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SUMMARY

The major objective of the present study was to investigate
the combustion characteristics of the hydrazine fuels in the form of
liquid drops at atmospheric pressure. Particular emphasis was

placed on high ambient temperature conditions representative of

and UDMH as a function of drop diameter, ambient temperature, and
ambient oxygen concentration were obtained. Aerozine 50 was also
tested. However, a stable burning condition could not be achieved
with Aerozine 50 for any test condition.

The hydrazine fuels are capable of exothermic decomposition
and may be employed as monopropellants as well as the fuel component
of a bipropellant system. Hybrid combustion
a monopropellant in an oxidizing medium, has some of the
characteristics of both monopropellant and bipropellant combustion.
Another objective of the study was to develop a hybrid combustion
theoretical model to correlate the data obtained.

The high ambient temperatures and various ambient oxygen
concentrations were obtained by placing drops of liquid fuel directly
in the combustion products of a flat flame burner. The burner
provided a temperature range of 1660 K to 2530 K and ambient oxygen
mass fractions in the range of 0.0 to 0.42.

In order to obtain a wide range of drop diameters (0.1l ecm to
1.91 cm), two techniques were employed for burning rate measurements.

The larger drop sizes were simulated by a porous alundum sphere.
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Liquid propellant was fed to the center of the sphere through a water
cooled tube; the burning rate was measured directly from the propellant
feed rate. Suspended droplets were employed for testing the smaller
drop sizes. Plots of droplet diameter variation with time yielded
the burning rate during steady combustion.

To aid in correlating the data, a hybrid combustion model
was developed. In this model the inner decomposition flame was
assumed to be infinitely thin. The radial position of this inner
flame was assumed to be located at the point where the unreacted
gas flows into the flame surface at the laminar burning velocity
of the mixture. The bipropellant reaction was assumed to be
infinitely fast so that kinetic effects could be ignored. The
equations developed with this model are such that they correctly
reduce to the limiting cases of pure monopropellant combustion,
pure bipropellant combustion, and evaporation with no combustion.

The experimental mass burning rates increased with increasing
drop diameter, ambient temperature, and ambient oxygen concentration.
As drop diameter increased the influence of ambient conditions
(temperature, oxygen concentration, convection) decreased. In
addition, as drop diameter increased the experimental mass burning
rates deviated from a bipropellant solution. This was particularly
true for hydrazine where experimental data was as much as an order
of magnitude greater than the non-reactive theory predictions.

The hybrid theory predicted burning rates in good agreement
with experimental values throughout the test range. This model

was used to predict the present data plus data on hydrazine
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combustion available in the literature. Taken together, the hybrid
theory gave good predictions for burning rates varying over two
orders of magnitude for each of the three fuels, for a wide variety
of droplet sizes (0.038 cm to 1.91 cm in diameter) and ambient
conditions (300-2530 K, oxygen concentrations of 0 to 100%,
pressures from 1 atm to 7.8 atm). The average error between
predicted and experimental values was less than 20% for all three

fuels.



CHAPTER I

INTRODUCT ION

1.1 General Statement of the Problem

Liquid fuel combustion is an important field of study of
combustion phenomena., Many devices such as diesel engines, gas
turbines, home o0il heaters, and liquid rocket engines involve the
combustion of a liquid fuel. These devices burn liquid droplets in
a gas; this process is called spray combustion.

Prerequisite to the understanding of spray combustion is the
understanding of the combustion process for an individual drop.
Droplet studies form the foundation for the prediction of steady
state combustion chamber performance. In addition, the model most
widely used to predict combustion instability in liquid fueled
rocked engines requires the knowledge of individual droplet combustion
characteristics. (1)*

Droplet combustion can be broken down into three major
subdivisions: bipropellant combustion, monopropellant combustion,
and hybrid combustion. Bipropellant combustion is characterized
by a diffusion flame. The fuel vaporizes from the surface of the
drop and diffuses radially outward to a flame zone which surrounds

the droplet. The oxidizer diffuses into this flame zone from the

ambient gas. A monopropellant is capable of exothermic decomposition

*Numbers in parenthesis refer to items in the Bibliography.



and can support a flame front around the droplet in the absence of an
oxidizing medium. Hybrid combustion, the burning of a monopropellant
in an oxidizing medium, exhibits some of the characteristics of both
monopropellant and bipropellant combustion. The fuel vaporizes from
the liquid surface and undergoes exothermic decomposition. The
decomposition products diffuse radially outward and at some point
react with the oxidizing medium.

Monopropellant and bipropellant droplet combustion has
received a great deal of attention in the literature, however, there
have been relatively few studies on hybrid combustion. A common
hybrid system involves the monopropellant, hydrazine, N2H4, and
several of its derivatives (monomethylhydrazine, unsymmetrical
dimethylhydrazine) with oxidizers in rocket propulsion systems.

For example, the Apollo command module thruster, and the lunar
ascent and descent engines employ hydrazine fuels. The topic of
the present investigation was the hybrid combustion of hydrazine

fuels, in view of this practical importance.

1.2 Previous Related Studies

Liquid fuel droplet combustion is characterized by two regimes
during the droplet lifetime: the preheat and steady burning regimes.
The major difference between these regimes is that the liquid
temperature rises during the preheat regime but remains constant
during the steady burning regime.

During the preheat period, a portion of the energy reaching

the droplet surface is used for sensible heating of the liquid. The



remaining portion of the energy is used for vaporization. With
increasing droplet temperature, the rate of vaporization increases.
ﬁventually the droplet reaches a condition where all the energy
reaching the droplet surface is used to vaporize the liquid. This
signals the onset of the steady burning regime.

During steady burning the droplet temperature remains constant
at its so-called "wet bulb temperature.'" Only the steady burning
regime is considered in the present work.

Numerous studies have been conducted on the vaporization and
combustion of liquid droplets. Only those studies involving the
hydrazine propellants are discussed in the following.

Rosser (2) conducted a study on hydrazine combustion using a
porous sphere to simulate a droplet. Fuel was supplied internally
to the sphere and forced radially outward from the center by a motor
driven syringe pump. The fuel burned as it reached the sphere
surface. The mass flow of fuel supplied was a direct measure of the
burning rate.

Sphere sizes in the range of 3-13 mm in diameter were used in
the experiments of Reference (2). The ambient oxygen concentration
was varied by placing the porous sphere in a closed container and
passing a mixture of oxygen and nitrogen slowly upward past the
burning sphere. Hydrazine of about 97-98% purity containing
approximately 1.5% by weight of water and aniline was used in the
tests.

At atmospheric pressure, Rosser found that 8-10% by volume of

OXygen was required to maintain a stable flame surrounding the



sphere. For oxygen concentrations greater than 10%, a double flame
characteristic of hybrid combustion was observed. Rosser attributed
this double flame to a decomposition flame of hydrazine surrounded by
an oxidation flame of the decomposition products. This double flame
was stable for all oxygen concentrations tested greater than 10%.

For the hydrazine decomposition flame (10% 02—902 N2, by
volume, by Rosser's definition), the mass burning rate per unit area
was constant over the entire range of sphere sizes and equal to
0.014 gm/cmz-sec. (2) The mass burning rate for double flame
conditions was consistently greater than the mass burning rate for
decomposition burning.

Rosser and Peskin (3) extended the previous work of Rosser
(2). Hydrazine of different purity was used; pressures were extended
to less than 1 atm. They found that hydrazine containing about 0.5%
aniline and 1.5% water by weight could support a decomposition flame
in the absence of oxygen at atmospheric pressure but not at lower
pressures. This is in contrast to Rosser's (2) work with hydrazine
of 1.5% aniline concentration. The hydrazine with lower aniline
concentration had a 45% greater burning rate; adding aniline reduced
the burning rate to the values obtained with the 1.5% aniline
concentration hydrazine. For both hydrazines tested, a double flame
was observed with ambient oxygen concentrations greater than 10% by
volume.

Del Notario and Tarifa (4) studied hydrazine combustion for
drops somewhat smaller than used by Rosser (2). They suspended drops

(on the order of 1-2 mm in diameter) of hydrazine (98% purity) from




a quartz fiber. A furnace with a fixed proportion of oxygen was

then raised to surround the drop. The variation of drop diameter with
time was recorded photographically. The slope of the curve of
diameter squared with time, called the burning rate or the evaporation
constant (cmz/sec), was obtained from these measurements. Pressure
was maintained constant at 1 atm; temperature was varied from about
400-1000 C.

Del Notario found that in every case a small proportion of
oxygen was required to maintain combustion. In a pure nitrogen
environment the evaporation constant increased slightly with
temperature. The evaporation constant also increased with increasing
ambient oXygen concentration.

The results of del Notaric and Tarifa are in question due to
radiation from the furnace walls to the liquid phase. Faeth, et al.,
(5) found that furnace wall radiation contributed significantly to
droplet evaporation at temperatures above 800 K at atmospheric
pressure,

Dykema and Greene (6) also suspended small droplets from a
quartz fiber. 1In addition to hydrazine they burned unsymmetrical
dimethylhydrazine (UDMH) in air and in 1007 oxygen at room temperature
and atmospheric pressure. The variation of drop diameter with time was
recorded photographically. They report an evaporation constant of
0.016 cm2/sec in air and 0.035 cmz/sec in pure oxygen for
hydrazine. For UDMH they found a burning rate of 0.011 cmz/sec

in air and 0.030 cm2/sec in oxygen.



Lawver (7) suspended hydrazine drops from a 0.01 inch chromel
alumel thermocouple in an atmosphere of pure nitrogen tetroxide at
about 150 F. To simulate the combustion environment of a rocket
engine combustion chamber, he also suspended one droplet directly
in the high temperature combustion products of another droplet.

For hydrazine drops burning in pure nitrogen tetroxide, the
mass burning rate per unit area did not reach a constant value before
burnout. For a droplet burning in the combustion gases of another
droplet, the mass burning rate reached a constant value of 0.061
g/cmz—sec. ¢))

Lawver, Kosvic, and Breen (8) suspended hydrazine and UDMH fuel
droplets from a water cooled needle. Drop diameter was maintained
constant using a motor driven syringe pump. The droplets were burned
in pure nitrogen tetroxide vapor and in mixtures of oxygen and
nitrogen at atmospheric pressure and approximately room temperature.
They found that the mass burning rate of hydrazine burning in N204
vapor increased linearly with drop diameter; however, the mass
burning rate of hydrazine burning in air varied as drop diameter to
a power greater than one.

In a later work by Kosvic and Breen (9), the results for
hydrazine were extended to pressures greater than one atmosphere.

For this study, Kosvic and Breen used a free drop burner. A
hydrazine/nitrogen tetroxide gas generator was employed to provide
the ambient atmosphere to the drop. Hydrazine, in the form of liquid
drops, was added to the combustion products of the gas generator.

By measuring the size variations of the drop photographically,

burning rates were determined.



The experimental apparatus of Reference (9) was constructed to
provide a pressure range of 1.0 to 34 atmospheres, a velocity of 1 to
100 ft/sec, and a temperature of 1000 to 5500 F. However, only
a limited amount of data was taken due to problems encountered in the
apparatus. For the results presented, the mass burning rate appears
to vary linearly with drop diameter at a pressure of 7.8 atm. The
ambient temperature and gas velocity were not specified, however, for
this test condition.

As indicated by the preceding discussion, a number of
investigators have studied hydrazine type fuel combustion. All have
observed the phenomena associated with hybrid type fuel combustion
at low temperature. Kosvic and Breen (9) undertook a novel approach
to determine fuel burning rates at high temperature and high
pressure. However, their reported data is quite limited and
experimental conditions are not well defined.

Hybrid combustion is more difficult to treat theoretically
than either pure monopropellant or pure bipropellant combustion.
Bipropellant combustion theory has been fairly successful in
predicting experimental burning rates. Monopropellant theory has
not been quite as successful mainly because of the difficulty in
treating kinetic effects. Incorporating kinetics into the
theoretical developments is not an easy task and can only be
accomplished for limiting cases. The analysis of hybrid combustion,
a combination of bipropellant and monopropellant effects, also

involves the same difficulties with kinetics but with the additional



complication of the oxidation flame. Various theories on monopropellant

combustion are discussed in the section titled Theoretical

Considerations.

1.3 Specific Statement of the Problem

The preceding discussion has indicated the need for further

representative of those found in a combustion chamber. Since

propellant vaporization is an important parameter used to predict

steady state combustion chamber performance, experimental values of

droplet burning rates at high temperature are of considerable
importance. The existing data is either in question due to
radiation effects, del Notario and Tarifa (4), or of limited

because of undefined experimental conditions, Lawver (7) and

Kosvic and Breen (9).

Therefore, the present work considered the combustion

hydrazine type fuel droplets with the following objectives:

1. Determine quantitative values of droplet burning

as a function of ambient temperature and ambient

usefulness

rates

oxygen

concentration for temperatures approximating those in a

liquid rocket engine combustion chamber, at atmospheric

pressure,

2. Measure the effect of droplet diameter on droplet

burning rate.

3. Qualitatively investigate the hybrid combustion, two

flame, phenomena at high temperature.




4, Determine if a semitheoretical correlation of hybrid
combustion can predict the data obtained.
‘The specific fuels considered in the study were hydrazine
(N2H4), monomethylhydrazine (MMH), unsymmetrical dimethylhydrazine
(UDMH) , and Aerozine 50 (denoted A-50 consisting of 50% NZH

4
and 50% UDMH by weight).



CHAPTER II |

APPARATUS

2.1 Flat Flame Burner

A flat flame burner apparatus was employed to provide the
limited to atmospheric pressure; however, by changing the mixture
ratio of the burner a variety of ambient oxygen concentrations could
be considered.

Both the suspended droplet and porous sphere techniques were
employed to experimentally determine droplet burning rates. TFor the

suspended droplet method, droplets were supported from a quartz

diameter variation as a function of time then yielded the burning
rate. The porous sphere method consisted of supplying fuel
continuously to the center of the porous sphere during the combustion
process. The fuel feed rate, where the sphere remained fully wetted
without dripping, then yielded the burning rate directly.

Eastman Organic fuels were used in the testing: hydrazine
(95+ % purity), MMH (boiling point 87-88 C), and UDMH (boiling point
61-63 C). Aerozine 50, a mixture of 50% hydrazine and 507 UDMH by
weight, was blended from these fuels. Some testing was conducted
using analyzed UDMH (99.8% purity) supplied by the FMC Corporation.

A flat flame burner developed by Faeth (10) was employed in

the testing. A sketch of this apparatus is shown in Figure 1. 1In
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order to rapidly immerse the test droplet in the burner combustion
products, the burner was mounted on rails and moved with a solenoid
valve actuated pneumatic cylinder. A high speed motion picture
camera was used to measure the time between the droplet first
entering the burner flame and the burner coming to rest in the test
position. This time was found to be on the order of 10 msec.

The burner itself was similar to the one described by Friedman
and Macek (11). The burner face consisted of a porous bronze disk,
5> cm in diameter, cooled on its lower surface at a series of points
by contact with a water cooled copper block. The flow rate of the
cooling water was measured using a rotameter. The temperature rise
of the cooling water was measured with chromel-alumel thermocouples.
The heat loss from the flame to the burner was calculated from the
measured flow rate and temperature rise of the cooling water.

Various mixtures of carbon monoxide (technical grade), oxygen,
and nitrogen (commercial grade) were used to provide ambient oxygen
concentrations in the range of 0-42% by mass and temperatures in the
range of 1660-2530 K. Rotameters calibrated with a wet test meter
were used to measure the flow rate of the gases. Hydrogen was also
used to determine the effect of water vapor on the burning rate at
several temperatures.

The temperatures and composition of the product combustion gas
of the burner were calculated allowing for all relevant dissaciation
reactions and the experimentally determined heat loss to the burner
face. The thermochemical properties required for these calculatioms

were taken from the JANAF Tables (12).
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The gas velocity at the droplet location was calculated from
the mass flux into the burner and the known properties of the burned
gas. This approach is sufficiently accurate since the test position
was well within the potential core of the jet leaving the burner.

Table 1 summarizes the computed properties of the gas stream
at the droplet location for the test conditions used. The ambient
oxygen mass fraction is an effective value based on concentrations
of possible oxidizing species (02, 0, NO). Product species with
concentrations less than 0.1% are not listed in Table 1. These
minor species were used, however, in calculating ambient oxygen
mass fractions, ambient temperatures, and velocities at the droplet

location.

For the suspended droplet tests, the droplets were mounted on
a quartz filament approximately 100U in diameter. The bottom end
of the filament was slightly enlarged to aid in supporting the droplet.
Droplet diameters were measured from shadowgraphs recorded by a 16 mm
cine camera operating at speeds on the order of 100 frames per second.
The background light was provided by a mercury arc lamp. Timing
marks were placed on the edge of the film by an internal timing
light powered by a 100 cps pulse generator. Kodak Plus-X Reversal
film, developed as a negative, was used in the testing.

The preliminary setup for a.series of tests at a given test
condition involved focussing the camera, pressurizing the supply

tank to operate the pneumatic cylinder, and regulating the supply
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gases and cooling water. After igniting the gas miéture from the
burner, the flame was allowed to stabilize for a sufficient period
of time.

The droplet was then mounted on the quartz filament with a
glass syringe and a cycling timer was actuated. The electrically
driven motion picture camera was started and allowed to reach
operating speed. The solenoid valve was then actuated and the
pneumatic cylinder forced the burner under the droplet. The droplet
ignited and burned for approximately 2 seconds. The solenoid valve
was then de-energized allowing the burner to return to its original
position. The camera power was turned off to complete the test cycle.

The films obtained were analyzed using a Vanguard Motion
Picture Analyzer which was calibrated by photographing a wire of
known size at the droplet location. The elliptical shape of the
droplet was corrected to a sphere having the same volume using the
method of Kobayasi (13). The diameter of the equivalent sphere,
taken to be the drop diameter, was given by the formula

9 1/3
dR = (%1 12 ) (2.1

where 21 and 22 are the major and minor diameters, respectively, of

the elliptically shaped droplet.

2.3 Porous Sphere Technique

To determine the effect of drop diameter on the burning rate
for the fuels tested, a porous sphere technique similar to that used
by Rosser (2) was employed. As shown in Figure 2, fuel was supplied

internally to the porous sphere. The fuel was forced radially



COOLING
WAELER R

< FUEL

—_—L

IN

COOLING
—_—" WATER
ouT

g QD.STAINLESS
/ STEEL TUBE

POROUS
ALUNDUM
SPHERE

Figure 2 Sketch of the Porous Sphere Probe

16



17

outward and burned as it reached the sphere surface. The fuel flow
rate was monitored using a Sage syringe pump which was calibrated by
measuring the volume flow of liquid as a function of pump setting.

Calculations indicated the need for a means of cooling the
inflowing fuel to the porous sphere since the feed tube was surrounded
by high temperature gases. This was accomplished by using the cooling
manifold shown in Figure 2. Thermocouples were mounted at the inlet
and outlet of the cooling manifold; the temperature rise of the cooling
water was continuously monitored throughout the testing and never
exceeded 2 F.

The porous alundum spheres were obtained from the Norton
Company. Manufacturing irregularities in the spheres were sanded to
yield a spherical shape. Sphere diameters of 0.63, 0.95, 1.27,

1.59 and 1.91 cm were used in the tests. The smallest size was
limited because of the 0.125 inch diameter cooling manifold; the
largest size was limited by the diameter of the flat flame burner.

The porous sphere, with cooling manifold and fuel feed tube
attached, was mounted above the flat flame burner. At some minimum
height of the sphere above the burner a small,central portion of
the flame emitting from the burner was extinguished. As the height
above this minimum was increased, the burning rate of the porous
sphere increased by as much as 157 for the 1.91 cm sphere. As the
height was increased still further, the burning rate decreased.

To account for the variation in burning rate with height above
the burner, the highest ambient oxygen concentration condition was

used as a baseline. The height of the sphere above the burner was
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adjusted until the maximum burning rate condition was obtained. This
height was used for all testing on a particular size sphere. For
the 1.91 cm sphere the height used for testing was 2.5 cm; for the
0.63 cm sphere the height used for testing was 1.5 cm.

Operation of the porous sphere system consisted of setting
the burner to give the desired test condition. At the given test
condition, the porous sphere was ignited in air; the fuel feed rate
was set to give the fully wetted, non-dripping condition. The sphere
was then immersed in the burner combustion products and final
adjustments were made on the fuel flow rate to yield the stable

burning rate.



CHAPTER ITI

THEORETICAL CONSIDERATIONS

3.1 Existing Theories

Hybrid combustion involves some aspects of both bipropellant
and monopropellant combustion. The approach used here for treating
the bipropellant flame is fairly standard. Namely, the reaction rate
was assumed to be infinitely fast so that kinetic effects could be
ignored. However, the treatment of the monopropellant flame requires
further explanation.

Monopropellant combustion is inherently more difficult to
analyze than bipropellant combustion since kinetic effects must be
included in the analysis. The major difference in the exigtin
theories of monopropellant combustion is the way in which kinetic
effects are incorporated into the solution. Several theories
will be discussed in the following.

Lorell and Wise (l4) were among the first investigators to
attempt a solution of monopropellant combustion. They assumed that
the kinetics could be represented in terms of a single overall
reaction rate expression which was suitable for a unimolecular
reaction with negligible reverse reaction. The equations developed
were solved numerically to find the mass burning rate eigenvalue of
the two point boundary value problem defining the problem.

Williams (15) developed a numerical solution by assuming a
one step, overall reaction. In addition, he was able to develop an

analytical solution for large activation energies, small droplets,
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and small chemical reaction rates. Williams did allow for the
presence of a distributed reaction zone in his analytical solution.
However, his method is strictly applicable only to adiabatic burning
and the assumption of low reaction rates limits the usefulness of
this approach.

Spalding and Jain (16) developed an analytical solution for
monopropellant droplet burning rates by using the thin flame
approximation. For large activation energies, the temperature
dependence of the reaction rate is quite strong. Therefore the bulk
of the energy release from the decomposition reaction will occur in
a thin shell some distance from the droplet surface under these
conditions. Neglecting the effect of curvature on the flame speed,
the flame surface was taken to be located at the radial position where
the unreacted gas flows into the shell at the laminar burning
velocity of the mixture.

By using the thin flame approximation, Spalding (16) was
able to derive the droplet burning rate for adiabatic combustion in
terms of the laminar flame speed. He assumed the laminar flame
speed was a known experimental quantity.

Adler and Spalding (17) presented a solution of the burning
rate for premixed flames propagating in the presence of an enthalpy
gradient. As a particular example, they discussed the solution for
the burning rate of the hybrid combustion case, i.e., the burning of
a monopropellant in an oxidizing medium. Using the thin flame
approximation and assuming the bipropellant flame radius was much
greater than the monopropellant flame radius, Adler and Spalding

were able to obtain a solution for the hybrid combustion case.
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In a later work by Jain (18), a more detailed analysis of the
nonadiabatic burning of monopropellants was presented. Jain again
used the thin flame approximation. However, the hybrid combustion
case was not considered.

Tarifa (19) assumed the reaction rate was of a particular form
in a zone of finite thickness. He developed an approximate analytical
solution for the combustion of a monopropellant in an atmosphere of
inerts. A global reaction rate of the Arrhenius form was assumed in
this analysis.

Fendell (20) also discussed the burning of a monopropellant
in an atmosphere of inerts. He presented a closed form analytical
solution for the zero activation energy limit.

Dynamic Science Corporation (21) considered the theoretical
treatment of hybrid combustion. Their approach was based on that of
Tarifa (19). Tarifa's monopropellant theory was extended to include
the effects of nonadiabatic burning. However, they assumed that the
bipropellant flame radius was much greater than the monopropellant
flame radius as did Adler and Spalding (17).

The major difference between the various theories on
monopropellant combustion is the manner of treating chemical kinetics.
By assuming certain forms for the reaction rate, various investigators
(15, 16, 19, 20) developed analytical solutions for adiabatic
combustion. Jain (18) developed an analytical solution for the
nonadiabatic case. Adler and Spalding (17) and Dynamic Science
Corporation (21) treated the hybrid combustion case. However, both
assumed the bipropellant flame was effectively an infinite distance

from the monopropellant flame.
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The present theoretical development did include the effect of
a finite bipropellant flame radius. The approach used for treating
the monopropellant flame was similar to that of Spalding (16);
Spalding's thin flame approximation was used to relate flame position
to the laminar burning velocity. The laminar burning velocity was
approximated by an Arrhenius type correlation with two adjustable
parameters, an activation emergy, and a pre-exponential factor.

Spalding's (16) thin flame approach was used instead of one
of the other theories for several reasons. Fendell's (20) zero
activation energy assumption may or may not be valid for hydrazine
type fuel droplet combustion. The assumption certainly does not
agree with Eberstein and Glassman's (22) measurements of the chemical
kinetics of hydrazine, MMH, and UDMH. The more detailed treatments
of Williams (15) and Tarifa (19) could have been used. However, for

simplicity Spalding's treatment was preferred.

3.2 General Model

The theoretical model of hybrid combustion consists of a
spherical fuel droplet surrounded by a decomposition flame of the fuel
gas which is in turn surrounded by an oxidation flame of the
decomposition products. The model of the burning droplet is illustrated
in Figure 3.

The major assumptions employed in the analysis are as follows:

1. The stagnant film approximation is used for estimating

the effect of forced convective flow around the droplet.

With this approximation, the gas phase system is
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spherically symmetric between the droplet surface and the
edge of the stagnant layer, r_, as indicated in Figure

3. The approach used to estimate r_ will be described
later.

The droplet is composed of a single chemical species.

The total gas pressure is constant throughout Regions

A, B, and C of Figure 3. Faeth (23) has shown that this
assumption is valid except for droplets much smaller

than ones used in the present work.

The ideal gas law holds for all species and compressibility

effects are neglected. Because of the high temperatures
of the gas surrounding the droplet, compressibility
effects are small.

Thermal diffusion is neglected. Faeth (23) indicated
that the mass flux due to thermal diffusion was less than
20% of the concentration diffusion flux for the gas
phase surrounding an evaporating iso octane droplet. 1In
addition, treatment of thermal diffusion is extremely
complicated. Therefore, inclusion of this phenomena
does not appear to be warranted.

Radiation effects are neglected. Lazar (24) has shown
that radiation contributes only a small fraction of the
energy required to vaporize a droplet at moderate
pressures.

Only steady state conditions are considered. Since the

analysis is applied to both droplet and porous sphere
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burning, these two cases require further explanation.

For the case of a supported droplet, the temperature of
the liquid is assumed to be constant and equal to the
fuel boiling temperature. The effect of a finite surface
regression rate is neglected. These assumptions have
been shown (25) to have a negligible effect upon the
computed burning rates at moderate pressures. For

porous sphere burning, the liquid surface temperature

is assumed to equal the fuel boiling temperature. However,

the liquid temperature varies within the porous sphere.
The energy conducted to the sphere surface supplies the
energy required to vaporize the liquid at its boiling
temperature plus the energy required to raise the liquid
temperature from its supply temperature to the boiling
temperature.

The monopropellant flame is assumed to be located at the
radial position where the unreacted gas flows into the
flame surface at the laminar burning velocity of the
mixture. This assumption corresponds to Spalding's

thin flame approximation (16).

The bipropellant reaction is confined to an infinitely

thin surface where fuel decomposition products and oxidizer

combine in stoichiometric proportion. Brzustowski (26)
has shown that this assumption is valid when the product

of pressure and droplet diameter exceeds a given limit.
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The experimental conditions of the present investigation
are above the limit determined by Brzustowski. At the

bipropellant flame surface, the concentrations of fuel and

oxidizer are taken to be zero.

The Lewis number of the oxidizer is assumed to be unity.

10.
11. All specific heats are assumed constant.
12. The thermal conductivity in Regions A, B, and C are
assumed to be a linear function of temperature.
13. All gaseous, non-fuel, species are insoluble in the
liquid phase.
3.3 Governing Equations

Using the assumptions of the preceding section, the equations
of conservation of mass, energy, and species were obtained from the
general equations presented by Williams (27) and are applicable
for all regions surrounding the droplet. Employing spherical symmetry
these equations are: |
(3.1)

4m r2 p v =M= constant (Mass)

N
d . 2 dr| _
I mi};l hi € -Ar el B 0 (Energy) (3.2)
2 4%y
r pD rre + m(ei-Yi) =0 (Species) (3.3)
where
M (3.4)
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and the mass flux fraction of species i, € is defined by the

equation

pve, = pYi(v + Ui) (3.5)

Since all gaseous species are insoluble in the liquid phase
except the fuel and both the monopropellant and bipropellant flames
are restricted to infinitely thin surfaces, only certain diffusing
species are present in each of the Regions A, B, and C. In Region
A only fuel is diffusing. In Region B only fuel decomposition
products are diffusing. In Region C only oxidizer and oxidation flame
products are diffusing. Therefore €pp = 1 in Region B and Ep = 1
in Region A.

In Region C the values of €, and €, are related to the

stoichiometric coefficient, Yy, which is defined by the equation

Y =— (3.6)

Since the mass flow rate of fuel decomposition products into the
bipropellant flame must equal the total mass flow rate, m, in Region

B, Eo’ €p> and Y are related by the equations

E =Y (3.7)

e =1+y (3.8)

in Region C.
Using the above results and integrating Equation (3.2) in

Region A yields:
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ﬁth—AArzg%=[ﬁ1hF->\Arzj—$]+ (3.9)
T
The right-hand side of Equation (3.9) can be evaluated by applying
conservation of energy at the droplet surface. Under the steady
burning assumption all the energy reaching the droplet surface goes
into the heat of vaporization of the liquid fuel. This is expressed

as:

s 2 dT
mL= AT dr] (3.10)

=+

where L must also include any liquid phase enthalpy rise of the fuel
for the porous sphere case. Introducing Equation (3.10) into

Equation (3.9) results in:

2 dr

m(hF - hF,Q + L) = AA b of ar (3.11)
Equation (3.2) integrated in Region B becomes:
. 2 4T . 2 dT
m hFP - AB L [m hFP - AB T dr] . (3.12)
. ry

The right-hand side of Equation (3.12) can be evaluated by

considering the conservation of energy across the flame at r = Irs i.e.,

: 2417 _[. ., 24T
[m hF - AA T E;} ) = [mhFP AB r dr] N (3.13)
r

1 Ty

Noting the boundary condition of Equation (3.9), (3.13) becomes
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. 2411 .
[m hy - A, T 21?] JELICPERS (3.14)
r

1

Introducing Equations (3.13) and (3.14) into (3.12) yields:

. _ 2 dT
iilhgy = By o + L) = A 0 & (3.15)

Integrating Equation (3.2) in Region C results in the following:

2 4t
dr +

Ie

. 2 dT .
n1B1+Y)hP - Yho] - AC 5 %n[(l#y)hp - Yho] - AC r

(3.16)

Following the same procedure as before, the conservation of energy is
he flame at r = rf. However, the energy
in Region B and equal to the total energy in Region A, The final

result for Region C:

+1] = A, 2 4L (3.17)

rh[(1+y)hP - Yho -h P

F,%

The enthalpy of any species i is related to its heat of

formation at a standard temperature, T°, through the equation:

hi = hi - h; + AH; (3.18)

The equations obtained by substituting Equation (3.18) into the
energy equations for Regions A, B, and C are simplified by defining

two new variables as follows:
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qy = AHZ, - MM+ L - (hp o - hE) (3.19)
9, = (I+y) BHP - YAHS - AHS + L - (hp o - hE) (3.20)

Using the assumption of constant specific heats and substituting
Equations (3.18)-(3.20) into Equations (3.11), (3.15), and (3.17)

yields the following set of equations:

2 dT

ﬁ[CF(T-T°) + L] = AA L (Region A) (3.21)
alC. (T-T°) + q.] = A, 2 3L (Region B) (3.22)
FP £5 1 B Y dr g .
B[o(T-T°) + q,] = A. r2 9% (Region C) (3.23)
2 C dr )
where
o = (1H)Cp - YC, (3.24)

The boundary conditions applicable to Equations (3.21),
(3.22) and (3.23) are as follows:

for Equation (3.21)

r=r, T = T£ i T =T T=T (3.25)

r=r T=T. ; r=r T=T (3.26)
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and for Equation (3.23)

r=7r T=T_.; r=r T=T (3.27)

where Tps Tl’ r,, and T are known quantities.
Introducing the assumption that the thermal conductivities

vary linearly with temperature in each region, i.e.,

Aj = XjR(T/Tz) (3.28)

and using the appropriate boundary conditions, Equatioms (3.21),
(3.22), and (3.23) can be integrated. The resulting equations are

simplified by introducing dimensionless variables as follows:

2
B = : (3.29)
6 = _ET:_ (3.30)
L* = & If (3.31)
F
q
1
Q. = (3.32)
17 T,
i)
Q2 =57 (3.33)

The integrated equations are:

ac
F 1) 1[ 1~ % ]
1-L -1 fo -9, -[x-0 }1n (3.34)
Amrz( 8] T8, |1 IL( JL) T



An additional equation can be generated without introduci
additional unknowns by considering the conservation of species applied
to the oxidizer in Region C. Equation (3.3) applied to the oxidizer

in Region C becomes:

C 2770 _ .,
cie_ f T - m(y+Yo) (3.37)
00
AC
where Len = ) is the Lewis number for the oxidizer (assumed to
~ GO\F [0

equal unity). Dividing Equation (3.23) by Equation (3.37) results in:

o(T-1°) + 1,

dT
=C, =5 (3.38)
Y+Y0 0 dYO
The appropriate boundary conditions for Equation (3.38) are as
follows:
T=T Y. =0 ; T=T Y =Y (3.39)

The concentration of the oxidizer far from the droplet, Y is

Qw’
assumed to be a known quantity. Integrating Equation (3.38) with
boundary conditions, Equation (3.39), and introducing Equation (3.30)

and (3.33) yields:
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o/Co

Y+Y
) +6° - Q, (3.40)

Y

° 0%
B, = (1 - 6° +Qy/

Equations (3.34), (3.35), (3.36), and (3.40) comprise a set
of four equations in five unknowns, BI, Bf, GI, ef, and m. The
additional equation required is generated through the use of a
laminar flame velocity expression.

Comparing Equations (3.4) and (3.1) it is clear that

m= r2 p v = constant (3.41)

and therefore

. 2
= r. " (pv) (3.42)

Assuming that (pv_)I can be represented in terms of a laminar flame

velocity expression, i.e.,

(pv)I = A exp (ii%_) (3.43)
I

then

o = 812 r22 A exp (Eﬁ%ET_) (3.44)
I oo

constitutes the additional required equation. A represents a pre-

exponential factor which may also carry any pressure dependence of

the laminar flame expression; E is an activation energy. Both A and

E are assumed to be a constant for each fuel at a given total

pressure.
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The five equations, Equations (3.34), (3.35), (3.36), (3.40)

I ef

and m for the hybrid combustion case. This set of equations can

and (3.44) form a closed set for the five unknowns, BI, Bf, 6

be simplified for several limiting cases. These limiting cases,
pure monopropellant combustion, pure bipropellant combustion, and
pure evaporation, are discussed in the following.

For pure monopropellant combustion, the concentration of

oxidizer in the ambient surroundings is zero. From Equation (3.40)

6. =1 (3.45)

and from Equation (3.36)

B =B (3.46)

Thus, the equations applicable to pure monopropellant combustion

are:

m C 6. - 6, + L*
- (1 ) %—) ) %r'[el - 8y - Lk - 8 n L3 ]
ALTR 1] %
(3.47)
o (L'l_)'l_[l'e - @ - ) 1n +Ql]
%oty \B7  Ba) T8 1~ @ 6. -6 + 0,
(3.48)

. 2 2 -E
m= BI r, A exp (Eﬁ@;f;) (3.49)
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These three equations, Equations (3.47), (3.48), and (3.49), form

a closed set for the three unknowns, B GI, and n.

1°
As Region B in Figure 3 becomes increasingly narrower, BI
approaches Bf. At the point where BI equals Bf, the situation
corresponds to pure bipropellant combustion and the hybrid combustion
characteristic is lost. From Equation (3.35), GI must equal Bf

for BI equal to Sf. Thus the equations for pure bipropellant

combustion reduce to:

i C 8, -0, + Lk
\ Fp_%q=%I%'ez’@*'%)m — ]
ALER £ %
(3.50)
1-06°+ Q
s '%"' L -5 [1- O; = (@ - 8910 g7 o
e 1Pe Pe| Yo | £ Q)
(3.51)
o/C
y+YOco 0
- — © o _
ef = (1 - 0° + Qz)/ Y + 0 Q, (3.52)

The unknowns for this case are Bf, Gf, and m. An equation such as
Equation (3.44) is not required since Equations (3.50)-(3.52) form
a closet ‘set for the three unknowns.

For evaporation with no combustion, the ambient oxygen
concentration is zero and from Equation (3.52), Sf must equal one.
From Equation (3.51) for Gf equal one Bf must equal B_. The equations

for pure evaporation reduce to the following:
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(3.53)

The solution for the hybrid and pure monopropellant combustion
cases involves the parameters A and E in the laminar flame velocity
expression. These parameters are not experimentally known for droplet
combustion for the fuels of interest. Thus the parameters A and E
had to be estimated from the experimental data. The procedure used
to compute these parameters is explained in the following.

In order to compute the empirical parameters, A and E, an
experimental m for some mid-range test condition was selected. Then,
picking a value for E, A was computed so that the experimental m and
computed m were matched. Using these same values for A and E, the
mass burning rate, m, was computed for other test conditions. 1In
this manner a set of computed mass burning rates was obtained for
each value of E for comparison with the remainder of the data.

The approach used to estimate the value of the dimensionless
infinite radius, B_, will now be explained. For zero convection
conditions, Bo° equals infinity. However, the experiments were
conducted under forced convection conditions. To estimate the
effect of forced convective flow around the drop, a film theory as
discussed by Faeth (28) was employed. With this approximation
is

for convection effects the outer film dimensionless radius, B_,

given at any flow condition by the following:
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Nu
Bm = o3 (3.54)

where Nu is the Nusslet number in the absence of mass transfer and
chemical reaction.

The Nusselt number for any flow condition was estimated
using the correlation developed by Lazar (24).  The correlation is

as follows:

r_4/3]-1/2

% =1+ 0,278 Rel/? Pr1/3 [1 +1.237 Re L P (3.55)

where Nu* is the Nusslet number for the no flow condition. As

suggested by Combs (29), properties in the correlation were taken to

be those of the ambient gases since this method eliminates the

difficulties in defining unambiguous mean properties. The

correlations used for the ambient gas properties required for the

estimation of the Reynolds and Prandtl numbers are given in Appendix A.
Experimental mass burning rates, ﬁ, are compared with predicted

values using the theoretical model in the next chapter. The properties

used in the model are listed in Table 2. The specific correlations

and references used to determine these properties are given in

Appendix A.
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Properties Used in the Theoretical Models
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Fuel

Property N2H4 MMH UDMH
TQ (K) 387 361 336
Y 1.00 1.74 2.13
L (cal/gm) 334 209 139
q (cal/gm) -748 -708 -334
q, (cal/gm) -4630 -6180 -7220
CF (cal/gm-K) 0.696 0.751 0.807
Crp (cal/gnK) 0.800 0.854 0.871
CP (cal/gm—K) 0.540 0.500 0.481
CO (cal/gm-K) 0.290 0.290 0.290
AAR X 104 (cal/cm-sec-K) 1.0 1.1 0.77
XBR x 104 (cal/em-sec-K) 1.2 1.2 0.90
A X 104 (cal/cm-sec-K) 0.83 0.73 0.65

C%




CHAPTER IV

RESULTS AND DISCUSSION

4.1 Data Reduction

The high temperature droplet burning rate data was obtained
using two somewhat different experimental techniques. The small
diameter burning rates were obtained from the diameter variation
with time of a suspended droplet. Data for the larger diameters
was obtained directly from the mass rate of fuel supplied internally
to a burning porous sphere. The method of data reduction for the

suspended droplet tests and the applicability of comparing the

data obtained in these two different ways are discussed in the

The suspended droplet experiments yielded the time variation
of droplet diameter. When this data was plotted as diameter
squared as a function of time, reasonably linear curves were
obtained. A sample diameter squared plot for three tests with UDMH
is shown in Figure 4. Burning rate constants were obtained by
measuring the slope of these curves. The slopes were determined
by fitting a least squares curve to the data for each test. Since
droplet burning rates vary with droplet diameter, the slopes were
balanced about a fixed average diameter (on the order of 1200u).

For each test condition, the measured burning rate constants
were an average of three separate tests. A statistical analysis of

the data indicated that the percent standard deviation of the slopes
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obtained from the least squares curves did not exceed 5% for any
reported test.

The effect of the diameter of the quartz support fiber on the
results for the suspended droplet tests was investigated during
preliminary testing. It was found that doubling the diameter of the
fiber from 100 to 200u resulted in a 157 increase in the burning
rate constant. This suggests that the present results (100u fiber)
may be somewhat in excess of the burning rate constants of free
droplets.

For comparison with the porous sphere data, burning rate
constants had to be converted to mass burning rates. The relationship
between the burning rate constant, K, and the mass burning rate, M,

as given by Williams (27) is:

M=KTp, r2/2 (4.1)

Experimental burning rate constants and computed mass burning rates
from Equation (4.1) are listed in Appendix B for all test conditions
and the three fuels tested.

Mass burning rates were obtained directly with the porous
sphere experimental technique. The porous sphere data is also
listed in Appendix B. Spot checks for various test conditions
from day to day indicated that mass burning rates could be reproduced
within about +37% with this technique.

The total heat of vaporization, L, differed in numerical value
for the two experimental techniques. In the case of a porous sphere,

L included the energy required for sensible heating of the liquid
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from its entering temperature (298 K) to the fuel boiling temperature.
However, the theoretical difference in mass burning rate for the
different L values did not exceed 37 for any test condition.
Therefore, the mass burning rates for the two experimental

techniques are, for all practical purposes the same for a given drop
diameter and test condition.

Figure 5 shows photographs of burning porous spheres under
various conditions. For oxidation conditions all fuels exhibited a
flame with two distinct zones of luminosity. This phenomena is
characteristic of hybrid combustion of the hydrazine fuels. Lawver,
et al., (8) observed similar behavior for hydrazine burning in
nitrogen tetroxide. However, Lawver also indicated that the visible
flame fronts did not coincide with the maximum temperature points
in the flame for their test conditions. Therefore the visible
fronts may or may not indicate the position of the monopropellant
and bipropellant flames. The hydrazine flame is seen to be somewhat
more spherical than that for UDMH in Figure 5. MMH burning under
oxidation conditions was similar in appearance to UDMH.

For decomposition conditions, no visible flame front could
be seen for any of the three fuels. Hydrazine and MMH burning
under decomposition conditions are also shown in Figure 5.

Figure 5 also illustrates the presence of small drops
on the bottom side of the porous sphere. These small drops were
used as an indication of the steady burning condition. At the
steady burning condition this small drop did not grow or diminish in

size. A stable burning condition could not be obtained if the drop
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L

Figure 5 Photographs of Burning Porous Spheres for Various
* Test Conditions
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did not appear; for with no drop present, the porous sphere became
dry and overheated.

Some indication of the effect of the small drop on the
burning rate of the porous sphere can be obtained by comparing the
surface area of the porous sphere to the surface area of the porous
sphere with the small drop attached. The increase in surface area,
for the worst condition shown in Figure 5, is less than 3%.

Since the hybrid combustion model required numerical values
for the parameters A and E, these parameters were estimated from the
data. Table 3 shows the values of A and E used in the hybrid model
for all three fuels. Also shown on Table 3 are the correlation
conditions used to compute A with the given value of E and M.

For zero activation energy, A corresponds to the mass burning
rate per unit area of a plane laminar flame. Antoine (30) reported
values of laminar flame speed for hydrazine taken from measurements
reported using the strand burning technique. At atmospheric
pressure Antoine's reported value of the laminar flame speed
corresponds to a mass burning rate per unit area of 0.019
gm/cmz—sec. The present computed value of A (with E=0) for
hydrazine is 0.0136 gm/cmz—sec. Thus, the present results seem to
be compatible with strand burning measurements at least for the one
condition where the two can be compared. No measurements of the
laminar flame speed of MMH or UDMH could be found in the literature.

As discussed in the theory chapter, the effect of forced
convective flow past the burning droplet was accounted for by

assuming a stagnant film of dimensionless radius f_. Table 4 lists
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Table 3

Correlation Conditions and Parameters Used in the Hybrid Model

Correlation Condition A E
Fuel " 2
T (K) Yooo dg(cm) M(gm/sec) (gm/cm”-sec) (kcal/mole)
0.0136 0
N2H4 2470 0 0.95 0.0420 0.1040 10
6.106 30
0.0025 0]
MMH 2470 0 1.27 0.0205 0.0116 10
| 0.2486 30
0.0038 0
UDMH 2470 0] 1,27 0.0218 0.1033 10

77.88 30




46

000°T 06%°T LL9°T 00L°0 €L°LE 16°1T 0991 0
000°T ST0°C 186°T 00L°0 L8°8T $6'0 0991 0
020°T z62°1 ozy"Y 00L°0 STS°C €1°0 0991 0
000°T STY°C SOL°T ¥69°0 vI°G€ 16°T gest 0
000°T SL6°T %20°C %69°0 LS°LT $6°0 GE8T 0
820°T 9L2°T 129y %69°0 THe'e €1°0 GE8T 0
000°T LS€°T 8cL°T 889°0 8€°Z¢€ 16°T 0902 0
000°T 0€6°T %20°C 889°0 6T 9T $6°0 0902 0
SE0°T 192°1T %98°% 889°0 65T°C €T°0 0902 0
000°T 062°C LLL°T €89°0 LS° 6T 16°T 0€€T 0
000°T 988°T €€1°¢ €89°0 6L %1 $6°0 0£€T 0
050°T 6€C°T LST"S €89°0 1L6°T €1°0 0€€T 0
000°T 0] A4 €06°T 069°0 6122 16°T 0£ST 814" 0
SH0°T €L T €T€°C 069°0 01°T11 $6°0 0£S2 81%°0
8ST T 96T°T Z6T°9 069°0 08%°1 €T°0 0€Se 8T%°0
000°T STT'T 968°T £89°0 65 e 16°T 0£ST €€T°0
800°T 95L°T 6T€°T L89°0 Lz 11 S6°0 0€ST €€T°0
GET°T 86T°1 %0T"9 £89°0 €05°T €T°0 0€ST €€2°0
000°T 0eI°T 068°1T €89°0 v6°22 16°T 0€se €4%0°0
000°T T9L°T 1) £ €89°0 JAARN S6°0 0€S2 €%0°0
980°T S6T°T 9909 €89°0 6251 €1°0 (X4 €%0°0
o QWU v %Mv o
PT1q4H juerredoadrg g ad a2y P L X

*H/R

SUOTITPUO) 3I893], SNOTIBA I0J SUTZRIPLAH

% °TqelL

103 UOTIDBI107) UOTIDVAUOY



47

values of B_, Reynolds number, and Prandtl number for various test
conditions. The correlations used to estimate the Reynolds and
Prandtl numbers are given in Appendix A. Also listed in Table 4 is
the ratio of mass burning rate computed for convective flow to the
mass burning rate for no flow conditions for hydrazine for both the
bipropellant and hybrid models.

As indicated in Table 4, as droplet diameter increased at a
given test condition the effect of forced convection (based on the
values of ﬁ/ﬁ*) increased the mass burning rate for the bipropellant
model as much as 2.5 times over the mass burning rate for no flow
conditions for the largest sphere size tested. However, the hybrid
model was quite insensitive to ambient conditions. In fact, as drop
diameter increased the effect of convective flow decreased. This
phenomena will be discussed in greater detail later.

As noted in the Introduction four fuels were to be tested,
namely, hydrazine, MMH, UDMH, and A-50. No experimental data was
taken for A-50 although attempts were made to obtain data using both
the suspended droplet and porous sphere techniques. In the case of
a suspended droplet, the liquid A-50 formed bubbles and shattered
before sufficient time had elapsed to obtain a diameter history of
the droplet. For porous sphere burning the liquid burst from the
surface of the sphere in the form of small droplets; a stable burning
condition could not be obtained even for combustion in air at room
temperature. Lawver, et al., (8) noted similar behavior for mixtures
of hydrazine and UDMH containing more than 5% UDMH by weight.

No attempt was made to determine the cause of this erratic behavior

for A-50.
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Also investigated during the experimental program was the
effect of water vapor in the ambient gas on the burning rate. Within
experimental error, it was found that ambient water vapor mass
fractions as high as 0.14 had no effect on the burning rates at a
given temperature, ambient oxygen concentration, and drop diameter.

The experimental data is compared to the predicted data using

the various models in the following sectionms.

4.2 Effect of Drop Diameter

The droplet sizes normally found in spray combustion phenomena
are at least an order of magnitude smaller than the smallest drop
sizes considered in this experimental program. Therefore, the data
must be extrapolated over a large range in order to predict burning
rates for drop sizes found in spray combustion. For this reason the
effect of droplet diameter on mass burning rates is an important
experimental consideration.

Figure 6 is a typical plot of the mass burning rate of hydrazine
as a function of drop diameter for an oxidation condition. Alsoc
shown are the predicted mass burning rates using the hybrid model
with various activation energies and the bipropellant model.

The bipropellant results are shown as bands rather than single
curves in Figure 6. A parametric study indicated that bipropellant
mass burning rates were most sensitive to a change in the thermal
conductivity in the region adjacent to the droplet surface (Region

A of Figure 3). The bands shown in Figure 6 give the limits resulting

from a +20% variation on AAQ' Since the hybrid model requires a
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calculation of A for each fuel, a variation in AAR is merely absorbed
in the calculated A. |

As indicated on Figure 6, the bipropellant model predicts the
mass burning rate of the small droplet fairly well. However, as
droplet diameter increases the data deviates considerably from the
bipropellant solution. For the largest diameter drop, the bipropellant
solution is almost 4 times lower than the experimental value.

The hybrid model does predict the tread of M with diameter
in Figure 6. Also, one can note that the solutions for various
activation energies asymptotically approach one another for large
diameters. For the conditions of Figure 6 the temperature independent
laminar flame velocity expression (E=0) gives the best prediction of
the experimental data.

Figure 7 is a similar plot for hydrazine except that a
decomposition condition is shown. In this case, the evaporation
model predicts mass burning rates which are low by almost an order of
magnitude for the largest diameter sphere. Again, the hybrid model
does predict the data with a temperature independent laminar flame
velocity expression giving the best overall prediction.

By comparing the results in Table 4 with the trends indicated
in Figures 6 and 7, one can obtain a plausible explanation as to why
the effect of convective flow decreases with increasing drop diameter
for hydrazine and for the hybrid model. For small diameters the
hybrid solution approaches the bipropellant solution while for large
diameters the hybrid solution deviates significantly indicating the

onset of monopropellant like behavior. Since for large diameters



.20

10

.06
.04

o
N

°

.006
004

002

.00l

MASS BURNING RATE (gm/sec)

.0006
.0004

0002

Figure 7 Hydrazine Burning Rates at a Typical Decomposition

51

T T 1 | | {
HYDRAZINE
i -
P=1atm
i Tm= 2060 K -
\k)oo"()
L. Vo =55.7 cm/sec 7
o
i -
EVAPORATION
MODEL
y; (20 % XA,)
e o 7]
THEORETICAL
I E=O0 -
————== E =10 kcal/mole
i — —— E =30 kcal/mole -
O EXPERIMENTAL
] 1 1 A A 1
06 I 2 4 6 1. 2

DROP DIAMETER (cm)

Condition for Various Drop Diameters



52

convective flow has no effect on the computed hybrid mass burning rate,
monopropellant like behavior is highly insensitive to ambient
conditions.

Figures 8 and 9 are typical plots of ﬁ as a function of drop
diameter for MMH for an oxidation and a decomposition condition
respectively. Bands of +207% AAR are not shown in order to avoid
cluttering the figure, however, these ranges are similar to those
shown on Figures 6 and 7. As indicated on Figure 8 the bipropellant
model does predict experimental mass burning rates of MMH fairly
well over the entire range of drop sizes considered. At small
diameters, the hybrid solution for E=0 and the bipropellant solution
merge together. Theoretically this indicates that MMH has lost its
monopropellant characteristics. At larger diameters the solutions
separate indicating the onset of monopropellant like behavior.

Similar behavior can be noted in Figure 9. In this case,
however, the deviation from an evaporation solution is as much as
a factor of 2 for large diameters. Here again the hybrid model does
predict the trend in the datawitha zero activation energy solution
superior to a temperature dependent laminar flame velocity solution.

Figures 10 and 11 are similar plots for UDMH. Again the +20%
band of kA& for the bipropellant solution is not shown for clarity.
Some testing was conducted with high purity UDMH; these results are
also indicated in Figures 10 and 1l.

UDMH exhibited similar behavior to that of MMH. As shown
in Figure 10, the data deviates slightly from a. pure bipropellant
solution for large diameter. For the decomposition condition of

Figure 11 the deviation at large diameters is much more pronounced.
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Once again, the zero activation energy solution predicts the trend
in the data better than a temperature dependent laminar flame
velocity solution.

One should note that in determining the value of the heat
of reaction of the oxidation flame, 495 dissociation effects were
not considered. The computed bipropellant flame temperatures were
as high as 5500 K. At these high temperatures dissociation will
occur. If dissoclation effects had been considered, the computed
bipropellant flame temperatures would have been reduced, and; therefore,
the computed mass burning rates would have been even lower for the
bipropellant model. Lazar (24) found that computed bipropellant
burning rates were as much as 50% higher than experimental values for
his conditions unless dissociation effects were considered. Since
dissociation effects are not a factor in the evaporation model for
decomposition conditions, the apparent superiority of the bipropellant

model over the evaporation model could thus be explained.

4.3 Effect of Ambient Oxygen Concentration

The effect of various ambient oxygen concentrations on the
burning rates of the three fuels was also investigated using both
the suspended droplet and porous sphere techniques. Figures 12, 13,
and 14 summarize the results for three drop diameters and for the
three fuels.

As iIndicated on Figure 12, as diameter increased, the effect
of increasing ambient oxygen concentration decreased. The bipropellant
solution for hydrazine is not shown for clarity; in all cases, the

bipropellant solution predicted mass burning rates lower than
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experimental values. Here again, the hybrid zero activation energy
solution predicts the trends in the data best.

The bipropellant solution is shown on Figure 13 for MMH since
it predicts the data as well as or better than the hybrid solution.
However, as indicated previpbusly, including dissociation effects
would lower the predicted bipropellant burning rates. Just as for
hydrazine, the effect of increasing ambient oxygen concentration
decreased as drop diameter increased.

Similar behavior was found for UDMH as illustrated on Figure 14.
Note that the 99.8% purity UDMH consistently yielded higher burning
rates than the standard purity UDMH for the small diameter results.

The high purity UDMH was only tested at the small diameter condition.

4.4 Effect of Ambient Temperature

In addition to the oxidation results, decomposition data was
also obtained for the three fuels using the two experimental
techniques. Figures 15, 16, and 17 summarize the results for three
of the drop diameters tested.

As in the case of increasing ambient oxygen concentration,
Figure 15 indicates that as drop diameter increased the effect of
increasing ambient temperature decreased for hydrazine. As before,
the hybrid model with E=0 gave the best correlation of the data.

For MMH, shown on Figure 16, a pure evaporation solution
worked best for the two small diameters whereas the hybrid solution
with E=0 worked best for the large diameter indicating the onset of

monopropellant behavior.
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Figure 17 illustrates similar behavior for UDMH. Note that in
contrast to the oxidation conditions, the samples of different purity
gave nearly the same mass burning rate at all decomposition conditions

for the small diameter droplet.

4.5 Overall Comparison of Experimental Values and the Hybrid Model

In order to get a more gemneral picture as to how well the
hybrid model predicted experimental mass burning rates, a direct
comparison was made as shown on Figures 18, 19, and 20 for the three
fuels. Also plotted on these figures are experimental values of the
burning rates of the fuels available in the literature. Since the
temperature independent laminar flame velocity expression correlated
the data better than a temperature dependent expression, only the
temperature in

The additional burning rate data plotted on Figures 18, 19,
and 20 was taken from Dykema and Greenme (6), Rosser (3), Lawver, et al.,
(8), and Kosvic and Breen (9). Since the convective conditions
were not well defined for these experiments, only the influence of

natural convection was considered in calculating B_. The Nusselt

number for natural convection was calculated using the expression:

1/4 | 1/3

Nu=2+ 0.6 Gr Pr 4.2)
The Grashof number was estimated from the following relation:
2 3
P 8 dz
Gr = ——— (4.3)
u

suggested by Spalding (31) for burning spheres. The correlations

used to determine the properties necessary to calculate the Grashof
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and Prandtl numbers are the same as were used previously and are
listed in Appendix A.

The data of Dykema and Greene (6), Rosser (5), and Lawver,
et al., (8) was all taken at approximately room temperature. However,
the same properties as listed in Table 2 were used in the hybrid
model predictions for these low temperature conditions. In addition
the same value of A as listed in Table 3 was also used.

The data of Kosvic and Breen (9) was taken at a pressure of
7.8 atm. However, the temperature was not specified for their
reported results although they indicated that it was somewhere in the
range of 1000 to 5500 F. The points shown in Figure 18 were computed
with an ambient temperature of 2000 K since this temperature lies
in about the middle of the reported range. In addition. the pre-
exponential factor, A, was assumed proportional to pressure which
corresponds to an overall reaction order of two as reported by
Antoine (30).

A statistical analysis of the results for hydrazine plotted
in Figure 18 indicated that the average percent error between
predicted and experimental mass burning rates was 18,8%.

The results for MMH are shown on Figure 19. The average
percent error for MMH was 17.1%.

Figure 20 shows the results for UDMH. The average error in

this case was 18.7%.



CHAPTER V

SUMMARY AND CONCLUSIONS

5.1 Summary

The overall objective of the present investigation was to
study the combustion characteristics of the hydrazine fu
temperature and atmospheric pressure. The specific objectives of
the study were as follows:

1. To determine droplet burning rates as a function of
ambient temperature, ambient oxygen concentration, and
droplet diameter.

2. To develop a semitheoretical hybrid combustion model
which provides a means of estimating the burning rates
for these fuels.

The specific fuels considered in the study were hydrazine,

MMH, UDMH, and A-50, however, a steady burning condition could not be
achieved for A-50 for any test condition. Therefore, only results
for hydrazine, MMH, and UDMH were obtained.

Two different experimental techniques were used to provide

a large range of droplet sizes. The smallest diameter data was
obtained using the suspended droplet technique. All other data
was obtained using a porous sphere internally supplied with liquid
fuel. The techniques differed in the energy required to vaporize
the liquid fuel. However, theoretical considerations indicated

that the measured burning rates at a given test condition would be
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negligibly different using the two techniques. The overall
experimental range included ambient temperatures from 1660 to 2530 K,
ambient oxygen mass fractions from 0.0 to 0.418, and drop sizes from
0.11 to 1.91 cm.

Spalding's thin flame approximation (16) was used as a basis
in the development of a theoretical model of hybrid combustion. The
model developed required kinetic parameters for solution. However,
these parameters are not known for droplet combustion of the fuels
of interest. Therefore, the kinetic parameters had to be computed
from the experimental data at a given test condition. These same
parameters were then used to predict the data at all other
experimental conditions. In addition, the hybrid model with the
same kinetic parameters was used to predict data available in the
literature. The agreement between the predicted and experimental

burning rates was quite good for the test range considered.

5.2 Conclusions

The major conclusions of the study are as follows:

1. The experimental mass burning rates of all three fuels
increase slightly with increasing ambient temperature
for the temperature range tested. As drop diameter
increases the percent increase in mass burning rate with
temperature decreases.

2. Experimental mass burning rates increase with increasing
ambient oxygen concentration for all three fuels in the
ambient oxygen concentration range tested. The percent

increase in mass burning rate with ambient oxygen
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concentration decreases with increasing drop

diameter.

As drop diameter increases the experimental mass
burning rates deviate from a bipropellant or evaporation
solution indicating the onset of reactive behavior.

The deviation is especially evident for hydrazine where
an evaporation model predicts burning rates as much as
an order of magnitude lower than observed experimental
values. The deviations for MMH and UDMH are less
pronounced than that for hydrazine. However, the hybrid
solution does predict the trend with drop diameter
better than the bipropellant model for all three fuels.
The hybrid correlation does predict the observed trends
in mass burning rate with drop diameter, ambient
temperature, and ambient oxygen concentration for all
three fuels. A temperature independent laminar flame
velocity expression gives the best overall correlation
for all three fuels and the experimental range tested.
Theoretically, ambient conditions have a negligible
effect on mass burning rates for strong monopropellant
behavior. However, ambient conditions play an important

role in bipropellant combustion.
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APPENDIX A

PHYSICAL PROPERTIES

A.l References for Physical Properties

The references for the physical properties required in the
calculations are shown on Table 5. The reference temperature, T°,

used in the calculations was 298.15 K. The correlations used to

compute properties are discussed in the following.

A.2 Gas Phase Properties

The specific heats of the fuel, fuel decomposition products,
oxidizer, and bipropellant flame products were assumed constant.

The temperatures at which the specific heats were evaluated were as
follows: CF was evaluated at 1000 K, CFP was evacuated at 2000 K, and
CP and Co were evaluated at 2500 K. The fuel decomposition products
and bipropellant flame products were treated as a single species for
these calculations.

The bipropellant flame products were taken as those determined
from the stoichiometric combustion of the fuel in oxygen. However,
the products of fuel decomposition cannot be determined in such an
easy manner. For hydrazine, the fuel decomposition products were

taken to be those as suggested by Andrieth and Ogg (41); namely

NZH4 = 0.50 NH3 + 0.25 N2 + 0.25 H2 (A.1)

The decomposition products for MMH and UDMH were calculated at the

adiabatic decomposition flame temperature allowing for all relevant
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References for Physical Properties of the Fuels

References
Combustion Products
Property N,H, MMH UDMH and Ambient Gas
a 9
Tz 32 32 32 —
L 32 32 32 -
AH® 32 32 32 33
C 34 35 36 37
A 372 3723 372 37
Tdb 38 39 40 -
b - .
Py 38 39 40

:Computed, Method of Reference (37).

Required for the Computation of A, Method of Reference (37).
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dissociation reactions. The main products of decomposition were

used for property calculations. These were as follows:

MMH = 0.33 H2 + 0.33 N2 + 0.33 CH4

UDMH = 0.50 CH4 + 0.25 N2 + 0.15 H2 + 0.10 HCN (A.3)

to vary linearly with temperature, that is

Aj = ij(T/Tz) (A.4)

where Ajl represents the thermal conductivity of the gas mixture
evaluated at temperature Tz for Region j. The constants Ajz were
evaluated by considering the possible limits of the thermal conductivity
in each region. For example, hydrogen, ammonia, and methane have
somewhat higher thermal conductivities than gaseous species such as
carbon dioxide, nitrogen, and oxygen. Therefore, large quantities
of hydrogen in a region would raise the thermal conductivity over the
corresponding value of the thermal conductivity for no hydrogen
present.

By considering the possible species present in each region, a

high and low value of Ajl was determined. The A,, used in the

iL

calculations was the average of the high and low values.

A.3 Ambient Gas Properties

The Reynolds number, Prandtl number, and Grashof number
appearing in the convection correction equations, Equations (3.55)

and (4.2), were evaluated for the ambient gas mixture. The properties
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appearing in these dimensionless numbers were evaluated as follows

for an N component gas mixture:

Specific Heat

N N
c=3 x, M/} X, M

i=] i=1
where
c; = B, + B, T, (cal/gm-K)
Viscosity
N
M= ) X u
14
where
My = By + B, T, (gm/cm-sec)
Thermal Conductivity
N
A=) XA,
=1 i1
where
Ai = B5 + B6 T, (cal/ecm-sec-K)
Density
N
p=P izl X; M,/RT, (gm/ce)

The constants, Bl to BB’ were determined by Lazar (24) and

(A.5)

(A.6)

(A.7)

(A.8)

(A.9)

(A.10)

(A.11)

are tabulated in Table 6 for the species present in the ambient gas

mixture.



Constants in the Ambient Gas Property Equationsa
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Component Bl st 334 B47 B55 B67
x10 x10 x10 x10 x10

0, 0.248 1.67 2.02 2.73 4.55 1.322

0 0.282 1.67 1.85 2.50 7.18 1.282

N, 0.282 1.21 1.52 2.35 3.18 1.232

NO 0.277 0.72 1.95 2.55 3.70 1.321

co, 0.298 1.35 1.52 2.35 1.19 1.397

co 0.292 0.85 1.63‘ 2.35 3.20 1.282

8From Lazar (24).
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Table 7

Experimental Evaporation Constants and Mass Burning Rates for
Hydrazine Obtained Using the Suspended Droplet Technique

dy= 0.13 cm; Py = 1.00 gm/c:m3
T, Yo vV Kx10° ¥x107
(X) (cm/sec) (cm2/sec) (gm/sec)
2530 0.043 53.4 17.03 1.70
2530 0.132 53.4 19.03 1.90
2530 0.233 53.4 20.84 2,08
2530 0.328 53.4 22.06 2,21
2530 0.418 53.4 25.48 2.55
2470 0 55.7 12.36 1.24
2330 0 55.7 12,31 1.23
2255 0 55.7 11.34 1.13
2165 0 55.7 9.24 0.92
2060 0 55.7 9.52 0.95
1935 0 55.7 9.70 0.97
1835 0 35.7 8.17 0.82
1750 0 55.7 8.40 0.84

1660 0 55.7 8.02 0.80
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Table 8
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Experimental Evaporation Constants and Mass Burning Rates for

MMH Obtained Using the Suspended Droplet Technique

= 0,87 gm/cm3

dl = 0.13 cm; Py
T, Yo, v, Kx10° ¥x103
(K) (cm/sec) (cm2/sec) (gm/sec)
2530 0.043 53.4 11.36 0.99
2530 0.132 53.4 13.13 1.14
2530 0.233 53.4 14,48 1.26
2530 0.328 53.4 16.80 1.46
2530 0.418 53.4 20.84 1.82
2470 0 55.7 10.97 0.96
2330 0 55.7 9.23 0.80
2255 0 55.7 8.49 0.74
2165 0 55.7 8.61 0.75
2060 0 55.7 8.51 0.74
1935 0 55.7 8.63 0.75
1835 0 55.7 8.74 0.76
1750 0 55.7 8.61 0.75
1660 0 55.7 8.70 0.76
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Experimental Evaporation Constants and Mass Buring Rates for
Standard Purity UDMH Obtained Using the Suspended Droplet Technique

= 0.78 gm/cm’

dl = 0.11 cm; Py
T, - YO: v xx10° ¥ix107
(K) (cm/sec) (cm2/sec) (gm/sec)
2530 0.043 53.4 9.72 0.68
2530 0.132 53.4 12.33 0.87
2530 0.233 53.4 14,44 1.01
2530 0.328 53.4 16.83 1.18
2530 0.418 53.4 20.25 1.42
2470 0 55.7 12.43 0.87
2330 0 55.7 9.26 0.65
2255 0 55.7 9.39 0.66
2165 0 55.7 8.98 0.63
2060 0 55.7 9.23 0.65
1935 0 55.7 7.93 0.56
1835 0 55,7 8.29 0.58
1750 0] 55.7 8.70 0.61
1660 0 55.7 8.02 0.56

| 1
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Experimental Evaporation Constants and Mass Burning Rates for
99.8% Purity UDMH Obtained Using the Suspended Droplet Technique

dl = 0.11 cm; Py = 0.78 gm/cm3
T, Yo, v, = ¥x10°
(X) (em/sec) (cmz/sec) (gm/sec)
2530 0.043 53.4 11.34 0.80
2530 0.132 53.4 13.88 0.97
2530 0.233 53.4 16.86 1.19
2530 0.328 53.4 20.35 1.43
2530 0.418 53.4 20,67 1.45
2470 0 55.7 10.49 0.76
2330 0 55.7 9.03 0.63
2255 0 55,7 9.16 0.65
2165 0 55.7 7.91 0.56
2060 0 55.7 8.92 0.63
1935 0 55.7 8.12 0.57
1835 0 55.7 8.21 0.58
1750 0 55.7 7.97 0.56
1660 0 55.7 8.02 0.56
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Table 11

Experimental Mass Burning Rates Obtained
Using the Porous Sphere Technique

Mix10°
T, YOoo v, dz (gm/sec)
(K) (cm/sec) (cm) N2H4 MMH UDMH
2530 0.043 53.4 0.63 23.1 7.04 5.82
2530 0.132 53.4 0.63 24.0 8.03 6.76
2530 0.233 53.4 0.63 25.5 10.3 8.31
2530 0.328 53.4 0.63 27.0 11.4 9.75
2530 0.418 53.4 0.63 29.0 12.0 10.6
2470 0 55.7 0.63 21.2 5.35 4.84
2330 0 55.7 0.63 19.4 4.88 4.28
2255 0 55.7 0.63 18.2 4,70 4.00
2165 0 55.7 0.63 17.5 4.68 3.74
2060 0 55.7 0.63 16.9 4.56 3.60
1935 0 55.7 0.63 16.5 4.50 3.60
1835 0 55.7 0.63 16.2 4.45 3.54
1750 0 55.7 0.63 15.6 4.45 3.48
1660 0 55.7 0.63 15.1 4.45 3.42
2530 0.043 53.4 0.95 43.8 13.5 12.3
2530 0.132 53.4 0.95 45.2 14.8 14.1
2530 0.233 53.4 0.95 47.0 16.6 17.2
2530 0.328 53.4 0.95 49.8 18.8 19.8
2530 0.418 53.4 0.95 52.4 20.4 21.4
2470 0 55.7 0.95 42.0 12.5 11.1
2330 0 55.7 0.95 39.0 11.7 10.5
2455 0 55.7 0.95 36.8 11.3 10.1
2165 0 55.7 0.95 35.0 1.1 9.82
2060 0 55.7 0.95 33.6 10.8 9.51
1935 0 55.7 0.95 33.0 10.8 9.50
1835 0 55.7 0.95 32.8 10.6 9.33
1750 0 55.7 0.95 32.4 10.6 9.33
1660 0 55.7 0.95 31.8 10.4 9,10
2530 0.043 53.4 1.27 75.6 23.8 22.3
2530 0.132 53.4 1.27 77.7 26.0 25.1
2530 0.233 53.4 1.27 80.0 27.2 26.6
2530 0.328 53.4 1.27 83.0 30.8 28.8
2530 0.418 53.4 1.27 88.5 33.1 31.2
2470 0 55.7 1.27 74.5 20.5 21.8
2330 0 55.7 1.27 71.8 20.1 21.0
2255 0 55.7 1.27 68.7 19.7 20.6
2165 0 55.7 1.27 66.2 19.5 20.4
2060 0 55.7 1.27 66.2 19.3 20.3
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Table 11 (Continued)

Mx10°

T, Yo°° v, dg (gm/sec)

(K) (cm/sec) (cm) N2H4 MMH UDMH
1935 0 55.7 1.27 64.7 19.1 20.1
1835 0 55.7 1,27 63.2 19,1 19,9
1750 0 55.7 1.27 63.2 18.7 19.9
1660 0 55.7 1.27 62,3 18.5 19.7
2530 0.043 53.4 1.59 112. 31.9 33.2
2530 0.132 53.4 1.59 114. 34.0 35.8
2530 0.233 53.4 1.59 116. 37.1 37.8
2530 0.328 53.4 1.59 120. 40.0 40.8
2530 0.418 53.4 1.59 124, 42.0 43.3
2470 0 55.7 1.59 108. 30.6 32.5
2330 0 55.7 1.59 104. 30.1 32.2
2255 0 55.7 1.59 101. 29.4 31.8
2165 0 55.7 1.59 99.8 29.1 31.5
2060 0 55.7 1.59 96.7 28.9 31.5
1935 0 55.7 1.59 94.5 28.9 31.2
1835 0 55.7 1.59 94,2 28.7 30.8
1750 0 55.7 1.59 92.1 28.6 30.6
1660 0 55.7 1.59 91.5 28.4 30.6
2530 0.043 53.4 1.91 172. 45,6 48.5
2530 0.132 53.4 1.91 175. 48.1 50.6
2530 0.233 53.4 1.91 180. 50.4 52.0
2530 0.328 53.4 1.91 182. 53.2 53.8
2530 0.418 53.4 1.91 186. 55.8 55.5
2470 0 55.7 1.91 145, 44.5 44.8
2330 0 55.7 1.91 142. 44,2 44.6
2255 0 55.7 1.91 140, 44,2 44.2
2165 0 55.7 1.91 140, 44.0 44.0
2060 0 55.7 1.91 138. 44.0 43.8
1935 0 55.7 1.91 138. 43.8 43.8
1835 0 55.7 1,91 137. 43.8 43.7
1750 0 55.7 1.91 135. 43.6 43.7
1660 0 55.7 1.91 135. 43.6 43.5
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