
2

for large n where again C is an unknown constant.

With the asymptotic form of To for large n, Equation (46)
can be solved numerically without specifying an arbitrary outer flame
edge. Equation (55) or Equation (56) is used to generate starting
values for the numerical solution for some large, but finite, N with
an assumed value of C. With these starting values, Equation (46} is
integrated numerically to n = 0 with an assumed A. At 1 = 0 the
boundary conditions, Equations (48-49), must be satisfied and thus
A and C are determined uniquely. However, since Equation (46) is
nonlinear, a double iteration technique must be used and Equation
(46) solved at each step of the iteration in A and C until Equations
(48-49) are satisfied. With this solution technique, the outer houndary
condition, Equation (47), is only satisfied at the true mathematical

infinity.
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3.5 First Order Problem

3.5.1 Equations

To first order in € the equation and boundary conditions

for the liquid phase are:

d2T dT dT

1 1 o
§, ——~— —— - iwl, = r, — (57)
1 dnz dn 1 1 dn
n -+ - T, 0 n=~0 Tl = T1(0) (58)

The solution of the first order system is

7, 1+ /I7 Ziw&l‘]
T, = {T,00) + 536 [T (0) - T__1} exp T n
-r,
5 i [T, €0} - T_,] exp(n/$,) : (59)

The first order gas phase equations reduce to the following.

Gas Phase, 0<n«<w=
r, = constant (60)
2
d™e dé
2; _ E"i - iwB) = - I:l] iw T (61)
dn n Y o
d2T dT nqw
1 1 1+8-n n E t _ 0
5 "an T4 qwo[ T ) S O 2] fwrt =4~ &
dn o a] To o
P _
daT aT . .
o s} y=1
= r - - iwlT - (n-1)qw (62)
1l dn dn2 - { Y ] o ]

In Equation (62) v, is defined by the following expression:

T 1+8-n
o )

(1-1 )" exp (2] (63)

A
w o=
n
o

al
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Using Equation (59) the conservation of energy boundary

condition to first order in € becomes

n+=2~0
dT1 p2A£
-_dn—] = rl{ 57— [T_(0) - T_m][m - 1] + T _(0)(1-8) + L}
n=0+ 261 iw
p dT
+ T (0)[1 B+ —~ (1 + V1+4i1iws i] '[dn ] (64)
=0+

The Clausius-Clapeyron equation reduces to

1 © ;s[ ! ©) ) (65)
G.(0) = aq ex + T (@) +T.(0) -1 65
1 r %(0) T,Of " o 1

and the insolubility condition requires that

[del _ dT)). ar
a‘\!— a0t = rl[l—To(O)—q] + 81(0)—'1'1(0) + an + an

The outer boundary conditions from Equation (44) are

n e

el(n) -+ Tl(n) + a congtant {(67)

The constant in Equation (67) can be determined by solving Equation

(61) for large n. It is easily verified that as 7 ~+ o,

o () + Ty () » TE (68)

which is the form for isentropic flow,
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3.5.2 Solution Method

The first ofer problem involves the gsolution of two linear
second order ordinary differential equations, Equations (61 and 62),
involving an unknown constant, ry. Five boundary conditions, Egquations
(64-67) are imposed on the solution permitting a unique value of r,
to be determined.

The solution method to the first order problem is discussed
in detail in Appendix C. Briefly, the method consists of exploitiug
the linearity of the system to separate the problem into the numerical
solution of five second order ordinary differential equations.

As in the case of the zero order problem, the equations are integrated
to N = 0 using asymptotic analysis to generate starting values for
the numerical routine at large n.

For the first order problem the comstant, Tqy» 1s related to
the unsteady burning rate in response to the imposed pressure
oscillations of amplitude €. However, Ty is not measured directly
in the experimental portion of this study. The amplitude and phase
angle of the liquid surface oscillations, xgl , are measured
experimentally. However, Xy and r, are uniquely related as developed
in the following.

From the conservation of mass at the ligquid surface,

Equation (37), and Equation (45) it follows that

X

BERNICED 69)

Since Py is a given thermodynamic property, X1 is directly related

to - Moreover, X is a complex number with both amplitude and
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phase parameters. Both of these parameters can be directly compared
with the measured amplitude of the liquid surface oscillations and
the phase angle of these oscillations with respect to the pressure

oscillations.
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CHAPTER IV

RESULTS AND DISCUSSION

In this chapter the results of this investigation are
described and discussed. In the first part of the chapter the
findings of the steady strand experimental stud§ are presented and
compared with the theoretical predictions. The latter part of the
chapter deals with the experimental and theoretical results of the
cscillatory combustion case,

The theoretical model is described in detail in Chapter III.
Since the experimental study was conducted with ligquid hydrazine
as the fuel, the properties used in the theoretical model are
those applicable to hydrazine. These properties are listed in
Table 1. The specific correlations and scurces of data for these

properties are given in Appendix D.

4.1 Steady Strand Combustion

This section deals with the steady strand results. As
discussed in Chapter II, the steady strand experimental data
consisted of a complete liquid temperature record displayed on an
oscillograph, a film record of the liquid surface motion and the
position of the thermocouple relative to the liquid surface as 3
function of time., From this data both steady strand burning rates

and liquid phase temperature distributions were obtained.
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Table 1

Properties Used in the Theoretical Model

Propefty Value
T*_(K) 298
& 0
q*(cal/gm) 1180
L* (cal/gm) 410
Lf(cal/gm) 9750
fn a* (atm) 12,601
Y 1.126
pﬁ(gm/cmS) : 1.0
C, (cal/gm-"K) 0.74
Cp(cal/gm—°K) 0.74
Aio(cal/cmwsec—yK) 4.2 % 10_4

% () 1345
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4.1.1 Burning Rates

As discussed in the Introduction previous Investigators
found that the purity of the liquid fuel had a significant effect
upon hydrazine strand burning rates. {12-15] In order to clarify
this point, a number of tests were conducted with hydrazine of
varying liquid purities. These results are summarized in Figure 6.

The burning rates presented in Fipure 6 were obtained using
a 12 mm I.D. tube. While the differences between the 99.6 and 98.4%
purity hydrazine were small, adding distilled water to the hydrazine
as an impurity (95.6, 92.6%Z purity) resulted in a significant
reduction in the burning rate in agreement with previous investigators.
[12-15] However, Antoine [l5] found that hydrazine exhibited abrupt
increases in its burning rate for a smgll change in pressure. The
present measurements did not detect any such discontinucus behavior.
The 98.6% purity hydrazine was used in the remainder of the testing
due to its greater availability.

Experimental steady strand burning rate measurements were
terminated at the upper extinction pressure. Above thig pressure,
the fuel failed to sustain combustion following ignition. The
upper exXtinction pressure increased slightly as the purity of the
fuel increased. The upper extinction pressure also increased as
the diameter of the sample tube increased.

Gray and Kay [13] also found lower extinction pressures
for hydrazine. The lower extinction pressure was not investigated
in the present study. It was observed, however, that glight bubbling

of the liquid occurred at the lower pressures tested. Gray, et al.,
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[14] indicate that bubbling of the liquid is an indication that
the lower extinction pressure is being approached.

1t is well known that steady strand burning rates are
dependent upon sample tube diameter due to surface tension effects
providing more liquid surface area for the combustion process.
This effect is shown in Figure 7 at various pressures., By plotting
the data as a function of reciprocal tube diameter, linear fits
were obtained, allowing a determination of the correct fundamental
burning rate (burning rate in an infinite diameter tube) by
extrapolation.

Figure 8 is a plot of the fundamental burning rate as a
function of pressure. Also shown on the plot are the theoretical
predictions for various reaction orders and dimensionlegs activation
energies. In order to obtainm the theoretical curves shown on
Figure 8 the theory was matched to the experimental results at
atmospheric pregsure assuming a first order reaction and at 6.7
atm assuming a second order reaction. This matching was required
since the gas phase global kinetic constants are not known for
liquid hydrazine strand combustion. Table 2 lists the correlation
conditions and resulting dimensional pre-exponential factors used
in Figure 8. These pre-exponential factors were used in the
remainder of this study, except as noted later,

The results shown in Figure 8 indicate that the gas phase
reaction for hydrazine strand combustion is first order at low
pressures switching to second order at high pressures. These

results are in agreement with the earlier work of both Gray [13, 14]
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Table 2

Correlation Conditions and Parameters Used in the Theoretical Model

Correlation Condition

Pg = 1,0 atm; v¥ 0.021 cm/sec

Correlation Condition

Pg = 6.7 atm; v# = 0.084 cm/sec

& £
E E* B, 5 B
(kcal/mole) (sec 7) (em™/gm—sec)
4 7
1 2.673 3.473 x 10 7.608 x 10
9 13
10 26,73 7.468 x 10 8.385 x 10
15 40.08 - 3.749 x 1018
30 80.16 — 8.446 x 1023

TS
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and Antoine [15]. Gray found that for subatmospheric pressures the
hydrazine strand burning rate was proportional to the square root
of pressure, which is indicative of a first order reaction; Antoine
found that for pure hydrazine the strand burning rate was proportional
to pressure for pressures in the range 1-19 atm, which is indicative
of a second order reaction. However, the results are not in agreement
with those of Adams and Stocks [12] whe found that the burning rate
was proportional to the square root of pressure up to about 10 atm.

As 1s evident in Figure 8 the gas phase activation energy
has little effect upon the theoretical strand burning rate. This
result is in agreement with earlier droplet decomposition flame
studies which alsc found that activation energy had little effect

on steady burning rates. [7]

4.1.2 Liquid Temperatures

As discussed in Chapter II, liquid temperatures of burning
strands of hydrazine were obtained by stretching a thermocouple
horizontally across the tube and recording its output as the liquid
surféce propagated down the tube due to combustion. In this manner
not only liquid temperature distributions but also liquid surface
temperatures were obtained.

Figure 9 compares theoretical and experimental liquid
temperatures at two pressures, 20.4 atm and 1.0 atm, as a function
of distance from the liquid surface. The temperature readings at
positive distances result from a liquid film formed around the
thermocouple as it leaves the surface (due to surface tension) and

should be disregarded. [38]
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As is evident from Figure 9, the theoretical and experimental
results agree quite well. The results at other pressures were similar
to those shown in Figure 9, justifying the use of constant liquid
phase properties. The value of the liquid thermal diffusivity used
to compute the theoretical curves was 1.26 x 10’—3 cmz/sec, which is
a reasonable value for a liquid such as hydrazine.

The experimental values of the liquid surface temperatures
were obtained in two ways. With the first methed the surface
temperature was taken as the temperature recorded by the thermocouple
at the instant of time when the thermocouple was just tangent
to the liquid surface (as obtained from the film record). With the
second method the liquid surface temperature wag taken as the
temperature where the sharp "knee' appeared in the thermocouple
output as shown on Figure 9. The two methods yielded surface
temperatures differing by less than 1%.

The liquid surface temperature results are shown in Figure 10
as a function of pressure. Two thecoretical curves are also shown on
Figure 10. The present unity Lewils numher theoretical analysis
agrees well with the data, justifying the assumption of conventional
phase equilibrium at the surface. An infinite activation energy
analysis is also seen to yield essentially the same results. The
theoretical development using the infinite acitvation energy

assumption is presented in Appendix E.

4.1.3 Additional Theoretical Results

Sclution of the steady gas phase problem gives not only

the nondimensional eigenvalue, A, and the liquid surface temperature
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but also the complete gas phase temperature and reaction rate profiles
at a given pressure (for an assumed reaction order and zctivation
energy). In this section the theoretical gas phase temperature and
reaction rate profiles are described,

Figures 11-13 show the gas phase temperature and reaction
rate profiles for a second order reaction with nondimensional
activation energies of 1, 10 and 30, respectively. The nondimensional

reaction rate, Wro? is defined as

_ S-n n ~E
Wpg = ATO 1 - To) exp (To)/qn (70)

As the activation energy increases, Figures 11-13 indicate
that the region where gas phase reaction effects are Important
becomes narrower and the reaction rate profiles become more sharply
spiked. 1In addition the femperature reaches its limiting value
closer to the liquid surface for a higher activation energy.

The gualitative aspects of the first order profiles are
similar to those of a second order reaction. First order profiles
are shown in Figures 14-15 for nondimensional activation energies of
1l and 10, respectively,

The effect of pressure on the nondimensional profiles for
both a first and second order reaction was slight. Increasing
pressure tended to cause the reaction rate profile to peak slightly
closer to the surface with the result that the temperature more

rapidly approached its limiting value,.



TEMPERATURE - To

g
'S

2.0 4.0 6.0
DISTANCE - 7

Figure 11 Steady State Gas Phase Temperature and Reaction Rate

Distributions for n = 2, E= 1

—
8.0

12
-4 .80
16
14g
1B
10.0 °

> o 5
RATE - W,

LS



o

@

TEMPERATURE - To

1 | 1 } i 1 H L] 3-0
2.5 ?
:20 'F'-"
n=2 _ é
E=10 . 15
A=1432xI10" %
Po=1 atm 11.0 £
o
1.5 W
1 @
] 1 | 1 | 1 0
2.0 3.0 4.0 5.0

DISTANCE - 7

Figure 12 Steady State Gas Phase Temperature and Reaction Rate
Distributions for n = 2, E = 10

8¢



TEMPERATURE - T,

I_z ¥ 3 T 1 | L) LS - LI 6.0
i hd
- Js.o ?
Ll
14.0
| | &
h=2 130 &
E =30 | Z
— , 17 o
A =1442 X 10 {20 —
*®_ - QO
P, =1 atm I
2r o 1.0 LWd
() 1 1 L 1 1 1 3 1 A ()
0] ! 20 3.0 4.0 50

DISTANCE - 7}

Figure 13 Steady State Gas Phase Temperature and Reaction Rate
Distributions for m = 2, E = 30

65



TEMPERATURE - T

1 ] ] 1 ] ¥ L) 1 I.50
i
.25
n = 11.00
E = ]
A =9719 19
" ]
F=1atm | 50
1.25
' 1 m— 1 | 1 1 1 0
2.0 40 6.0 8.0 10.0

DISTANCE - 7

~ Figure 14 ‘Steady State Gas Phase Temperature and Reaction Rate

Distributions for n =1, E = 1

-W,,

REACTION RATE



TEMPERATURE - T

DISTANCE - 7)

2.5
- 120
E=I0 |,
- 1~8l
A =2.090 X10°
Po*= | atm 11.0
1.5
! J
) 0 I 1 L, I | I o
0 1.0 2.0 3.0 4.0 50

Figure 15 Steady State Gas Phase Temperature and Reaction Rate

Distributions forn =1, E = 10

REACTION RATE — Wk,

19



62

4,2 Oscillatory Combustion

The results described in the previous section of this chapter
indicate that the steady combustion portion of the theoretical model
is in good agreement with available experimental measurements of
the burning rates, liquid temperature distributions and surface
temperatures of hydrazine strands. In this section experimental

oscillatory strand burning rates are compared with the theoretical

model.

4.2.1 Data Reduction

The data from the oscillatory version of the strand combustion
apparatus consisted of an oscillograph record of the pressure in
the test chamber and a film record of the liquid surface motion,
both as a function of time. Typical experimental data from the
oscillatory combustion apparatus are shown in Figure 16,
In Figure 16 the pressure record taken from the oscillograph
trace and the liquid surface motion data taken from the film record
are drawn to the same time scale. These results allow the determination
of the amplitude and also the phase angle of the surface oscillations.
As shown in Figure 16 the phase angle of the surface
oscillation with respect to the pressure oscillations was determined
by measuring the distance between the peaks of the two curves.
The amplitude of the oscillations was measured as half the distance
between the maximum and minimum in the surface oscillations for one
cycle. Some repeatability tests were conducted; the maximum
difference between two sets of data taken at the same test condition

was less than 25%. For those conditions where more than one set of
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data was taken, the experimental points shown in the following

figures are the average of the separate tests.

4,2.2 Effect of Pressure Amplitude

The theoretical model described in Chapter III assumed that
the amplitude of the pressure oscillations was small enough so that
only linear effects needed to be considered in the perturbation
analysis. In order to check experimentally where this assumption
breaks down, a series of -tests were conducted with constant mean
pressure and frequency of the imposed pressure oscillations but
varying pressure amplitude. For these tests the mean pressgure was
held constant at 1.54 atm and the frequency was fixed at 1,32 Hz,

In Figure 17 the amplitude of the liquid surface oscillations
divided by the normalized pressure amplitude, £, is plotted as a
function of pressure amplitude. The linear analysis assumes that the
data plotted in this manner should be constant. It is evident from
Figure 17 that the data begin to deviate significantly from this
constant relation for pressure amplitudes above about 0,25,

In Figure 18 the mean burning rates for the same tests as
shown in Figure 17 are plotted as a function of normalized pressure
amplitude. Again the linear theory assumes that the mean burning rate
is the same for all pressure amplitudes. As before, significant
devigtions from linearity appear to arise for pressure amplitudes
above about 0.25.

Thus, both sets of experimental results indicate that
nonlinearities in the combustion system are important for pressure

amplitudes above about 0.25. To insure the validity of the linear
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theory all additional experimental data was taken with pressure

amplitudes less than 0.15.

4,2.3 High Pressure Results

The main thrust of the present work was to determine the
effect of frequency upon the oscillatory burning rate of hydrazine.
Two sets of data were taken with variable frequency; the first
set was taken at a mean pressure of 9.77 atm and the second set at
a mean pressure of 1,18 atm. This section describes the results
at 9.77 atm while the next section describes the results at 1.18
atm.

One of the important parameters obtained from the theoretical
model is Tys the nondimensional mass burning rate. However, xgl,
the dimensional amplitude and phase angle of the liquid surface
oscillations are the quantities that are measured experimentally.

As described in Seection 3.5.2, r and X, are related by Equation (69).

Figure 19 ig a plot of the surface oscillation amplitude
as a function of frequency at a mean pressure of 9.77 atm., 1In
addition to the curves obtained from the theoretical model, the
curve obtained from a totally quasi-steady analysis (neglecting
both liquid and gas phase transient effects) is alsc shown on Figure
19. The totally quasi-steady analysis is developed in Appendix E,

The tramsient analysis indicates a larger amplitude of
surface oscillation than the totally quasi-steady analysis for the
range of frequencies shown on Figure 19. However, at lower frequencies
the two models approach one another as they must. Note that the gas

phase activation energy has a pronounced effect upon the predicted
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transient results. The results for a dimensionless activation

energy of 30 do not differ appreciably from the results for E = 15

in this frequency range and these two curves are shown as one, labelled
E = 15. As shown in Figure 19, the theoretical curve with a
dimensienless activation emergy of 15 is in reasonably good agreement
with the experimental results.

Figure 20 is a plot of the phase angle of the surface
oscillation as a function of frequency at a mean pressure of 9.77
atm, At low frequencies, both the transient and the quasi-steady
analyses indicate a 90° phase angle. At this condition the burning
rate and pressure oscillations are in phase. As seen from Equation
(69}, for the burning rate in phase with the pressure, the surface
oscillation must be 90° out of phase. Of course, the quasi-steady
model does not predict any deviation from the 90° out of phase
condition as frequency increases.

As in the case of the amplitude of the surface oscillation,
the activation energy has a significant effect upon the predicted
phase angle. Again a nondimensional activation energy of 15 agrees
with the data reasonably well as shown in Figure 20, Note that the
phase angles at these conditions are greater than 90° indicating that
the burning rate oscillation was leading the pressure oscillation.

Since the steady state results, as shown in Figure 8,
indicate that the gas phase reaction at 9.77 atm is second order,
no theoretical predictions were made assuming a first order
reaction at this mean pressure. A second set of data was taken at 1.18
atm where, from Figure 8, the gas phase reaction appears to be first

order. These results are described in the next section.
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4.2.4 Low Pressure Results

In order to investigate the effect of mean pressure on the
oscillatory burning rate of hydrazine, a second series of data were
taken at a mean pressure of 1,18 atm. At this mean pressure the
steady results, as shown in Figure 8, indicate that the gas phase
reaction is probably first order.

In Figure 21 the amplitude of the liquid surface oscillation
is plotted as a function of frequency. The theoretical curves
obtained from the transient model assume a first order reaction.

At these conditions, the theoretical curve for E = 1, predicts a
smaller surface oscillation amplitude than the totally quasi-steady
analysis. However, both theoretical curves approach the quasi-steady
results for low frequency.

The results shown in Figure 21 suggest that a higher activation
energy than E = 10 is required to agree with the experimental data.
However, the opposite conclusion is reached if the phase angle is
considered as shown in Figure 22. The phase angle results suggest
that a low activation energy, between 1 and 10, would best agree
with the experimental data. Thus, the first order reaction
theoretical results are not in good agreement with the experimental
data at a mean pressure of 1,18 atm.

If the reaction is assumed to be second order at 1.18 atm,
the theoratical steady strand burning rate 1s significantly less
than the experimental result as seen from Figure 8. To adjust the
steady burning rate, the results shown in Figure 8 were

recorrelated by watching theory to the experimental results at 1.0
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atm for a second order gas phase reaction rather than at 6.7 atm.
The parameters obtained from this match are listed in Table 3.

In Figure 23, the amplitude of the ligquid surface oscillation
is plotted as a function of frequency. A second order gas phase
reaction with an activation energy of between 10 and 15 agrees well
with the experimental data. The same conclusion is reached when
considering phase angles as shown in Figure 24, Thus, as with the
high pressure results, the theoretical model assuming a second order
reaction with a nondimensional activation energy of about 15 is in
good agreement with the experimental data. The corresponding
dimensional activation energy of about 40 kcal is also in good.
agreement with the apparent activation energy of 36 kcal reported by

MeHale, et al., [49] from a kinetic study on hydrazine decomposition.

4.2.5 Additional Implications of the Theoretical Model

The preceding discussion has indicated that the theoretical
model is in good agreement with all available experimental results
on the oscillatory burning of hydrazine. After gaining this
confidence in the model, the model was used to predict the effects
of various parameters of interest to engine designers on the
osciliatory behavior of hydrazine., This section describes these

reults in detail.

4.2.5.1 Effect of Mean Pressure

One of the prime quantities of interest in the unsteady
combustion case is the dimensionless oscillatory mass burning rate

perturbation, T, due to an oscillatory pressure perturbation of
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Table 3

Additional Correlation Condition and Parameters
Used in the Theoretical Model

n=2 Correlation Condition
Pg = 1.0 atm vﬁ = 0,021 cm/sec

E E#® B*

(kcal/mole) (cm3/gm-sec)
1 2.673 1.806 x 10°
10 26.73 2.353 x 10%%
15 40.08 1.052 % 10Y7
30 80.16 2,375 x 10°%
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amplitude €. The next nine figures indicate the effect of mean

pressure on the hehavior of r. for various activation energies and

1
a second order reaction.
Figures 25-27 show the amplitude and phase angle (with
respect to the pressure oscillation) of ry for a dimensionless
activation energy of 1 and mean pressures of 1, 10 and 100 atm,
respectively, as a function of the dimensionless frequency of the
pressure oscillation. At low frequencies the burning rate oscillation
is in phase with the pressure oscillation, and the entire process,
both liquid and gas phase, is quasi-steady. As the frequency
approaches the characteristics frequency of the liquid phase thermal
wave both the phase (with respect to the pressure oscillation) and

the amplitude of r, begin to deviate from their quasi-steady value.

1
The nondimensional characteristic frequency of the liquid phase
thermal wave increased from about 10-4 at 1 atm to about lO_2 at 100
atm.

As the frequency increases beyond the characteristic
liguid thermal wave frequency, gas phase transient effects become
important. On Figures 25-27 two theoretical curves are shown. The
solid curve neglects all transient gas phase effects but includes
the effects of a transient ligquid phase. The dashed curve includes
the effects of both transient gas and liquid phases. As indicated
in Figures 25-27 gas phase transient effects only become important
for nondimensional frequencies on the order of 0.10. The quasi-steady

gas phase analysis was obtained by taking the formal limit w -+ 0 in the

gas phase as described in Appendix C.
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For E = 1, Figures 25-27 indicate that as the pressure

increases the peak in the r. response curve due to liquid thermal

1
effects becomes more pronounced. At low pressures the phase lag is
negative for all frequencies of oscillation. As the pressure
increases, however, the phase lag is at first positive and then
goes negative as w increases. This effect was found to be due to
the shape of the hydrazine vapor pressure curve. Theoretically,
the liquid surface temperature oscillation amplitude is relatively
small. Thus, at low pressures a finite change in the pressure
causes a relatively small change in the fuel mass fraction at the
surface. At high pressures, the same change in pressure causes a
significant change in the surface fuel mass fraction.

Similar trends were found for the case of E = 10 as shown
in Figures 28-30, However, in this case the peak in the r, response
curve becomes very pronounced as pressure increases,

For the case E = 30 somewhat different behavior was found.
As 1llustrated in Figures 31-33 the peak in the r, response curve
becomes less pronounced as pressure increases., However, as before,

the phase angle tends to positive values as the pressure increases

for a given frequency.

4.2.5,2 Effect of Conditioning Temperature

Another pafameter which could be of importance with regard
to oscillatory combustion response is the fuel conditioning temperature
T* . The effect of increasing T* from 298 to 350 K was investigated
at a mean pressure of 1 atm for a second order reaction with =a

nondimensional activation energy of 10. The results of these
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calculations are shown in Figure 34. Figure 34 was obtained by fixing
all dimensional quantities but increasing the fuel conditioning
temperature by 52 K, Of course, in order to satisfy overall
conservation of energy the flame temperature had to be increased a
corresponding amount. Increasing the flame temperature decreased
the values of some of the nondimensional parameters of the problem,
including the nondimensional asctivation energy.

By comparing Figure 34 with Figure 28 it is seen that the
effect of increasing T__ is to decrease somewhat the first peak in the

r. response curve, However, the net overall effect is rather small,

1

4.2.5.3 Acoustic Admittance

The major parameter of interest to the designers in
determining the stability characteristics of a combustion chamber 1s
the real part of the acoustic admittance of the burning fuel. This
quaptity can be obtained from the present analysis as described in
Appendix G.

The acoustic admittance varies with the distance from the
liquid surface, but approaches a constant value for very large
distances. As developed in Appendix G, the value shown here is the
value at the true mathematical infinity.

Physically, the real part of the acousgtic admittance
represents that part of the gas phase velocity fluctuation which is
in phase with the pressure fluctuation. TFigures 35-37 show the
real part of the acoustic admittance plotted as a function of frequency
for various pressures for a second order reaction and nondimensional

activation energies of 1, 10 and 30, respectively.
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As showm in Figure 35, the real part of the acoustic admittance
is zero for low frequencies where the combustion process 1s quasi-
steady., In this limit the mass burning rate for a second order
reaction is linearly proportional to pressure. However, from the
perfect gas relation, the gas phase density is also linearly
proporticnal to pressure; therefore, the gas phase velocity is
independent of pressure. Thus, the gas phase velocity fluctuation
due to a pressure fluctuation is zero at low frequencies.

As the frequency increases, liquid phase thermal wave
effects become important causing the real part of the acoustic
admittance to deviate from its quasi-steady value. The curves shown
in Figure 35 reach a maximum néar the characteristic frequency of
the liquid phase thermal wave then become negative as gas phase
transient effects become Important. The curves reach a minimum
then become positive again for very high frequencies.

Reference [16] indicates that for instability to occur the
real part of the acoustic admittance éhould be on the order of one.
As shown iIn Figure 35 the real part of the acoustiec admittance for
E = 1 only becomes of the order one at very large frequencies for
the pressures shown. Liquid phase thermal wave effects are not of
sufficient magnitude to cause instagbility for E = 1.

Figure 36 shows a similar plot for E = 10, This figure
indicates that as pressure increases a frequency range is reached
winere the real part of the acoustic admittance is one or greater.
Also, with increasing pressure, the peaks in the curves due to

liquid thermal wave effects move to higher frequencies.



Somewhat different behavior is evident from Figure 37,
For E = 30, the real part of the acoustic admittance is of the
order one or greater only for low pressures except for very high

frequencies.
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CHAPTER V

SUMMARY AND CONCLUSIONS

5.1 Summary

The present study was concerned with the strand combustion
of hydrazine under both steady and oscillatory conditions. The
specific objectives of the study were as follows:

1. Investigate the steady strand combustion characteristics
of hydrazine experimentally to determine steady strand
burning rates as functions of pressure, liquid
concentration and tube dlameter. Also investigate the
liquid temperature distributions and liquid surface
temperatures as a function of pressure during steady
strand combustion.

2. Study the oscillatory combustion characteristics of
hydrazine by experimentally determining the oscillatory
burning rate as a function of mean pressure, and the
frequency and amplitude of the imposed pressure
oscillations.

3. Develop a theoretical model of the strand combustion
system capable of predicting the observed experimental
results under both steady and oscillatory conditionms.

For the experimental program a steady strand combustor

wag used in the initial phases of the investigation. With this
apparatus steady strand burning rates were measured over

the pressure range of 0.32~42 atm and liquid temperatures were
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obtained in the range of 1.0-20.5 atm. Liquid concentrations of
from 92.,6-99.4% N2H4 were studied in tube sizes of 4, 8 and 12 mm.

A modified version of the steady strand apparatus was
constructed to provide a means of studying the oscillatory combusticn
of hydrazine. With this apparatus oscillatory burning rates were
obtained in the mean pressure range of 1-10 atm with frequenciles
varying from 0.4-5.2 Hz and pressure amplitudes up to 35 % of the
mean pressure.

A theoretical model of the system was developed. The major
assumptions in the theoretical analysis were that the system was one
dimensional, a one-step, irreversible reaction occurred in the gas
phase and conventlonal low pressure phase equilibrium was adequate
to describe the state of the liquid surface. While the liquid
phase was assumed to have constant physical properties, a variable
property pgas phase solution was obtained through the use of a
modified Howarth transformation. The resulting equations describing
the combustion system were solved through the use of a perturbation
analysis with the amplitude of the imposed pressure oscillations
taken as the small perturbation parameter.

The zero order model described the steady strand combustion
system. The predictions of this model were compared to the
experimental steady strand results. The excellent agreement between

theory and experiment justified the extension of this theory to

include unsteady effects,
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5.2 Conclusions

>.2.1 Steady Strand Combustion

The major conclusions of the steady strand portion of the

study are as follows:

1. Addition of water to the liquid hydrazine reduces the
burning rate., However, liquid purities of 98.6 and
99.4% yielded essentially the same burning rates.

2. The effect of tube diameter scales as the reciprocal
of the tube diameter, By plotting steady strand
burning rates as a function of the reciprocal of the
tube diameter, linear plots were obtained allowing
the determination of the fundamental strand burning
rate.

3. The experimental results indicated that the strand
burning rate has a pressure dependence of 1/2 for
subatmospheric pressures and a pressure dependence of 1
for pressures above atmospheric. This finding is in
agreement with the results of previous investigations.
[13-15] The theoretical model was matched to these
results by assuming a first order decomposition reaction
for subatmospheric pressures and a second order
decomposition reaction for pressures greater than
atmospheric.

4. The gas phase activation energy has very little
effect upon the theoretically predicted steady strand

burning rate for both a first and second order reaction.
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5. The theoretical medel, assuming constant liquid phase
properties, agrees well with the experimental liquid
temperature distributions.

6. The theoretical model is also in excellent agreement
with the experimentally determined liquid surface
temperatures justifying the low pressure phase

equilibrium assumption,

5.2.2 OUscillatory Strand Combustion

The major conclusions of the osecillatory strand portion of

this investigation are as follows:

1. As opposed to steady combustion, for oscillatory
combustion the gas phase activation energy has a
significant influence upon the predicted theoretical
oscillatory burning rate. The theoretical results
concerning both the amplitude and the phase angle
of the liquid surface oscillations are in good
agreement with the experimental results when a second
order reaction with an activation emergy of about
40 keal (E = 15) is assumed.

2. Based upon the theoretical acoustic admittance, the model
predicts that for activation energies in the range of
25-40 kcal (E = 10-15), the hydrazine combustion system
exhibits a range of frequencies where instability
could cccur. As pressure increases, the instability
range moves to higher frequencies and the system becomes

less stable.
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Al Estimation of Radiation Effects During Strand Burning

An estimation of the effect of radiation can be made by
comparing the energy reaching the liquid surface due to radiation to
the total amount of enmergy reaching the liquid surface. In the steady
state the total amount of energy reaching the liquid surface is equal
to the product of the liquid density, the fuel burning rate and the
heat required to raise the temperature of the liquid to the surface
temperature and vaporize the fuel at the surface temperature.

To get a rough estimation of the amount of heat reaching the
liquid surface due to radiation, the combustion system was taken to be
an infinite ¢ylinder of the decomposition flame products at the
adiabatic flame temperature of the fuel. The walls of the c¢ylinder
were assumed to be transparent. The shape factor and mean beam
length were taken from Hottel and Sarofim [40].

The fuel decomposition products were taken to be those

suggested by Audrieth and Ogg [39]; namely

1 1
1\12}14 -+ NH3 + 0 N2 + 5 H2 (A.1)

The only emitter is the system in NH3 with a mole fraction of 0.5.
Using the corresponding partial pressure and the mean beam length, the
emissivity was taken from Hottel and Sarofim [40]. The heat due to
radiation reaching the liquid surface was then the product of the
shape factor, the gas emissivity, the Stefan-Boltzmann constant and
the adiabatic flame temperature raised to the fourth power.

By comparing the radiation heat tramsfer to the total heat

transfer in the above manner, it was found that the radiation effect

was always less than 1% of the total. This result is
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not surprising since hydrazine has a low adiabatic flame

temperature.

A2 Phase Equilibrium Assumption

The equilibrium assumption at the liquid surface can be
justified if the rate at which molecules from the gas phase strike
the liquid surface is much greater than the fuel burning rate. The
number of molecules striking the liquid surface per unit time was
estimated using kinetic theory.

The rate at which molecules from the gas phase strike the
liquid surface was estimated using the following equation derived

from kinetic theory [41]

¢ =P (A.2)

" 27RT

where ¢ is the rate at which molecules strike the surface per unit
area, P is the pressure, M is the molecular weight and T is the
surface temperature,

Using the experimentally determined surface temperature as
a function of pressure in Equation (A.2), ® was compared te the
experimental burning rate at wvarious pressures. It was found that &
was always between two and three orders of magnitude greater than
the burning rate at any given pressure. Thus the assumption of

phase equilibrium at the surface is justified.

A3 Constant Total Pressure Assumption

The constant total pressure assumption is really two
assumptions, namely that the Mach number of the flow is much less

than unity and that the wavelength of any periodic pressure disturbance
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is long compared to the distance from the outer edge of the reaction
zone to the liquid surface. The Mach number was estimated to be in
the range of 0.001-0,002 and is much less than unity. This section
of Appendix A, therefore, deals with estimating the frequency where
the long wavelength assumption breaks down.,

To estimate this frequency assume that the temperature
profile is linear between the surface temperature and the flame
temperature. Then the total heat transfer to the liquid surface can

be expressed as

dT# L 5
k = % == = o —= . 2 = % X *
q ‘). %% A n . pz V.Q, L (A.3)

All quantities in Equation (A.3) are known either as thermodynamic
properties or as experimentally measured parameters except the distance
from the outer edge of the reaction zone to the surface, (x§ - xg).

The parameter, (x? - xg), was computed from Equation (A.3)
as a function of pressure. It was found that (x? - x:) is greater
than 0.10 of the wavelength of any periodiec pressure disturbance

for frequencies above about 50,000 Hz,
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The only equation which must be integrated for the zero

order problem is Equation (46} which is rewritten here.

2
dT dT
o 0 l-n _ 1+6-n n -E, _
dnz o + Ag TO (lT?D) exp [T;] =0 (B.1)

To find the form of Equation (B.l) for large n let

-1 (1
T, =1-&T,

o (B.2)

where £ is a small parameter, Combining Equation (B.l1l) and Equation

(B.2) yields
d2To(1) ar ¥

£ - —2— - £ Aq
dnz dn

1-n {(1)n

exp(--E)T0 =0 (B.3)

The solution of Equation (B.3) depends on the order of the
reaction, n. For n = 1, the solution of Equation (B.3) is

straightforward,

1 - V1+hAewn (-EY
To(l) - ¢ exp‘l 1;4Ae§p( E) n (B.4)

The growing exponential part of the golution to Equation

(1)

(B.3) is rejected since TD must approach zero for large n from

Equation (47). C, in Equation (B.4) ig an unknown constant.

Combining Equation (B.2) and Equation (B.4) results in

1 - Y1+4Aexp (-E)

To =1-C exp 5 n (B.5)

For n = 1, where
C=¢¢C (B.6)

and is an unknown constant.
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For n = 2, Equation (B.3) can be solved by stretching the n

coordinate such that
n=¢&% (B.7)

where a is a constant determined by proper matching.

Substituting Equation (B.7) into Equation (B.3) yields

2, (1) &
d“t dT 2
gt e e, M) h =0 (.8)
av

A proper match of the terms in Equation (B.8) is only obtained by
balancing convection and reaction; the diffusion term 1s of higher

order. Then a = -1 and the resulting. equation is

(1)

dT 2
——--4 exp(-) (1, 1) (.9)
golving Equation (B.9)
T Mo A exp-mu - )7L (B.10)
0 q 1 '

where C1 1s an unknown constant.

From Equation (B.2) and Equation (B.7)

T =1- s/<s§ exp (-E)n - C.) (3.11)
Qr
T = 1- (% exp(-E)n - C)T (B.12)
for n = 2, where
C = cl/g (3.13)

and is an unknown constant.
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The first order problem is given by Equations (60-66) and
Equation (68). The problem can be simplified somewhat by noting that

the solutign of Equation (61) can be represented by

_ 1 - ¥1+4iw
91 = Kl exp[~—-—§—~——ﬂ] + elP(n) (C.1)

where K1 is the unknown constant in the homogeneous sclution and elP
represents the particular solution. In arriving at Equation (C.1) the
growing exponential part of the homogeneous solution was rejected
since, physically, neither the temperature nor the fuel mass fraction
fluctuations can grow exponentially with increasing n. In general

91P must be determined numerically. However, for large 1, using
Equation (47) in Equatiom (61),

R
BlP(n) - (C.2)

Equation (C.2) also follows from Equation (68).
Using Equation (C.1) in Equation (62) the first order

problem reduces to the following equation

d Tl dTl
——2—-ET_T—+pT1=r1b+ch+d (€.3)
dan
where
B 1+8-n n E .

p = qwo[ T ’ - 17 + 2] - iw {C.4)

Ll "o o T

dr_ °
b= 2 (C.5)

nqw P vl |
c = - 1~To exp{l 21+4up n (C.6)
5 o
d°T nqwo

d = - —5 - v (n-1) - St 1wT0 - 17 BlP (C.7)



The boundary conditions can alsc be reduced to the following:

=r

f + ng(O) + h
=0+

ldTl
1

dn

K, + 8,(0) = 3T, (0) + &

‘ dGlP) (dTl
K & + = rm+ K, + 8,0 - T (0) +
1 dn =0+ 1 1 1P dn =0+
where

Polrs.

f= 5 [TD(O) - T_w][fl+41w61 -1] + TO(O)(l—B) + L
28, 71w
1

p A
g = 1-B + E (1 +/1+41w8 )

- l#oﬁu

3 = 21 exp [T (0)] + 1

k = To(o) -1
2= (1 - VI+&iw) /2

=1 - TO(O) - q
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(C.8)

(C.9)

1
ol

(C.10)

(C.11)
(c.12)

(C.13)

(6. 14)
(C.15)
(C.16}

(C.17)

The outer boundary condition remains as specified by Equatidn (67)

or Equation (68).

The equations representing the quasi-steady gas phase

problem can be obtained by setting w = 0 in Equations (61 and 62),

These equations can be summarized as follows:

(C.18)
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since
elP =0
and
dle ar,
7@ TR T TRt .19
n
where
_ +6-n] _ _n E
P = qwo[{fﬁf__) T + —-E] (C.20)
0 p— o T0
_ %%
c, = 1_To (C.21)
dZTo
d = - —5 - qwo(n“l) (C.22)
dn

The boundary conditions remain the same except

do
—dlfl) -0 (C.23)
N In=0+

Rs - elP(O) -

" Since the equations for the complete unsteady and quasi-steady
problems are similar except for the values of the coefficients, the
general solution method as discussed in the following is applicable
to either case.

The first order problem reduces to the solution of one

linear, second ordgr, ordinary differential equation, Equation (C.3),
with two unknown constants ry and Kl. The four boundary conditions
permit unique values of the unknown constants to be found as well
as the desired solution cut of the family of solufions of the
second order, ordinary differential equatiom.

Exploiting the linearity of Equatiom (C.3), let

T. =T, + v, T,* + K, T (C.24)



Then Equation (C.3) can be separated into three equatioms

The boundary conditions, Equations (C.8-C.10

separated as follows:

(dTl)
Adn
*
1
an
{dTl

dn

9,p (0

an b o 1P

m -

)n=o+

(0) - T,(0) +

dTl
an TP =

dTi
- — %
an T PIY

L]

1

and 67) can also be

= ng(O) +h

n=0+

= gT*

1(0) + £

= gT,(0)

n=0+

= jTl(O) + k

ij(O)
= 3T,(0)

dTl)
dn

-h
n=0+

(de
T*(O) + |—
1 an o4
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(c.

(C.

(c.

(c.

(c.

(C.

(C.

(c.

(C.

25)

26)

27)

28)

29)

30)

31)

32)

33

. 34)

.35)



g=1-T(0)+ (———

and as n > =

Pl

where C, C* and C are constants.

The three differential equations, Equatioms (C.25-C.27),

each have a particular and a homo

dT1

dn ,n=o+

=
+
o

Tf + C*
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(C.36)

(C.37)

(C.38)

(C.39)

geneous solution. However, since

the homogeneous equations are identical, the homogeneocus golutions

are identical. Breaking the equations into homogeneous and particular

parts, let

H
n

=
*
1

"~

where K, K* and K are unspecified

TlP + KTlH

= T#%_ + K#T

1P 1"

congtants. The differential

equations, Equationsz (C.25-C-27) become

4T, ) dr . b or = o
dﬂz dn 14
2’\ -~
4 Top _ dTyp , ol = d
dn T Phip

(C.40)

(C.41)

(C.42)

(C.43)

(C.44)
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d"T# dT#
1p 1P
- + pT#_, = b (C.45)
dnz dn ip
29— —
d°T dT
1P 1P =
- + pT,, = ¢ (C.46)
an dn iP

-

The comstants K, K* and K are chosen such that one of the boundary
conditions at n=0, Equations (C.8-C.10) is satisfied. The remaining
two boundary conditions at n = 0 are used to determine ry and Kl.

At this point one must choose which boundary condition to
use to determine E, K* and K. The solution of the system of equations,
Equations (C.43-46) should be unique and thus independent of the choice
of boundary condition. It was verified that the cholce has no
effect on the final computed results by using all three boundary
conditions, Equations (C.8-C.10), in turn and computing, numerically,
the solution. Equation (C.9) is chosen as the boundary condition
to be used here for illustration purpeses.

Separating Equations (C.31-C.33) using Equations (C.40-C.42)

yields
A B (0) -k - 3T, (0)
1P 1P
K = jTlH_(O) (C.47)
K* = — TﬂiP(O)/TlH(O) (C.48)
. 1- 3T
K = —_ETZETET_W {C.49)

Summarizing thus far, the solution method consists of

Eal

solving Equations (C.43-C.46) numerically for TlH(n), TlP(n), TiP(n)
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and (n). Equations (C.47-C-49) are then used to determine K, K*

TlP
and K. Next, Equations (C.40-C.42) are used to find Tl(n), Tf(n),
and Tl(n). Finally, Equations (C.28-C.30) and Equations (C.34-C.36)

are recombined to produce two equations involving two unknown

constants, ry and Kl' These equations are:

dr} ] [ _ (dTl) - dTy
. |-m- [ + K [2-1 + T (0) -[— ]=9 0) - 7,00 +| 7=
l[ M Ineod) 1 L T ' N Toeos
ae
-h - Tl'P‘) (C.50)
n n=0+
“de) [( dT, ] ~ ( dr,
r, | =1 - £+ K, || - gT, (0| = gT,¢0) + h - | —
R U N ] 1ilan /oy 1 1 dn i o4
(C.51)

Equations (C.50-C.51) permit unique values of ry and K1 to be
determined.

The first order problem is reduced to the solution of five
second order, ordinary differential equations, Equations (C.43-C.46)
and the solution of Equation (61) for elP(n). As with the zero order
problem, these equations were solved by integrating to the ligquid
surface from some large, but finite, N. Asymptotic analysis was
used to determine the analytical form of the solutions for large n.
These analytical equations were then used to generate starting values
for the numerical solution. Tﬁe asymptotic analysis is discussed
in the following.

The form of BlP(n) for large n has already been discussed.
For the complete unsteady gas phase problem, the form is given by

Equation (C.2). For the quasi-steady gas phase problem the form of
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91? for all n is given by

elP =0 (C.52)

. _
For TlH’ TlP’ TlP and TlP the form of the solutions depends

on the reaction order, n. Forn =1 and § = 0, it can be shown that

for large n
p + -A exp(-E) - i = —p_ (c.53)
d - —(1§ioiw - Aexp (-E)0. (C.54)
b+ 0 (C.55)
c + —-Aexp (-E) exp[l—:—gzzzié— nl (C.56)

Substituting Equations (C.53-C.56) into Equations (C.43-C.46) it is

found that for large n

1 - VIV
TlH = exp[———ni—————-n] (C.57)

~ 1- vlﬂpao (I—E-'-)iw + Aexp (-E) elP
Typ = expl———nmnl + Aexp (-E) + iw (C.58)
TiP = TlH (C.59)

1- #1+41m)2 ) {1 - /1+415‘)]
2

N 1 - Vit+ap Aexp(-E) + 5
Tip = expl— nl + Aexp (-E) T 1w
- /T
exp [T YAHAE0 ) ‘ (C.60)

2

For n = 2 and § = 0, it can shown that for large n

p*r - iw (C.61)
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d ~+ _. I%l iw {C.62)
b+0 (C.63)
c+0 (C.64)
and thus
Ty = ex [l - ;’im nl {C.65)
;lP = exp[l—:—ﬁgizig n] + Iil (C.66)
T4p = LI (C.67)
TlP = Ty (C.68)

In deriving Equations (C.57-C.60) and Equations (C.65-C.68)
growing exponentials were disregarded in order to satisfy Equations
(C.37-C.39). The constants in the homogeneous solutions were

normalized to unity since they were already considered in the constants

Fal

K, K* and K.

Summarizing, Equatien (61) is first solved to find BlP(n) using

Equation (C.2) to generate starting values for large 1. If the gas
phase is assumed to be quasi-steady then 91? is set equal to zero for
all n. Next, Equations (C.43-C.46) are solved using the appropriate
starting values, Equations (C.57-C.60) for mn = 1 or Equations

{C.65-C.68) for n = 2. Equations (C.47-C.49) are then used to find

K, K* and K. Next T,, T#%, and Tl are found using Equations (C,40-C.42).

1’ 71
It should be mentioned at this point that the first and second

fal

derivatives of Tl, Ti and Tl can be found from equations similar to
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Equations (C.40-C.42). and K, are then determined from Equations

R

(C.50-C.51). TFinally, Equation (C.24) is used to find T,
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APPENDIX D

PHYSICAL PROPERTIES
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The references for the physical properties required in
the calculations are shown on Table 4. The correlations used to
compute the properties are discussed in the following.

The specific heat of the fuel in both the gas and liquid
phases were assumed constant. The gas phase specific heat was
evaluated at a temperature of 900°K.

The gas phase thermal conductivity lgo was evaluated at
the adiabatic flame temperature. For this calculation the gas
phase mixture was assumed to be made up of 50% N2H&’ 25% NHB’ 12.5% N2
and 12.5% H2 on a molar basis.

The liquid phase thermal conductivity was assumed constant.
It was evaluated from the liquid thermal diffusivity which was
found to give the best fit of the zero order theory to the experimental
results on liquid phase temperature distributions. This value of
liquid thermal diffusivity was found to be 1.26 x 10—3 Cm2/sec
as discussed in Section 4.1.1.

The adiabatic flame temperature, Tgo, was calculated allowing
for all relevant dissociation reactions. The thermochemical
properties required for this calculation were taken Erom the JANAF
Tables. ({46]

The heat of vaporization of the fuel was evaluated from the
overall conservation of energy relation. By specifying the temperature
at the cold end of the liquid, the final gas phase temperature, the
heat capacities of the gas and liquid, and the heat of combustion,
the overall conservation of energy in the steady state could only be
satisfied by proper selection of the heat of wvaporization. The wvalue

used is shown in Table 1.
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Table 4

References for Physical Properties

References
Property NZH& Combustion Products
I b2 43
* —
ey 39
Ax 442 44
o)
C 45 -
P
Cz 39 -

aComputed, Method of Reference [44)
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The constants in the Clausius-Clapeyron equation were
determined from a least squares fit to the existing data on wvapor
pressures as a function of liquid temperature for hydrazine.

[45, 47-48] The values found are listed in Table 1.
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APPENDIX E

SURFACE MASS FRACTION USING THE INFINITE
ACTIVATION ENERGY ASSUMPTION
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If an infinite gas phase activatlon energy is assumed rather
than a unity Lewis number, the zero order equation relating surface
fuel mass fraction to surface temperature, Equation (16), is
different. In this Appendix, the theoretical development of an
equation analogous to Equation (16) is presented for an iInfinite
activation energy flame.

The theoretical development follows closely that given in
Reference [38]. Faeth [38] used a molar basis for his analysis
and assumed that both the specific heat and thermal conductivity of
the gas phase were linear functions of temperature. In the
analysis presented here, a mass basis is used and the specific heat
is assumed constant but thermal conductivity is a function of
temperature.

Sipce the reaction is confined to a flame surface, the

steady state energy and species conservation equations can be written

as

dT*

prox[C (T# - TH) + L&] = a $3 (E.1)
dYF
prvk[Yp = 1] = p*D — (E.2)

With the assumption of infinite activation energy, the outer
boundary condition can rigorously be applied at the outer edge of the
flame zone, x?, since the flame is infinitely thin,

Thus, the boundary conditions are

* = = = *
X o, YF YF,S T TS

* = wk = = T%
X xf, YF 0 T T (E.3)
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The quantity X*/p¥*D is only a weak function of composition
and is assumed constant. [38]

Dividing Equation (E.l) by Equation (E.2) to eliminate spatial
derivatives and integrating, using the boundary conditions, Equation

Yp,s =1 [CP(T;’;-T:) ¥ IF (E.4)

Equation (E.4) then replaces Equation (16) 1if an infinite activation

energy is assumed.
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DEVELOPMENT OF THE TOTALLY QUASI-STEADY ANALYSIS
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The totally quasi-steady analysis neglects both transient
liquid and gas phase effects. The analysis was done by using the
experimental data on the fundamental strand burning rate of hydrazine
as a function of pressure shown in Figure 8 and fitting it to the

following empirical equation for pressures greater than atmospheric.

dxg
= % % ph = 95
vy = u¥ + u¥ P0 T (F.1)

where ug and ui are constants.

Assume the pressure, Pg, varies sinusoidally with time such

that

% = p% * & o
P0 Poo + Pol cos Wkt (F.2)

where Pgo and Pgl are also constants. Substituting Equation (F.2) into

(F.1) and integrating yields

uf P*l
Xg = (ug + ux Pgo)t* +'-TE§2— sin wkt* (F.3)

Equation (F.3) is the totally quasi-steady theoretical prediction of
liquid surface movement. The first term on the right hand side of
Equation (F.3) represents the steady regression of the liquid surface
for constant pressure. The second term represents the oscillatory
motion of the liguid surface under oscillatory pressure conditions.
Note that the amplitude of the oscillating component of the liquid
surface motion is an Iinverse function of frequency, and that the
phase angle of the surface oscillation with respect to the pressure

oscillation is constant and equal to 90°.
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DEVELOPMENT OF THE ACOUSTIC ADMITTANCE EXPRESSION
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In order to determine the acoustic admittance of the combustion
system, the gas phase velocity perturbation due to a pressure
perturbation of amplitude £ must be known. The solution of the
equations developed from the present theoretical model do not explicitly
vield the gas phase velocity perturbation. However, this parameter
can be found from other output parameters of the theory as developed
in the following.

Rewriting Equation (21) here for convenience

X
r = pv + %E- o dx {(6.1)
x (t)
but
P
pP=7 (6.2)
and therefore
X
_ L ROT 9By
T = Py + T T[ T3t+8t] ax P ¥ (6.3)
%, (€]

Perturbing Equation (G.3) using Equation (45) and rearranging

yields to zero order in &

v, = TO (G.4)
and to first order in €
¢ T0 - T1 iwxslTo
v, = To(rl—l) + Tl - 1uJTo —[- T dn T (09 (G,5)
: 0 o o
where to first order
dx = TO dn (G.6)

and
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!
P = [To dn (G.7)
"0
The acoustic admittance is defined as
v v
SR
X e

Using Equations (G.4 and G.5) the real part of the acoustic admittance,

which is the quantity of interest as discussed in Section 4.2.5.3, is

T ¢ T wWx
_ ~ 1R i ].gI sl,I
Q 0 o e}

The real part of the agcoustic admittance discussed in
Section 4.2.5.3 was determined from Equation (G.9) evaluated at n
equal to infinity. The parameters in Equation (G.9) were taken from
the numerical scolution of the first order problem except for large

7 where the asymptotic representations of the parameters were used.
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Table 5

Hydrazine Steady Strand Burning Rates

Pressure Liquid Purity Tube Inside Diameter Burning Rate X 102
{(atm) (%) (mm) (em/sec)
0.36 99.4 12.0 1.61
0.72 99.4 12.0 2.01
1.00 99.4 12.0 2.42
8.10 99.4 12.0 3.74
13.8 99.4 12.0 16.1
25.0 99.4 12.0 26.2
39.1 99.4 12,0 44.5
0.33 98.6 12.0 1.55
0.40 98.6 12.0 1.60
1.00 98.6 12.0 2.40
2.72 98.6 12.0 4.25
3.40 98.6 12.0 5.00
5.44 98.6 12.0 6.50
6.70 98.6 12.0 8.61
12.9 98.6 12.0 16.72
20.4 98.6 12.0 25.8
28.9 98.6 12.0 35.5
39.1 98.6 12,0 48.2
0.40 98.6 8.0 1.72
1.00 98.6 8.0 2.55
3.40 98.6 8.0 5.15
6.70 98.6 8.0 8.81
12.9 98.6 8.0 17.3
20.4 98.6 8.0 25.9
0.40 98.6 4.0 2.20
1.00 98.6 4.0 3.25
3.40 98.6 4.0 5,95
6.70 98.6 4.0 9.80
12.9 98.6 4.0 17.5
20.4 98.6 4.0 26.0
0.34 95.6 12,0 1.41
1.00 95.6 12.0 1.89
3.41 95.6 12.0 3.65
11.6 95.6 12.0 6.30
37.8 95.6 12,0 12.5
0.37 92.6 12.0 1.25
1.00 92.6 12.0 1.70
4.05 92.6 12.0 3.30
17.0 92.6 12.0 6.10
36.8 92.6 12.0 10.6




Hydrazine Liquid Surface Temperatures

Table 6

Pressure Surface Temperature
(atm) (K>
0.51 351.8
0.82 362.1
1.00 367.0
3.37 407.5
6.60 426,2
10.1 440.3
13.0 458.7
17.2 469.0
19.8 470.3

Table 7
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Bydrazine Liquid Surface Oscillation Amplitude and Mean Burning
Rate at a Mean Pressure of 1.54 atm and a Frequency of 1,32 Hz
for Various Pressure Amplitudes

£ x*l/s v oox 102

?mm) (c¢m/sec)
0.051 0.077 0.311
0.103 0.075 0.309
0,153 0.076 0.311
0.198 0.074 0.312
0.245 0.080 0.315
0.298 0.086 0.329
0.335 0.089 0.335
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Table 8

Hydrazine Liquid Surface Oscillation Amplitude and Phase Angle at a
Mean Pressure of 9.77 atm for Various Frequencies

w* x#1/¢e 9

(Hz) (mom ) (<®)

0.52 0.445 98.1

1.05 0.201 104.2

2.88 0.102 107.4

5.19 0.065 107.6
Table 9

Hydrazine Liquid Surface Oscillation Amplitude and Phase Angle at a
Mean Pressure of 1.18 atm for Various Frequencies

wH Xgl/E o]

(Hz) (mm) (<®)
0.40 0.121 80.1
1.01 0.0638 59.8
3.12 0.017 37.1

4.85 0.008 ~4.4






