ON THE BURNING OF SINGLE DROPS

OF MONOPROPELLANTS

Thesis by
Donald Walier Kiley

Lieutenant, United Statesiﬂawy

In Partial Fulfillment of the Requirements
For the Degree of |

Aeronantical Engineer

California Institute of Technology

Pagsadena, California

1955



ACKNOWLEDGEMENTS

The author wishes to express his appreciation for many helpful dis-
cussions to Dr. S. S. Penner, who suggested this investigation, and under
whose guidance this work was carried out. He is indebted to Mr, Mght

Weber for assistance with some of the experimental work.



ii
ABSTRACT

A simplified theoretical treatment has been developed for the burning
of single drops of monopropellants. Evaporation constants and the ratios
of flame to droplet radil have been calculated for the following moﬁo—
prapellants burning in an inert atmosphere: hydrogen pereiide; nitro-
methane, hydrazine,vethylene oxide, ozone and nitrous oxide. Compgred
with the results of similar calculations for fuels burniné in‘aif, mach
smaller flame radii were obtained, while the evaporation constants were
found to fall in the same range as before.

Attempts at burning single droplets of moudpropellanté»(e.g. hydrazine
and nitromethane) in a nitrogen atmosphere were unsuccessful. Mondpro-
pellant droplets burning stably in air were found to extinguish if the
oxygen‘was removed during burning. These experimental findiﬁgs probably
reflect the well-known difficulties encountered in monopropellant opere~
tion, which is usually successful only if a suitable reactién catalyst is
aveilable, The applicability of calculated monopropellant burning rates
to practicalicases cannot be assessed at this time. |

Single drépiets of hydrazine and nitromethane were burnt in air and
eiapération constants determined experimentally.i The megsure& rate for
hitfomethane was found to be in good agreement with caleulated results for
heterogeneous burning of fuel droplets in air. The measured rate for
hydrazine was found to be considerably higher than thé value calculated
for fuel droplets burning in air or for monopropellant droplets burning in
an inert atmosphere. This latter result probably indicates that the
assumption of a diffusion flame for the dburning of hyd:azine in air is not
valid, i.e., the hydrazine decomposes throughout the fegion between the

liquid surface and the "flame surface" rather than reacting instanﬁaneously
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at the "flame surface®.
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NOMENCLATURE

radial distance from center of drop
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I. INTRODUCTION

In recent years there has been increased effort to determine the
mechanism of combugtion of individual droplets of fuel, These basic
studies were initiated in order to ald in the design of efficient spray
injection type burners. ;

Most of the previously published experimental work of heterogeneous
burning of single droplets has been limited to the study éf ligquid fuel
droplets burning in an oxidizing atmosphere. Yor example, Godsave (1,2),
Goldsmith and Perkins (3), and others have conducted experiments with such
hydrocarbon fuels as benzene, ethyl alcohol and n-heptane ﬁsing air as the
oxidizing medium. These investigators have found that for stegdy burning
the aquare of the burning droplet diameter decreases linearly with time.

Hall and Diederichsen (&) have carried out experimental studies on the
combustion of drops of liquid fuels at various pressures. They concluded
that the mass rate of burning of fuel droplets is roughly pfoportianal to
the one-fourth power of the pressure for pressures up to twenty atmospheres.

Efforts have also been made towards understanding tﬁe mechanism of
burning of single drops of fuel in oxidizing atmospheres. Godsave (1,2)
obtained a useful theoretical interpretation of hies experimental results
by essuming that the chemical reaction retes do not control the rate of
burning. Under these conditions the prodlem iz essentially a study of heat
and mass transfer between the flame front, the fuel dfoplet,and the sur-
rounding atmosphere. The location of the reaction front is determined
empirically, With this physical model Godsave derived an explicit expres-
sion for the burning rate of liquid fuel droplets which contained two adjust-

able parameters. These were the temperature of the fleme front and the

combustion radius. Godsave (1,2) showed that the use of reasonable values
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for these parameters was consistent with the observed mass burning rates.

Goldsmith and Pehher (5) and Graves (6) obtained explicit relations
for the mass burning rates of fuel droplets by postulating that the
positiop of the flame front is established in such a way that the deliv-
ery rates of fuel to oxidizer are in stoichiometric proportions. Tﬁese
authors derived relations for the radius of the flame front, tﬁe flame
tenperature, and thé.maés flow rate, which contained no adjustable para-
meters. |

The method of Goldsmith and Penner can be extended to calculetions of
burning rates for monopropellants, It is the purpose of the present
study to show the required modifications for monopropellants in the special
cage in which chemical reaction rates are not rate—controlling.‘

' The assumed mechanism for the combustion processes is thevfollowing.
The fuel evaporates and diffuses to the reaction front, which is agsumed
_to he a spherical shell surrounding the droplet. The 1ccgtion of the reac-
tion front is defined by assuming that the reaction zone teﬁperature is
0.90 bf the adiabatic flame temperature. It is assumed that the reactants
are consumed instantaneously upon reaching the flame frént. The problem
of determiningithe rate of burning, therefore, requires selving a trans-
port problem. Generally the rates of mass and heat transfer will be in-
ére#sed by the effects of convection. Therefore, a lewgr limit for the
burning rate will be obtained if the analysis is made for a droplet burn-
ing in a still atmosphere, neglecting the convection 6f hot gases over the
fuel droplet.

A detailed discussion of the theory and a derivation of the basic
relations, following closely the paper of Goldsmith and Penner, is given

in Section II. The results of representative calculations are described

in Section III for the following monopropellants: hydrogen peroxide,
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nitromethane, hydrazine, ethylene oxide, ozone, and nitrous oxide, all
burning in nitrogen.\

Some unsuccessful attempts at igniting single droplets of monopro-
pellantg (hydrazine and nitromethane), supported from a quartz fiber in
nitrogen, are deseribed in Section IV, These same monopropellgpts Eurning
stadbly in air were foun@ to extinguish when the oxygen was'reméved from
the surrounding atmosphére. These results probadbly reflect the well-
known practical difficulties encountered in menopropellané operation,
which is often successful only if suitable ignition catalysts are employ-
ed.,

The evaporation constants for the burning of hydrazine and nitro-
methane in alr were determined experimentally. In Section ? these experi-
ments are described, and a comparison is masde with results caiculated for

the heterogeneous burning of fuel droplets in air.
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II. A SIMPLIFIED MODEL FOR THE BURNING OF SINGLE DROPS OF MONOPROPELLANT*

- In order to present a clear picture of the physical model upon which
the analysis is based, the importaht assumptions are listed in detail
below: 1. The droplets are spherical, 2. Convection effectg,may.be
neglected. 3. The flama front surrounding the drop is reﬁr;sénxed by &
spherical surface concentric wifh the drop. All reactions take place
instantaneousi& at this surface, at which the temperature‘is assured to be
0.90 of the adisbatic flame température. The calculated burning rates are
not a sensitive function of the assumed ratio of flame surface temperature
to adiabatic flame temperature. L. Steady staﬁe solutions are assumed
for fixed droplet sizes. 5. The effect of heat transfer by rgdiation is
neglected. 6. Mean values are used, when appropriate, for the physical
properﬁies. 7. The temperature of the monopfnpellant drbp is sssumed to
be uniform and equal to the boiling temperature. Aithough this assumption
is guestionable, it does not exert a large effect on the théoretical
results. 8. The pressure is assumed to be uniform throughout the system,

A schematic disgram of an evaporating and burning msnopropéllant
droplet in an inert-atmosphere is shown in Fig. 1. The radius of the
liquid dfep is‘:( and its temperature is the nﬁrmal bolling ﬁcint T, .
Thebraéial distance of the combustion surface from the center of the li-

quid droplet is r, and its temperature, T,, is 0.90 of the adisbatic flame

c’
temperature Tg, i.e. T, = 0.9 Ty, The inert gas mixture at a large distance

from the combustion surface is at temperature To*

* The present discussion follows closely the wording in the paper by
Goldsmith and Penner (5). However, appropriate changes are introduced
vhenever necessary in order to make the analysis spplicable for our model
of monopropellant burning.
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Let ﬁg represent the steady-state mass rate of fuel consumption, wkhich
is the desired eigenvélue of the boundary-value problem; t is the time,/o ,
,cP and /| represent, respectively, the density, specific heat at constant
pressure, and thermal conductivity; A, equals the specific latent heat of
evaporation of the fuel,

Fbr a constant-pressure flow process, the first law ofrtherﬁodynamics
: le#ds to the relation

e = 3%

where dh/dt is the rate of enthalpy increase of the gases passing through
a fixed volume to which the total rate of energy transfer is dq/dt. For

s sphericel shell bounded by the radil r; and rg, the energy egquation

takes the form

. 2 2 '

—(he)| = — —|4 J : (1)
rhg| (sl = (b ﬂznm Xﬁ_ﬂé [ 4 AE%B
where the subscripts i and f identify, respectively, the surfaces at r;
and rf, and h, is the specific enthalpy of the monopropellént.

The general continuliy equation for species K can be written in the

form

Tk = ATTAT The . Dy féﬁ%'

" (Oy&[;ﬂuqo Yo d=a ‘ (2)
where ﬁK is the rate of mass transport of species K,/o is the density of
the gas mixture. YK equals the weight fraction of the species K, and Dy
is the appropriate diffueion coefficient for species K, Bquation (2)
states that the total mass transport of species K is equal to the sum of

the mass transport of species K associated with the movement of the aver-

sge fluid, ¥z hp, and with the mass transfer by diffusion, —4774 0 Dx %14'5



b
The momentum equation reduces to the statement that the pressure is

practically constant, ‘which is assumed to be the case in the analysis.
'A. Derivation of Godsave's Equation for myp.

The expression for conservation of energy, given In Equatit},n (1), is
applied to the spherical shell between r, and r for r< rc; The rate of

enthalpy trensport at r, is

e Chedlg

and at r

The(hudy

The rate of énergy transport by thermal conduction at 4 is
_[4ﬂ'A,J‘A _J_I] | = —7m. Ay
dA e

and the rate of energy transport at r into the spherical shell between

ry and r is

474 A AT
dA

Hence Equation (1) becomes

THF{(bu)T—(/H/H)KJ = — Ebe y WATALT

or

i 4T = zﬁg_[M " [ch,,/)u AT] (3)

where the subscript M to the specific heat indicates the monopropellant

vapor. If it is assumed that A=A, . is independent of temperature ané
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also that (cp;w - (cp;« is constant, then Bquation (3) becomes

4774‘% :[ _.E.QE)A%) [( +(7’—7‘)]
2

Integration of the precefding expression between the limite r = r, at
T=T, andr=r,atT= Tc leads directly to Godsavels equation for

* s
mF, Yiz. 1]

e = 477;21 ./1./ ,@n[l * %(7"—“&)]
el 11— tism)

(&)

Examination of Equation (4) shows that for r >>r g, or for conatant values

c
of rp /rc, iip is a linear function of the droplet radius. Also, since T,
is generally large compared to T ¢, it follows that ﬁF is not a sensitive
function of Ty . |

It shoilld be noted that Equation (4) was derived without making any

special assumptions about the location of the reaction front. For this

reason the expression for ﬁF contains two unknown parameters, Tc and Toe

B. An Expression For fip If A and (cE),( Are Linear Funétions of the
Temperature.
A refinement of Godsavels equation was obtained by Goldsmith and
Penﬁer by deleting the assumptions (a) that A can be mesigned an average
value, A,, in the temperature interval between T y and T,, and (b) that’

the specific heat of the monopropellant vapor is constant. We use the

following approximate expregsions:

2= 4(z) o

where A¢is the thermal conductivity of the monopropellant-inert gas
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mixture at the tempersture ?/7, and
(CW = g+ bT (6)

where a and b are suitably chosen constants, Equations (3), (5) and (6)

lead to the result,

ATAAT = theTz | a (T-%) +b (T-F2) + As
dA Ae T F |

Integration of this expression from r, , T, to Tys Tc results in the

relation
he = 497 )+ (=) a+hT +b T _ (7)
e T%{M[ +£..;A_/_;e)(a+1 +2-x)]+[Cpc Cg]}
where .
— 2a f’an—‘.u_b_'[. for 7 >0
Vv Vo .
¢ - ; (8)
_iﬂ——f-dﬂ/'l ‘é_'_t_b_l v < O
= r
vhere qz; is the value of q? for T = Tc and e ig the value of P for
T="T,, and
y = 1b(4/—.%7,’(1~a z;).—a." (8a)

Reference to Equations (7) and (8a) shows again that iF is determined

provided LA and Tc are known,
C. Determination of the Combustion Radius.

For the spherical shell between r >r, and r,, Equation (1) becomes
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o (hp), 7 Chp),, = [ 4 A g%] - [ ama* jJ_EL (9)

A

where hp denotes the specific enthalpy of the products of reaction. The
term-[4ﬂvt2;131%@14 equals the totszl heat evolved on reaction at @c

minug the energy transported to the fuel droplet, i,e.
2 ’ -
_[4rm, /‘{_j_!%l = -m,:{—(hp),z +(hd . — Dp ”[‘V)Tc ..gw),;ﬂ ‘
¢ _

where h . is the specific enthalpy of the monopropellant. Hence Equation

(9) becomes

. : 10
_4m*sz£ = WF{Z—*—[‘“P)T"CHP)T*H o (10)

where
3’* - ~ Chplex +Chea ) n + <o (Te—77) (11)

‘Here T* is a standard reference temperature (298.16°K),,and qA¢ denotes
) constant specific heat for the liquid monopropellant in the temperature
range T to T » . The quantity g* differs from thé staﬁdard heat of
. combustion for>one gram of liguid monopropellant through the addition of
the termec , (T, - T*). If (E;)P is independent of the'température, then

Equation (10) reduces to the relation
— 47TAT Q4T = 77’7,:[3,** (T-77% )(c?)P] : (102)
dr
This squation is of the form
ATA AL = 7p (lp (X + 7)) (101)

with
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,(g.-—_%f"_ -~ T = — 7 (12)
CCP)p

Replacing A by"ﬂcT/Tc in Fquation (10b) and integrating from r,,

Tc to oo -, T, the following relation is obtained

o amd. | (m-m) +7,2,(>w.(To— ) (13)
/’/c T"F(CF)PT . »

From Equations (7) and (13) an expression for rc/qz is obtained, viz.

A_C_:. l'f'_z(J___T'_(SE).E__.[(Té——T)—I-ﬁ/&VL Jo— t] (1'!4)
2l Ac e b
where
é’ /@n[l + )(a +J:_72 +h.‘/r,,) c& Cg(] ’ (15)

‘Reference to Eguation (14) shows that rc/g{ is a constant for fixed
- values of the physico-chemical parameters. Hence Equation (7) ghowe that

éF is & linear function of o
D. The Evaporation Constent KI.

The linear relation between EF and Ty has been used to obtain the

following expression for the variation of droplet dismeter with time:
2 , ‘

where & is the droplet diameter at time t, do is the initial droplet
diameter, and the constant K! is referred to as the eveporation constant,.

It is eagily shown that X! is related to ﬁF through the expression
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T he e

Q7)
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III, RESULTS OF REPRESENTATIVE CALCULATIONS

The procedure for calculating the various quantities involves the

following steps:

(a) TFor suitably chosen values of the physico-chemical parameters
and assuming Ty = 0.90Tp, the computational parameier & 1s
obtained from Equation (15).

(v) The quantity r,/r, is obtained from Equation (14).

(¢) mp/r, is determined from Equation (7).

(d) PFinally, the evaporation constant, X!, is calculated from Equation
(17). |

The calculations were carriéd out for the monopropellants_décomposing

as indicated below:

(a) Hydrogen Peroxide

3202(1)._—' Ezo(a\ t %02(‘3)
(b) Fitromethane

CE4N0, ,—> 02005, + 0.8C0, + O0.7Hy  + 0.5N, -+ 0.8H0,
(¢) Hydrazine

HZHbm N2

@‘l‘ 232‘5)

(d) Ethylene Oxide

CoHy0,,— €O, + CH,

(e) Ozone

203 (2) - 302“)
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(£f) Nitrous Oxide

a0y —= TWp,+ 302,

The appropriate values of the physico-chemical parameters and the

calculated values for r,/r¢ and K' are listed in Table I.
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Reference to Table I shows that the calculated values of K! fall in
the range 5 to 12 x 1073 cmzlsec, which is similar to the results obtained
for the heterogeneous burning of fuel droplets ih sir. On the other hand,
the calculated values of rc/g( are roughly 1.5, which is only sbout one
fourth of the corresponding results for fuel droplets burning in,air; It
shouldvbe noted that observed flame radii for fuels burningrin éir'are
generally much smaller than the calculated radii. This result, as well
as the impossibly high flame temperatures obtained (neglecfing‘diséoqia~
tion) for fuels burning in air on the assumption that the flame surface
corresponds to the position where the delivery rates of fuel to oxidizer
are in stoichiometric proportions, suggests that‘the assumpfion Tc= 0.9Tf

may be a generally useful concept.
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| 1V, EXPERIMENTAL STUDIES ON IGNITION AND BURNING OF MONOPROPELLANT

DROPLETS
A. Burning of Single Drops in a Nitrogen Atmosphere

The apparatus used for the experimental work is shown in Eié.vz.

The object of the investigation was to photograph and record the decrease
in drop size with time during combustion. The combustion tank shown in
Tig. 2 was used so that the monopropellant droplet could be surrounded by
nitrogen. The tank had the shape of a cube measnrigg 12 inches on each
side (inside), 2nd was made of 1/2 inch thick lucite excepﬁifor the 1/4
ineh thick front and back psnels, o

_Nitrogen was introduced through a 3/8 inch fitting screwed into the
tank side. A similar fitting on the opposite side of the tank,‘open to
the atmosphere, served as an exhaust line.

"A fine silica filament was cemented to a brass bolt screwed through
the top of the tank. The filament and bolt were of such a léngth that the
tip of the filament was about in the center of the tank; It was necessary
to thicken the end of the filament in order to retain the liguid dreop on
tpe filament. The diesmeter of the thickened end was aéproximately 0.30 mm,

The drops were suspended on the filament by means of a hypodermic
syringe and an eight inch needle inserted through a rubber diaphregm in
the top of the tank. The drops were between 1.5 and 2.5 mmiin dismeter.
The diaphragm was made by cementing a piece of 1/16 inch neoprene over a
1-1/2 inch hole cut into the top of the tank., A sketch of this operation
is shown in Fig. 3. After suspending the drop the needle’was withdrawn
and. the diaphragm sealed itself. | |

It was planned to ignite the drops by means of an electric spark,
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: For this purpose electrodes of 1/16 inch brass rod were bolted to the
sides of the tank and positioned so as to leave a gap of about 1 em.
_across the filament tip.

The first attempts to ignite the drop were made using 2 six-volt stor-
age battery connected through a spark coil and an on-off switch to tﬁe
electrpdes. Attempts were made to ignite nitromethane and hydrézine by
this method but all attempts falled,

The battery and spark coil were then replaced by a continhousiy spark-
ing Tesla coil lesk tester,which was connected to the electrodes. The
spark was hot enough to cause rapid evaporation of the drops but would not
ignite them. The sparks were observed to "go around" the d:op of nitro-
methane no matter how short the distance between electrode and dr0b; On
the other hand the sparks appeared to "go through® the hydrazine; in this
case thé only observed effect, besides rapid eveperation, was a yellowish
discoloration of the drop.

Belleving that more powerful sparks would only succeed 1ﬁ knocking the
drop off the filament, it was decided to try ignition by means of a hot
wire. For this purpose a probe wae built by passing two large insulated
copper wires tﬁrough a 1/4 inch copper tube about 10 inches long.

The ends of this tube were sesled with cement and smgllvpieces of
ﬁungsten wire were clipped to one end., The other end was connected to a
six volt storage battery. The temperature of the tungsten wire was
controlled by its length. Pieces about 1 inch invlengﬁh or less would
burn out almost instently when the battery was connected. The probe was
introduced into the combustion tank by passing it through a 1/8 inch hole
cut into the neoprene diaphragm. A sketch of this arrsngement is shown

in Mg. 4.
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Two different hot wire arrangements were used in the ignition attempts.

At first a 1 cm., piece of tungsten wire was used and passed through the
_drop. When the battery was connected, the tungsten burned out with the
expected white flash but the drop was undisturbed.

A second attempt wos made using o tungsten wire about 2 inches 1ong
formed in the shape of a coil. The coil was passed around the drop and
the battery connected. The temperature of the wire was increased by using
progressively shorter wires. With 1 inch lengths the wire buinedbeut
almost instantly. The only effect of inereasing the wire temperature was
to increase the evaporation rate of the drop. A last attempt was made
using a 1-1/4 inch tungsten wire and placing the white hot'wire in contact
with the drop. The drop evaporated more rapidly thsn before bﬁﬁ did not
ignite, Removal of the hot wire after a short time immediately halted the
rapid évaporation, thereby eliminating the possibility that the drop was
actually burning with an invisible flame.

It was felt that any further attempts to ignite the»dropé under these
conditions would be futile, It was decided to study the change which
occuibd in a continuously burning drop as an oxidizing étmosphere vas re-

placed by an inert atmosphere.
B. Apparatus for Continuously Burning Drops*

The apparatus used for the experimental work with a continuously burn-
ing drop is shown in Fig. 5. The object of the investigation was to photo-
graph and record the change in flame characteristics as an oxidizing atmos~

phere was gradually replaced with an inert atmosphere. Continuous burning

* The author is indebted to Mr. M. Goldsmith for the loan of the apparatus
used in these studies,
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. was obtained by feeding the monopropellant through a hypodermic needle
with a porous ball cemented to its end. The porous ball was made from
~alumina and had a diameter of about 7 mm. A small hole was drilled in the
ball into which the needle was cemented using a high temperature ceramic
cement. The needle was attached to a 50 cc hypodermic syringe held fixed
in the apparatus by two clamps., The plunger was moved thréugh‘reduction

- gears and a worm drive by a 12 velt, 4,000 rpm D,C. motor, controlled by a
rheostat and rectifier. With this arrangement the monopr&peliant fuel
flow could be varied from zero to a level where excess liquid would drop
from the porous ball. The needle and ball were introduced into the com-
bustion tank by means of a slotted bolt threaded into the side of the tank.

It was planned to ignite the drop in a2ir and then, after a@jugting the
rheostat for steady burning, to introduce nitrogen slowly until .the tank
atmosphere was inert. The burning drop could be photographed with a 35 mm
movie camera at intervals during the cycle. “

The drop was ignited using the probe and tungsten wire éoil.’ Ignition
occurfed quite readily. The rheostat was adjusted to maintain continuous
burning and nitrogen was slowly introduced into the tan&. As the nitrogen
entered the flémé became very sensitive to any mechanical influence., Jar-
ring the tank or needle would cause the flame to.extinguish,iﬁmediately.
Variation in the feed rate would sometimes cauée a drop of monopropellant
liquid to drop from the porcus ball. When this happenéd the flame would
go out. As the burning time and percentage of inert étmosphere increased
the sensitivity increased dntil eventually every drop Qould be extinguish-
ed despite a plentiful supply of monopropellant fuel. Once extinguished
the drop could not be ignited until the tank had been‘flushed with air.

In order to determine whether this phenomenon was due to lack of
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oxygen or to mechanical disturbance, the porous ball was removed from the
tank and set up as shéwn in Pig. 6. The drop was ignited and the ap-
_paratus adjusted for continumous burning. As long as the drop was burning
in a2ir it continued to burn with a steady flame. Vibration or jJarring of
the needle had no effect on the flame. Increasing the monopropglla#t
WeEs £low caused excessaliquid to drop from the porous bali but.with no
detrimentel effect on the flame. In order to check the effect of lack of
oxygen, a 500 cc beaker was invértsd over the flame, Witﬁin a few seconds
the flame exhibited the same type of sensitivity it had in the combustion
tank and was easily extinguished by a slight vidbration or jarring. When
great care was teken to eliminate any mechanicel disturhanég the flame
lasted a short while longer but eventuslly wes extinguished. VAé abfinal
check, the beaker was flushed with nitrogen and then inverted over the

burning drop. The flame was instantly extinguished,



V. EXPERIMENTAL STUDIES OF THE BURNING OF MONCPROPELLANTS IN AIR

Since the nitromethane and hydrazine drops would net burn in an inert
atmosphere, at least without & suitable catalyst, it was decided to com-
pare the burning rates in air of these monoprepellants with the. caleulated
burning rates for burning of fuel droplets in air. | f

The appa.ratﬁs used for this investigation is shown in Fig. 7. The
siliea filaments were similar to the ones previously described. The drops
were suspended on the filament by means of a hypodermic syringe and
needle. Ignition was accomplished by a small flame.

An electrically driven Arriflex 35 mm movie camers was ﬁsea to photo-
graph the burning drops. The drops were photographed in silhgﬁétté by
providing strong background illumination. A 10 inch adspter tube was used
with thé lens to obtain as large an image of the drop as possible. A
lens setting of f9 was determined to be satisfactory. The background
illumination was provided by a 100 watt light buld located directly behind
the filsment tip. EKodek Super XX 35 mm film was used.

The drops were photographed at a camera setting of 26 frames per second.
The actual caméré gpeed at this setting wae checked by photographing a
500 watt light buld through slots cut into an aluminum d.’gsk at;.tached to a
éonétant-speed motor, With this stroboscope the camera timing was found
to be 26.31 frames per second (1 frame per 0.0384 seconds).

A 3/32 inch ball bearing was photographed at the 'béginning of each
100 foot roll of film, This calibration was carried out under the same
caméra focusing conditions asg for the burning drops, thereby providing sn
accurate reference measurement for determining the magnifica.tién of the
vhotographs and, consequently, the actusl size of the tirops.~

The size of the burning drops was determined by using é, technique very
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similar to that described by Godsave (2). The film was measured with the
aid of a 35 mm microfilm reader (to produce further magnification) and a
_steel scale graduated to 1/2 of a millimeter. Two measurements were made
on each frame, namely, the two per@endicular dismeters inclined at 45°
to the major and minor axes in the plane of observation. The mean éf these
two measurements was recorded as the "effective dismetert éf tﬁe drep. If
the major and minor axes do not differ greatly, as was the case in these
tests, then it is easily shown that the volume of a spheré with the
measured effective diameter is not greatly different from that of the
prolate spheroid which actually corresponds to the shape of the drop. As
can be seen from Fig. 8, the suspended drops wefe reasonahiy gpherical
during the major part of their life.
 In most cases, measurements of each drop were taken over a range of
sigzes éztending from the initial to approximately one half of the initial
drop diameter. Bvery fifth frame of the film for each drop was measured.
The experimental results gave directly the drop diametef, d, as a
function of time, t. The plots of dz against t were found to be linear,
Typical experimental plets for nitromethane and,hydraziﬁe are shown in
Figs. 9rand 10; fespectively. The value of K' is determined directly
from the slope of the straight lines and has the dimensipns,cﬁz/sec.
| ‘The calculated evaporation rates for burning of fuel droplets in air
were obtained using the equations derived by Goldsmith and Penner (5).
These results are compared with the observed values of XK' in Table II.
Reference to Table II shows that the measured burning rate for nitro-
methane burning in air is in good agreement with calculated results., Com-
parison with the evaporation constant calculated for ﬁitromethane barning

in an inert atmosphere shows the anticipated result, namely, since the
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" reaction products do not differ greatly, the burning rates are similar,
The value of burning rate observed for hydrazine burning in air was
-found to be considersbly higher than the value calculated for fuel drop-
lets burning in air or for monoprépellant'droplets burning in an inert
atmosphere, This result indicates that the assumption of s simple aif-
fusion fleme is prebably not valid. It is more probable that the’hydra-
zine decomposes throughout the region between the ligquid Qroplet and the
"eombustion sufface“ rather than instantaneously at the “combuétioﬁ SUT-

facel,

TABLE II. COMPARISON OF CALCULATED AND OBSERVED VALUES FOR THE

EVAPORATION CONSTANT K!

Hydrezine Nitromethane
Calculated value
in inert atmosphere 0.0049 0.0123
Calculated
value in air 0.0087 0,0113
Obgerved :
. value in air 0.0212 0.0109
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