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An investigation was made of the heat-up, ignition and
combustion of a nitrate ester monopropellant droplet when
suddenly placed in a high temperature gas. At moderate
pressures a combustion zone became noticeably developed

as the droplet approached its wet bulb temperature and a
steady burning period followed. At high pressures reactive
effects became noticeable early in the heat-up period and
burning was not steady. In this regime the droplet spent
most of its lifetime in the preignition period. A heat-up
theory of ignition is developed and found to be in agree-
ment with the moderate pressure data. Burning rates also
reported over the test range.
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Hzat of Vaporizatien (BTU/LBM,

Minor Axis of an Eilipsoid /F7)

Major Axis of an Ellipsoid (F7)

Mass Burning Rate ZBM/SEC)

Dimensionless Nusselt Number
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Order of Reaction (Dimensionless)

Pressure (LBF/FTz)

Dimensionless Prandtl Number

Radiation Absorbed Per Unit Volume (BTU/FT3)
H/Cme = dimensionless

Radial Distance (FT)

Quter Radius of Droplec (FT)

Initial Droplet Radius (FT)

Universal Gas Constant (BTU/HGLOR)
Transform Variable from Laplace Transformation
Droplet Temperature (OR)

Flame Temperature (OR)

Temperature of Droplet Surface (OR)

Fnitial Droplet Temperature (OR)

Furnace Temperature (OR)

Tcol Time Constant (SEC)

Time (SEC)

Volume of Droplet (FI3)

Velocity of Flame Surface (FT/SEC)

Frequency Factor in Arrhenius Expression
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Constant = ¢ -1 = B1/2 - 1, Dimensionless
L/C T = Dimensionless
puo
Stefan-Boltzman Coefficient
Dimensionless Ratio of Flams Radius to Drop Radius
Density of Droplet (LBM/FT33
Density cf Gas at Flame 3urface (LBM/FIZ)

Dimensionless Temperature Difference

vii

Dimensionless Tewmperature Difference in Transformed 3-Domain

Dimensionless Radius
Dimensionless Time

Rads.tion Factor, Dimensionless




CHAPTER !

INTRODUCTION

1.1 General Statement nf the Froblem

In recent years monopropellant drcplet combustion has
received an increasing amount of attention. While liquid monopro-
pellants kave not been found to be premising for use in the primary
propulsion units of aircraft or missiles, they may be adapted to
secondary applications. A thorough understanding c€ the combustion
processes of a single monopropellant droplet is an importamt first
step in comprehending the combustica prccess of thesz fuel: in
rocket motors. This thesis is concerned with an experimentsl and
analytical investigation of the heat-up and burning rates cf a
particular liquid monoprcpa2iliant when suddenly subjected tc a high

temperature environment.

1.2 Previous Related Studi=s

T~
< . - - YA
Regarding dropiet combusticn studies in generai, nobayas1‘

and Nishiwaki17 intreduced the use cf an electrically hcated
movable furnace in their studizs of bipropellant ignition. The
heated furnace was moved cver a drop.zt support2d on a quartz

fiber to provide rapid introduction cf the droplet into the high




temperature environment. Motion pictures were taken of the heat-

up and ignition of the droplet.

-~

5
A technique similar to that of kobayasi12 ané Nishiwaki®

was applied to monopropellant combustion by Barrere3 for a variaty

2
of monopropellants. Barrere~ tested in a nitrogen environmant at

. . o,
atmosphere pressure with ambient tamperatures berw2en i000 F and

1600°F. Droplets with diameters betw22n .G3C and .080 inches vere

tested. However, primary emphasis was on the quasi-steady state
burning period of the droplet and no ignition measur2ments w2re

made.

Barrere's3 test is the orly study tc date in which the mono-

propellant was apparvently allowed to burn in an inert atmosphere
as is the case in an engine where the monopropeliant burns in its
products of combustion. Tarifa, et al,26 and Rcsserzo were able
to support combustion only with the additicn of oxygen tc the
environment thereby creating a system nct truly r2pres2ated as
monopropellant combustion.

An early attempt at theo:etically modeling the combustion
of 2 motionless monopropellant druplet was undertaken by Zcrell
and Wisela. Their mcdel considered a chemical r2action diffusad
throughout the gas phase with the fuel vapcr deccmpcsing exother-
mically inzc product gases at a rate dependent on the temperature

and weight fraction of the fuel vapcr. BEy taking equal vaiues of

molecuiar weights and by assuming a 1ewis number of unity, th2

MR, _ ae it S bt s it ot .
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problem was soived by integrating numerically the resulting
cdifferential equations of the process.

Later works of Tarifa, ec¢ 3126, and Williamsz8 considered
diffusion of species of different molecular weights and Lewis
numbers. Plillialmsz8 presents exact results for his modei by
applying the assumption of a thin flame 2o0ne for reactions with
sufficiently large activation energies. This model, first
attributed to Spaldingzn, allows direct simultaneous solution of
the system equaticas. However, the general lack of experimental

results has prevented any verification or revision of existing

theories.

1.3 Specific Statement of the Probl:zm

The preceding discussion has indicatad that kncwiedge of
the combustion processes of liquid mcnopropzliants is, at best,
very limited.

Concerning the existing theoriess of moncpropellant dropiet
burning, it wculd be of interest tc determinz wha: limitaticns,
if any, they present. Without this krcwledge, the accuracy of
burning lifetimes predicted by thes= theories is subject to

question.

Also, it is of importauce to understand the heat-up mechanism

of A monopropzllant. Its relationship to the heat-up time and,

ultimataly, to the total droplet lifetime must be a primary consid-

eration in rocket engine design.

il AN e o .




The technique employed by Barrete3 offers a means of
studying the drcplet combustion process. However, by enclosing
the apraratus ia a pressure vessel equipped with a means of evacua-
tion, a pure inert atmosphere may be maintained at various total
pressures.

To summarize, the specific objectives of this thesis are
as follows:

1. To formulate a theory for the heat-up 2nd igniticn of
a motionless monopropellant droplet, and check .. experimentaily
over a range of ambient temperatures and pressures.

2. To apply a suitable existing monopropellant burning
theory to the experimental results, and thereby determine its:

limitations.




CHAPTER 2

EXPERIMENTAL APPARATUS AND PROCEDURE

2.1 Test Facility

The primary requirement of the experimental apparatus was
to provide a means of rapidly placing a droplet into a high
temperature inert atmosphere at various total gas pressures. A
means ol photographically recording the droplet's behavior and
a means of measuring the droplet's temperature were also required.

A photograph of the experimental apparatus used for this
study of the ignition and combustion of mcnopropellant droplets
is shown in Figure 2.1. Figure 2.2 is a schematic diagram of the
internal chamber assembly.

The upper part of the apparacus was enclcsed with a pressure
vessel which allowed operation up to 3,000 PSI. A hand-operated
winch was used to raise and lower the upper cover and, when the
cover was bolted to the base, the chamber was gas tight. By using
a vacuun pump and a removable hcse attached to a pressure sealed
connector, the chamber was evacuated and then piessurized with the
inert gas. For operating pressures below one atmosphere, the
pressure within the chamber was measured with a differential

mercu' y manometer. Measurement of chamber pressur.s between 1 and




FIGURE 2.1

EXPERIMENTAL APPARATUS
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5 atmospheres was made with an Ashcroft laboratory gauge with

1/2 PSI subdivisions. For tests above 5 atmospheres, an Ashcroft
sauge with 50 PSI subdivisions was used. Commercially pure
nitrogen was used to pressurize the chamber. The monopropellant
used in the testing program was propylene glycol dinitrate.

The droplet was supported on either a quartz filament or

the bead of a thermocouple junction. A sketch of the mount assembly

is shown in Figure 2.3. The thermocoupie was constructed from
chromel-alumel wire having an outside diameter of .003 inches.
The somewhat enlarged thermocouple juncticn had an average diameter
of between .008 sand .016 inches.

When only one thermocouple was used, it‘s output was fed
directly into the vertical terminals of a Model 130B Hewlett-
Packard oscilloscope. A Dumont, Type 2614, oscilloscop:z camera
employing Type 47 Polaroid film was used to record the trace. In
the dual thermocouple arrangement, the thermocouple outputs were
fed into the terminals of two galvarnometers in a Censciidated
Electrodynamics Corporation Model 5-124 recording oscillcgraph.
The quartz filament-single thermocouple arrangement was usad

primarily in the larger droplet sizes (.G60 - .080 in. becaus2

the small thermocouple junction cculd not support the large dropiets.

The furnace consisted of a heating coil wound between an

outer stainless steel cover and an inner ceramic core. Th2 furnace

was rylindrical in shape with an inside diameter of 2 in. and an




GAS PHASE
THERMOCOUPLE

[N\

L |_DROPLET MOUNT
"
QUARTZ FIBER L+ l ]

OR THERMOCOUPLE

WIRE | SHOCK ABSORBER

L

-
=
-—

FIGUFE 2.3

DROPLET MOUNT ASSEMBLY




.

10

outside diameter of 3-1/2 in. The over-all height of the furrnace
was ¢-1/2 in. with an actively heated inside length of 5 in.

After the furnace was heated to the desired temperature,

a solenoid was energized releasing it from aits initial position.
The furrace slid down guide rods to the droplet location where it
was locked in place by two latches, thus providing rapid immersion
of the droplet into the high temperature media. The time required
for the furnace bottom tc travel from the droplet locaticn to the
latches was about 50 ms. The shock of the fall was absorbed by
two pieces of Resilite mounted on a false base. Resiliite is an
energy absorber sometimes used in athletic equipment to reduce
shock. The Resilite shock absorbers combined with the ilatching
nechanism eliminated extraneous motion of the gas arcund the drop-
let during the test period.

The bottom of the furnace was open, while the top was
closed with a quartz window. This window allowed the pascage of
background illumination for phctographic purposes, while preventing
the escape of high temperature gas f cm the fuvnace irtc the
chamber.

The gas temperature within the furnace was m:asured with s
1/8 in. 0.D. sheathed chrcmel alumel thermoccuple 7The thermo-
couple junction was located in a pcsition that would ceorrespond
to the droplet position when the furnace was lockad in place.

This was about 2-1/2 in. from the base of the furnace. The
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temperature indicated by this thermocouple just before each test

was taken as the test temperature. The thermecouple was allowed

to stabilize at a constant temperature before each test to insure
a uniform furnace :zemperature.

The droplet was photographed through a quartz window in
the base of the chamber using a 16mm Fastair misgile camera.
Kodak Tri-X negative film was used in the camera at a speed of
approximately 80 frames per second. The background light was
a small incandescent lamp. This illumination passed through the
quartz window in the top of the furnzce giving a shadowgraph of
the droplet. A neon timing light in the camera allowed synchroni-
zation of the motion picture film and the oscilloscope trace. As
the furnace reached the droplet location, ir closed twc switches
which simultaneously completed the circuits of the timing marker
and the oscilloscope trace, thereby indicating the beginning of

the heat-up process.

2.2 Overation of the Apparatus

The ovev-all operation of the apparatus is illustrated in
Figure 2.4. Conditions within the chamber 2t the beginning of
a test are rapresented in the first diagram of Figure 2.4. At
this point the furrace temperature has stabilized, the droplet
has beer placed on its support, and the chamber hzs been closed
and pressurized. The background light has been turned on and the

csmera is off.




AR

12

RELEASE
SWITCH

== RELEASE £= 2=

SOLENOID {1 -
\\ G [N

LIGHT
SOURCE

FURNACE u

TIMING

//////"SWHCH
DROPLET
- /- —
" [LTrace
SWITCH

A

»
>
hv.d
>

a
2 LOCKING
(1) MECHANiSM -

FIGURE 2.4

SEQUENCE OF OPERAT -




13

To begin operation the oacilloscope sweep was triggered,
the camera was started, and the furnace release solenoid wes actu-
ated allowing che furnace to fail. In rthe second diagram of
Figure 2.4, the bottom edge of the furnace is just passing the
droplet location. At this poinc the furnace closed two switches
which simultaneously completed the oscillsscope trace circuit and
the timing light circuit on the camera.

The third diagram of Figure 2.4 shows the furnace in its

final locked position at the droplet location.




CHAPTER 3

IGNITiION

3.1 Preliminary Results

The exact nature of the ignition proc2ss of a particular
fuel varies with the chemical composition, envirconment, etc of
the fuel being investigated. Consequently, preiiminary experi-
mental tests seemed advisable to assist in the selection of the
ignition model. Typical results of these and later tests are
shown in Figures 3.1 and 3.2.

Figures 3.1a and 3.1b which present dz-a at ! atm. total
pressure over the experimental temperature range demonstrate a
correlation between the beginning of diameter change snd sn inflec-
tion point in the liquid phase thermsceuplz record. The diameter
change is the pcint in the diameter versus timz plct whare the
diameter begins to decrease rapidiy. It cccurs very slightiy

befcre, or about the same time as thz infiection point. A ga

'

phase thermccouple was then introduc2d tc indicate when a2 fiame
appeared in the gas phase, since the flame was not visible at

low pressures., It is seen that the inflection in thr gas phase
thermocouple, which indicates the presence c£ a flame, exhikits

the same correlation with the diameter chang2 that the ligi-
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thermocouple had, as evidenced in Figure 3.2b. That 135, the

liquid and gas traces inflect at the same time, or very slightly
after, the diameter change occurred. This correlation extends
over the entire test range. Figure 3.2a, which presents data

at 40 atmospheres pressure, shows excellent agreament between

the inflections of the two curves and the appearance of the
luminous flame. The diameter of the droplet during the pre-
ignition period could not be mezsured accurately at high pressures,
due to the scattering of the vachgronnd light rays by ratural
convection patterns on the furnace wiudow.

On the basis of the preceding infortoiion, a criterion
for the ignition time was established. Each scceptable date
point had to have at least twoc separate indications ¢: ixvition
that occurred at very nearly the same time. Gas or liquid thermo-
couple inflection and diamet.. change or, at high pressares, gas
or liquid thermocouple inflection and lumincus flame were the
combinations used.

Figures 3.3 and 3.4 show sample photographs of the ignition
and combustion processes. They illustrate the extremes of the
problem of ignition identification. In Figure 3.3, where the
visible flame was used as the ignition indicator, the film record
between .31 and .85 seconds was eliminated since no significant
changes in the droplet were observed during that period. Note

how the natural convection patterns on the furnace window in
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Figure 3.3, at 40 atmospheres total pressur2, tend to obscure

the droplet during the pre-ignition period. No such problem

was encountered in the 1 atmosphere test of Figure 3.4. The
droplet renained essentizlly unchanged between .17 and .88 seconds,
80 this file was excluded. Shortly after .88 seconds the droplet
begins to steadily decresse in size until it is almoet completely
consumed at 1.03 seconds. The empty probe is all that remains

at 1.4C seconds. As noted by otier experimenters,3’7’12 th

e
droplet is not exactly spherical during the test period. To

retain a degree. of uniformity with previous workers in the field,

the droplet was assumed to have the shape of an ellipsoid. The
diameter of the droplet was then defined to be the diameter of a
sphere having a volume equal to the volume of the ellipsoid.

The equivalent sphere’'s diameter is related to the minor

and major axes, 11 and 12, of the ellipsoid by the equation

1/3

2
D o= (2% 1) ‘

Upon examining the behavior of the droplet in Figure 3.1, a
gredual increase in the rate of decresse of the droplet diameter
may be observed after ignition has occurred. Two possible causes
of this are the increased strength of the flame as the burning
process progresses and the increased mass transfer ratee gt high

vapor pressures, irrespective of flame location.




R o

21

The liquid temperatures of che droplet of Figure 3.1
apparently begin to heat up to a wet bulb temperature consistent
with the temperasture of the environment. However, when ignition
occurs the droplet sees the higher temperature of the flane zone

and its temperature then rises to an equiliibrium temperature in

the presence of the flame.

3.2 Theoretical Cunsiderations

On the basis of these preliminary tests, two theoretical
models were developed to describe the pre-ignition behavior of
a motionless droplet instantly surrounded by a high temperature
inert atmosphere. The following assumptions were made in the
analysis:

1. The droplet is composed of a single chemical species.

2. 1In the first model the drcplet temperature is assumed

uniform, but varying, while the second model considers

transient temperature gradients in the dreplet.

3. Properties are constant in both the liquid and gas phases.

4. No surface evaporation occurs, and the droplet radius
remains constant.

5. The heat transfer and diffusion prccesses are spheri-
cally symmetrical.

6. The influence of mass transfer on the heat transfer
characteristics of the boundary layer around the

droplet is neglected.

‘
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7. Since ignition occurred when the droplet temperature
approached the wet bulb temperatur«:, which 15 relatively
near to the boiling poinc at the total pressure c¢f the
test, it appeared reasomable to take the time required
for a droplet to heat up to the boiiing point &s an

estimation of ignition time.

Considering first the uniform tamperature. cr infinite

conductivity, model, the energy equaticn is

4 4 N
OB(T°° T )A + hA\-« 1) = prth 3.1

assuming T: >> T4, Equation 3.1 may be :1ntegrated directly tc

yield
1+ Nuk
2 _—a (1 - 1.}
cC D 4 « c
- Po . 'JBDQ'Ioo
6Nuk '
g Nuk
1+ B (T -7
°BD T
[o BN <]

The Nusselt number is determined by employing rhe results of

20 . . ,
Ranz and Marshall for natural convection heat transfer tc drcps.

“mum
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0.25 | 0.33
Nu = 2.0+ 0.6 GR PR

Consider now the finite conductivity case with temperature
gradients existing in the droplet. 1In this analysis the complete
energy equation must be considered within the droplet. It is
assumed in the formulation that radiation is absorbed uniformly
throughout the droplet. This assumption seems realistic for
droplets of the sizes scudied in view of the theoretical considera-
tions by Hottel et al9 on droplet radiation absorpticn characteris-
tics. Since T: >> I“, the surface radiation {lux is taken as

aBT: and the radiation absorbed per unit volume is

30814

o«

r
o

The energy equation within the droplet for the finite conductivity

case becomes:

ocﬂ'=ki-3-<r2 +qQ 3.5

P Ot r2 dr

7t
\\//

The boundary conditions available for the solution cf the
energy equation are the surtace convection condition, and the

existence of a finite solution at the droplet center.

| S
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The equations were first put in dimensionle

following substitutions:

T-T
6 = 2
T -7
x c
N o= r/rc
PO .3 S
2
pcpro

With thes: substitutions, Equaticen 3.5 becomes

98 _ 2
>~ Vo + v
Where.
or’
vos
kel -1 .
o (o]

55 form by the

(V%)

24
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ard the ncn-dimensionalized boundary conditions are:

0 is finite, n = C

The Laplace transform method was used tc sclve Equation 3.7
with the boundary conditions of 3.8. The complete details cf the

solution may be found in Appendix A. The solution £ he tempera-

ture distribution in the sphere as a function of time with convec-

tion and radiation heating is

2 -
) / 2 (Bl ) Z
Y +(= -1 cin/L T o -Y -
pai-2ya_n A2 R )- {Yie 'W(i - e )J
Toeel 2 BiBL v
n 2\ 2 4) n
where:
-Yn
tan Yn = Bi .
2

This solution was evalusted on the IBM 7074 computar using

. . : ., 23
the first five roots of Tan Yn’ as tabulated by Schneider ™, fer

various values of Ri and V.




The radiation absorpticn coefficient B, for both models
was taken to be 0.5. On the basis of the experimental results
of Faeth7, and the theoretical work of Hottel, et al9 this valus
seems realistic for the droplet sizes studied. Property values
employed in the calculations may be found in Appendix B.

The effect of including radiarion in the finite conductivity
analysis is shown in Figure 3.5. At the surface of the droplet,
the temperatures predicted by the finite ccnductivity model with
no radiation are 15 to 20 per cent below the temperatures of
the model that included radiation. Since the surface temperature
is of primary importance in determining the theoretical ignition
delay time, it is apparent that radiation should be included.
Figure 3.5 also indicates that significant temperaturz gradients
exist in the droplet. The importance of this 15 recognized in
relation to the liquid phase thermocouple readings. Since the
thermocouple is located at some point in the droplet between
the center and the outer edge, it will indicate a temperaturz
somewhat below the actual surface temperature.

Finally, the temperature at which ignition occurred was
assumed to be the boiling temperat .re of the fuel droplet. The
boiling temperatures were determined by employing the vapor
pressure data of Beilsteina and de C Crater6 for propylene glycol
dinitrate between 10.5 anad 10-1 atms. Reid and Sherwoodz1 indicat=

that a plot of In Pvp versus 1/T usually gives a reasonably straigh:
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line. By fitting 3 straight line through rhe data available, and
extending 1t, ar constant slope, to highzr pressures, the bciiing
temperatures were cbtained at those pressures The straight line
assumption of Figure 3 6 seems reasonable 1in view of Figure 3.7,

All three compounds piotted using Lange's‘“ data exhibitad tha

straight line characterisric up tc tha criticar point.

3.3 Experimental Resuits and Discussicn

in order to evaiuate the suitability ¢f the preposed
ignition models, further tests w2re ccnductad. The reszults ¢f th
experimental program are present:i¢ in Figures 3 8 througn 2.12

Figurz 3 8 pr2sented the vavriaticn of ignitien delay time
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and an ambient tempsrtature of 1460°R  Althoughk toe infinits <on-
ductivity medel is 1in rcugh agrzement «1th th2 datz, the finive
conductivity medel gives a sapsrior fit of thz -rends of this

figure However, due tc the approximats naturée of th: wmadz.;
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and the inaccuracies du
coenductivity medei for smali cime=s, it svems suffic.inr €C bzs:

the ccmparisen ¢4 tr2 infinmit2 conducivi-y model

The wariatien cf 1gnition deizy @ umé wirh ambient taxmpivator

"

cr 3 given droplet sizz is pra2s

nrad in Fig.v2 3 9  Again th:
anaiysis fol!mws the genera: “vand of the =xpzrimental resuits
reasonably «-1i. The change 1n gat-1°n d<1:v 135 2¥prainatle by

faster heat-up rates ar higosr ambisnt romp2ratur2s  This indica
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that ambient temperature exerte primary influence on heat-up rates
at this pressure, rather than pre-ignition chemicai kinetics as is
the case for bipropellent ignition,7

Finally, the eifect of various total pressures on the
ignition delay time is presented in Figure 3.10 and 3.11. As
the ambient temperature increases, the data foilows the analysis
more closely at low pressures. However, above 1 atm. total
pressure the analysis appears to break down somewhat. Considering
Figure 3.11, it may be noted that in all three cases the temperature
indicated by the liquid thermocouple fails between the center and
surface temperatures of the finite conductivity model. From the
0.1 atm and 1 atm data, it appears r2asonable to assume that
ignition occurred at a temperature reasonably close to the wet
bulb, or boiling temperatures predicted by Figure 3.7 However.
the ignition temperature cof the 11 atm test appears to be far from
the 1060°R temperature estimated from Figure 3.7. Figure 3.12
shows that, in the lower temperature range, the maximum measured
liquid temperature compares reascnably ~ith the bciling temperature
determined from the vapor pressure curve. However, abcve 1
atmosphere there is a marked departure from the curve. It is
possible that ignition did not occur at tbe boiling temperature,
but, more accurately, at the wet bulb temperature for a given
pressure. While the w2t bulb and bciling temperatures roughly

correspoad at low pressures. c¢his is nct necessarily the case at

high pressures.
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Also, it is important to note that in none of the data at
10 atmospheres and above was a stezdy state burning condition
attained. Apparently the flame becomes strong enough to increase
reaction rates even when fuel concentrations are below those
which would be attained at the wet bulb condition. Thus, the
burning lifetimes of the droplets in this pressure range were
very small in comparison to the heat-up time, and the comtustien

process did not occur at a uniform temperature.




CHAPTER 4

COMBUSTION

4.1 Theoretical Considerations

The burning rate, or mass of material per second leaving

a droplet, can be written from a simple mass balance, as

d \
- dt ( D p} 4.1
assuming constant density
. 3
. { d.b7)
m =% ° T4t . 4.2

For bipropellant diffusion flames dDzld: = -C {a constant®>.
This D2 correlation was used by Barrere and Moutet3 in cneir
study of other monopropellants, so in order tc compare results
this data was correlated in a similsr manner. It is recognized
from the results of Hllliamsze that the Dz relation is not strictly
valid for monopropellant flames. However, due to the limited
experimental diameter range it was difficult to distinguish whether
dD/dt = const., or dDzldt = const , Or wnether some intermediate

. . 2 . .
case existed. Using the D" correlation, Eguation 4.2 become:




(Y34
\0

t;xs-’z'oDC 4.3

where C is known as the buruing rate constant during the quasi-
steady state burning period. 7The value of C for a particular
combustion process is obtained from the slope of the D2 versus
time plot during the burning period. However, since thes droplet
diameter, D, is constantly decreusing during the burning pericd,
Equation 4.3 is valid a* any instant in the burning period.
Therefore, to _btain a moss durning rate from the data available,
it was necessary to detine T as the avavaze droplet diameter

during the quasi-steady state burning period
ma= - i pbC ] 4.4

The problem of predicting the mass burning rates of menc-
propeliant drcplets has been im-e:.tigared analytically by several
authorse’zz’za’ze. Since the aialysis presentad by Williamszs,
for motionless droplets, invoives measurements and propsrties
cteadiiy available and can be applied to ncn-adiibatic burning
it apneared most useful for tbis study. The simplified mode:r

n
¢resented by William526, and first attribuired to Spalding"2

1-cludes the following 2ssumptions:

AL




£l

1. The activation energy is sufficiently large so that
all heat release wiil occur in a thin shell at some

distance from the droplet surfac=:.

w

The droplet temperature is constant

3. The flame is spherically symmetrical snd natural
convection is neglected

4. Thermal diffusion is neglected

5. Quasi-steady burning is considered.

6. All gases obey the ideal gzas egquati<n of state, and

the total pressure is constanc

- . .26
The equations presanted bv Williams  are

The unknowns in the 2bove equation are Ic, m. _, and P ¥
-

However, from a strictly phenomenolvgical zpprcach tec the cor>.sricn

process, assuming 3 first order rescticn with cne step kinetics




N 1 E |
ap EXP«{- } 4.8

Y RT |
[N o

c C

This is the additional relationship available to sclve the

system f equations.

The experimental and theoretical works of Phi111p518’19,

Levy15 and othersl’5 indicate that the gasescu:s deccmposition of

N,

E

),

/
organic nitrates obeys the Archenius expression K = X EXP K-

RT
The basic mechanism of decompcszition is the breaking cf the °c
Q;NOZ bond. For propylene glycc! dinitrate, as reported by
Phillipsls, this process rejuires an activation energy of
37.4 E%%é. Thus, although the fuel obeys the first order law

consistent with the analysis, 1ts activaticn ensrgy may not be

sufficiently high to validate the thin fiame assumption.

4.2 Experimental Results and Discussion

Figures 4.1 and 4.2 present the mass burning rates obtained
by correlating ths test data with Equation 4.2. The curves fittad
through the points of Figures 4.1 and 4 2 indicate the generai
trends of the results and do not represent the predictions of an
analytical model. The dats of Figur2 4 1 wis found to be of the
same numerical level as the data cf Barrere and Moutet3 for ethyl
nitrate and propyl nitrate in the same temperature range. As may
be noted in Figure 4 2, limited data was cbtained at higher

pressures. This was due to the fact that the luminous flame present
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in that region prevented measurement of the dropiet during the
burning period. Consequently, Equation 4.3 could not be evaluated.
It should also be noted that quasi-steady state burning was not
attained in the 1l atm resulcs cf Figure 4 2, as the droplet
temperature was constantly increasing during the burning process.
Had a new wet bulb temperature been maintained during the combustion
process, the mass transfer rate; would probably be higher The
general trend of the resuits of F:izures 4.1 and 4 2 is for the
burning rate to increase with increasing ambient temperature aad
pressure. This is consistent with Equation 4.8 since PV, may be
thought of as a burning rate per unit ares  However, it does not
seem reasonable that the rapid change of the burning rates cf
Figure 4.1 can be explained by ambient temperature changes alene.
Te compare the analysis presented by WIiliamszs, Equations
4.5, 4.6 and 4.7 were solved simultanesously on the IBM 7074 com-
puter. The experimental mass burning rates were used for m and
the three unknowns then were Tc' Zer and AR 1f the combustion
process followed the analysis ciosely, it shculd be possible te
determine the activation energy from a log;,cvc ver sus IIIC plot
and compare it with the previously meas.red asctivation energy
kcal 18

of 37.4 role - This was dene 1n Figure 4.3 for che variable

temperature data of Figure 4.2, using varicus v>.uz., for the
thermal conductivity. It was found that it was nec’.sary te use

an unrealistically high value of the therm:’ - -nduct vity 1o get

st
. . - Koz . s

an activation energy clos2 to 37.4 0, # o1t 2essible causs

R

u
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of this deviation may be pointed out. First, as previously
noted, the thin flame model of Williams may be in error. The
rore general case of a flame of finite thickness would result

in & lower flame temperature and lower mass transfer rates.
Also, it is important to note that adisbatic burning was not
attained. Faeth'58 analysis, which considers non-adiabatic
burning, shows that the non-adiabatic boundary influences the
burning rate of the droplet in several ways. First, the heat
transported to the surroundings 1s nct available to vaporize the
fuel, and secondly, the reduced fiame temperature decreases
reaction rates which :auses the reaction zone to move away from
the droplet. (Consequently, the temperature and concentration
gradients at the droplet surface are decreased and a ccrresponding
decrease in transfer rates results. Finaliy, Faeth's8 analysis
showed that the flame was particulariy vulnerable to convection
effects for non-adiabatic burning. Natural ccnvection could
cause larger heat losses from the flame ani tnus explain the
abnormalily high effective thermal conductivities necessary to
get reasonable activation energies. These resuits also help to
explain the data of Figure 4.1. As the ambient temperature in-
creased, more heat was supplied to the dropiet Convacticn
effects on the reactiorn zone were reduced, and the reaction zone
moved closer to the droplet. This bepavior was alsc predicted

2 .
from the results of Willjams 8 model. since I decreased with

increasing ambient temperature




CHAPTER 5

SUMMARY

An experimental study of the ignition and combustion of a
liquid monopropellant in an inert atmosphere was undertaken. The
primary objectives of the study were:

1. To determine the effect of various ambient temperatures
and pressures on the ignition delay time and burning rate of the
monopropellant.

2. To propose a realistic ignition model and compare it
with experimental results.

3. To check the validity of a suitable monopropellant
burning theory when applied to the experimental results.

An experimental apparatus was employed which allowed testing
over a range of ambient temperatures and pressures.

On the basis of preliminary tests, two heat-up models were
proposed. The first model assumed the temperature of the droplet
was uniform, but varying, while the second model considered tempera-
ture gradients within the droplet. Because of the approximate
nature of both analyses, and their rather close agreement in
predicting heat-up times, the bulk of the comparisons were made

with the infinite conductivity model.
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Regarding the heat-up process, it was noted that, at
atmospheric pressure, ambient temperature exerts the primary in-
fluence on heat-up rates rather than preignition chemical kinetics
as is the case in bipropellant ignition. At precssures of 1 atm
and below, the data seemed to substantiate the boiling temperature
ignition assumption. However, above 1 atm the results deviated
significantly from the theoretical predictions.

Further study will be required to determine the reasons
for the failure of t.. Yeat-up analysis at high pressures One
possibility is that the final wet bulb temperature cf the droplet
may not be well represented by the boiling temperature at high
pressures. While these two temperatures, roughiy correspond
at low pressures, this is not necessarily the case at higher
pressures. Also it is possible that, at the increased heat
transfer rates at higher pressures, the temperature profile near
the droplet surface was very steep. Consequently, the we: bulb
temperature may have been reached at the surface, while the
thermocouple, located between the center and the surface, indicated
a temperature significantly below the wet bulb temperature.

In the combustion study it was found that the experimental
burning rates did not correlate weli with leliams‘28 theory.

The major assumptions of ‘..’illiams'28 theory which were violated

in the test program were:




Ehg
\O

1. The activation energy was not sufficiently large to

validate the thin flame assumption.

2. Natural convection may have been important in the case

of non-adiabatic combustion.

It is believed that natural convection caused sfrious heat
losses from the flame resulting in decreased mass transfer rates
from the droplet.

Any future investigation of the burning rates would do well to
design for adiabatic combustion. Under that condit'on Williams928
analysis could be checked solely with regard to the thin flame
assumption for a range of activation energies.

Finally, it was noted that the ignition delay time was
significantly longer than the burming lifetime. In particular, at
high pressures the burning lifetime is so short that, after ignition
(presumably at its wet bulb temperatur:), the droplet is consumed
before its new equilibrium temperature is attained. Cousequently,
the entire burning process was transient in nature and the mass
transfer rates were prohably lower than would be expected in guasi-

steady state combustion.

V)




APPENDIX A

DERIVATION OF FINITE CONDUCTIVITY HEAT-UP MODLCL

The energy equaticn within the droplet as given in

Chapter 1 is

2
T 1 o o1
pCo 3t k rz 3t St Y+ Q Al
with the boundary conditions
or | - =
k 3 h T, 1), r e A.2

T is finite at r = Q.

Non-dimensionalize by defining
0 = (T - T /T, -1

n = r/t°

T = tft
o
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and choosing
pCr 2 Qr 2
t = —22_ v —2
o k ’ k(T -T)
© "o
Eq. A.l1 becomes
2
%g = v 6+ ¥ A.3
and the boundary conditions are
B
%ﬁ = 5 ey, =1 A4
at n = 0, g is finiz>.
Employirg the Laplace transformation technique, A.3 and
A.4 sre transformed to the S-domain
a2(n 8) . by
2 -smg = - = A.5
dn
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where
6 = 9 (s, n
The sclution of the ordinary differential Eguation A.5 1s
né = C3 sinh 27 + Ca coshk Zn + i%
where
Z = \j 5
Applying the bou~ " _.ry condition that
5 is finite at n = O
then
CA = 0
and the equation becomes, 1 é = C3 sinh 2~ « Eé A7

W
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Differentiating Equation A.7 with respect to 7

a9 c (Zy _cosh Zn - 1 sioh Zn) A8
dn 3 WZ ’

Now, equating A 6 and 4.8 at n = 1

Bi Bi .

— - — = s -s‘ . .

2s 2 8 C3 (Z cosh Z inh Z) A.9
From A.7, at = 1

o = ; 2

] C3 sinh Z + 3 A iC

Substituting A.10 intec A.9, and sclving for C3

o

C o1 1 - ¥/3)
3 25 (Zcosha e+ [Bij; - 1. sinh 2}

Substituting C, intc A.7 we cbtain the folilowing solutiorn
for g
B (1 - v/s} sinh In

¥
& = +—
275(Z ccsh z - fB1/2 - 17 sinh 2) s




The proklem now becomes one of obtaining the inverse trans-

forr of g.
Let ;1 -1 = 8 , ;3 <
Then
g = —asinhZn . _.gsionz —
ns(Z cosh Z + B sinh Z) nsz(z cosh Z+B8 sinh Z; 52
- 5 - 5,

These functions are ail single-valued. Applying the

inversion theorem

Lim rotiw s*
6(r.m) = 5= L. 8 (s,n) e ds
g-iw

where the line integral is taken ‘rom A -~ B in the complex

plane. B




\n
(]

Since, as w < ®», the integrals over BCA disappear

c+iw
- r -
f 6(s,n) e®Tde = Lim / 6(s,n) e%Tds

D ~» o
b 4 o-iw

= inz (residues within the contour)
or

g+iw

8(s,n) e5Tds = Z (residues within the

i woe contour of 6 57)

o-iw
6

This has a double pole at S = 0

8 e51 - ‘e57182

d 2 1 4
Rsi ( ds (s si) 0e )]s "%
thus
R3 d
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51 : This has a simple pole at S = 0O

é BT - & e87 sinh Z 1
1 ns [Z cosh Z + B sinh 2]

now for a simple pole

Lim st
Rs = oo, [(s-si) ge ]
i i
thus
Lim f q es' sinh Zn i
Ré * §-0 | | = 1
1 t n(Z cosh 2 + B sinh Z -

It has other poles, all simple, whenever

ZcoshZ +BsinhZ = 0

letting Z = 1y

iy cosh i y+ B8 sinh iy = iycosy+ 18 siny




U
~}

or
tan =
y B

Let the roots of this equation be

Yo Zy = 1Yy

nw for a simple pole, if

then

In our case

N(s) = s [Z cosh Z + B8 sinh 2]
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and the relevant part of n' is
d .
ns 3, (Z cosn Z + B sinh YA

since, upon differentiating, the other part in brackets is

zero at a pole.

¥ éd _ & dz 1 4
Now 2 = 8" » g dz ds 27 dz

thus

N - gg [cosh Z + Z sinh 2 + B cosh Z]

. . th .
substituting the n root for z and collecting

B
5 cos YN - YH sin YN] :

N’ LN
=2 Yl

Z=Z
Row

M(s) = «a e%” sinh Z 0

substituting again for z

2
M(s),., = @ e N T i sinyY, n
N
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thus

-Y 27
— 20 N Tsin (an)

YNTl(aCOS Y Yy sin YN)

N=1
YN
But since t=n YN = - E-
by constructing the triangie
B
s
-YN
thus
. -YN
sinY, = », cos Y, = —E
N N
2 2 J 2 2
Nyy + B N Y+ B




making the appropr ate substitutions

YN'

oy [ 2 Bi ,2 -
B -\’YN t\z ¢ (¥, n)
R- = == z _ sin _N " e
SO 2 Ii/By N
A G S
v Y7 (2

The complete transformation of él is

By
2

and

I..1 l!-‘(s) = f F(x) dx
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thus
— —
B 2 -y 2,
By o VG HF D statvg N
N=} YN + E—( 7 -1) N
adding the partial solutions
e(‘rm) = 91(1,r|) - 6,(T,m) + 93(7,n)
The compiete solution is
- ! B 2
o ! i 2 R 2
Bi YN+(2 -1) sin(YNn) { 2 YN T- ) YN 1
6 -] -~ - — Y. e v(l-e )
(7913) b} 2 Bi Bi Y 3 L N
Ne=l YN +'E-C—§ -1) N




APPENDIX B

FLUID AND GAS PROPERTIES

Bl Fluid Properties
Source or Method
Property Value of Calculation
. 3 o 6
Density 85 LBM/FT™ at 20 C de C. Crater ,
Beilsteina
Specific Eear 4.14 BTU/LBMR at 20°C Calc.-Johnson and

Enangzl Method

3

Latent Heat of Calc. siacalonez‘

Vaporizacion 158 BTU/LBM
P : Method
Critical Pressure 35.8 ATM Calc. I.ydersenz1
Method
Critical Tempera- . o From Vapor Pressure
i070R ..
ture Curve at Critical
Pressure
Thermal Conductiv- 9.30 x 102 _EIEL:;. Calc. Weber21
1ty o FT HR R Method
€ 20¢C
Heat of Combustion -2000 BTU/LBM From Oxygen Balance

Curve2




B2 Gas Properties

Specific Heat

Heat-Up Thermal
Conductivity

Burning Thermal
Conductivity

~.56 BTU at 2500°R
1M

Assume k = k
n

2 air

.054 BTU at 2500°R
FT HR'R

Cal. Bennewitz and
Rossner21 Method

Keenan and Kayll

Johnson-ﬂuanglo
Chart using Viscos-
ity Cal. by Bromley-

Wilkezl Method
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