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NATTIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

BURNING RATES OF SINGLE FUEL DROPS AND THEIR APPLICATION
TO TURBOJET COMBUSTION PROCESS

By Charles C. Graves

SUMMARY

Burning rates were determined for single isooctane drops suspended
in various quiescent oxygen-nitrogen atmospheres at room temperature
and pressure. The burning rates were compared with those predicted by
a previously developed theory based on a heat- and mass-transfer mech-
anism and with values predicted by a modification to this theory. The
drop-burning-rate data were applied to equations for a burning fuel
spray in order to calculate the predicted change in burning rate of a
fuel spray with variation in oxygen concentration. The results so
obtained were compared with the change in combustion efficiency of a
single turbojet combustor with inlet oxygen concentration, as determined
in a previous investigation.

The drop burning rates were proportional to drop diameter and
increased approximately 34 percent when oxygen concentration of the sur-
rounding oxygen-nitrogen atmosphere was raised from 17.0 to 34.9 percent
by volume. The experimentally determined burning rates agreed well with
those predicted by the modified heat- and mass-transfer theory. The
predicted change in combustion efficiency with inlet oxygen concentra-
tion was appreciably smaller than that observed in the cambustor tests.

INTRODUCTION

Operational experience with turbojet and ram-jet engines has shown
that combustion efficiency is adversely affected by increase in flight
altitude. The establishment of design criteria to improve combustion
efficiency at altitude is one of the most important problems confronting
the combustion-chamber designer. One phase of combustion research being
conducted at the NACA Lewis laboratory is concerned with the relative
importance of such component processes as fuel-spray vaporization, mix-
ing, ignition, and reaction in the determination of combustion effi-
ciency. In a recent investigation (ref. 1), an attempt was made to
relate the changes in combustion efficiency of a J33 single combustor,
operating with liquid isooctane, to a particular component process.

The effects of fuel-flow rate, inlet pressure, and inlet oxygen concen-
tration on combustion efficiency were determined for the conditions of
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constant temperature and weight flow rate of the inlet oxygen-nitrogen

mixture. At a given fuel-flow rate, the combined effects of inlet Y
pressure and inlet oxygen concentration on combustion efficiency were
correlated in terms of (a) selected fundamental combustion properties

of isooctane and (b) a simplified reaction-kinetics equation. The

results indicated that changes associated with the kinetics of the gas

phase might explain the observed trends.

The correlations obtained in reference 1 were based on the assump-
tion that the fraction of combustor volume required for the fuel-spray
evaporation and mixing steps was either constant with variation in inlet
conditions or negligibly small. In reference 2, an attempt was made to
determine the importance of the fuel-spray evaporation step on the cor-
relations of reference 1. Similar data were obtained with the same
combustor (but with a different fuel-injection system); the fuel-spray
evaporation step was eliminated by the use of a gaseous fuel, propane.
The relative effects of combustor-inlet pressure and oxygen concentra-
tion on combustion efficiency were found to be approximately the same
for either the gaseous or the liquid fuel. However, the general level
of combustion efficiency attained with gaseous propane was appreciably
higher than that attained with liquid isooctane. While such differences
in performance level cannot be definitely attributed to a particular
process, one of the obvious explanations would be the fuel-evaporation
step.

The purpose of the investigation reported herein was to study the
role of the fuel evaporation step in determining the changes in combus-
tion efficiency with inlet oxygen concentration observed in reference 1.
The investigation was limited to a special case of evaporation (burning
fuel spray) in which the heat required for vaporization is supplied from
burning zones surrounding individual fuel drops. In order to predict
changes in burning rate of the entire fuel spray, an extension to the
theoretical relations of Probert (ref. 3) was derived for the case of a
fuel spray burning in a duct where heat release changes local velocity
and, hence, residence time. These relations were based on the simpli-
fying assumption that the burning rate of the entire spray was a func-
tion of experimentally determined burning rates of the individual drops.
In references 4 and 5, relations were derived which predict the effect
of oxygen concentration on burning rates of single drops; however, no
experimental data were available to verify the theory. Accordingly,
burning rates were determined for single drops of isooctane suspended
in various quiescent oxygen-nitrogen atmospheres at room temperature
and pressure. The data obtained were compared with values predicted by
the theory of reference 5 and with values predicted by a modification
of this theory which is presented herein. The drop-burning-rate data
were also used in conjunction with the theoretical relations for the
burning fuel spray in order to predict the change in combustion effi-
ciency with inlet oxygen concentration. The predicted changes in .
combustion efficiency were compared with those observed in reference 1.
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APPARATUS AND PROCEDURE

The apparatus and procedure used in determining the burning rate of
single isooctane drops in various quiescent oxygen-nitrogen mixtures
were similar to those described in reference 6. Isooctane drops approx-
imately 1700 microns in diameter were suspended from a quartz filament,
ignited, and photographed while burning. The burning rate, defined as
the time rate of change in drop weight, was determined from measurements
of the change in drop diameter with time. A schematic sketch of the
apparatus is presented in figure 1. The filament and the ignition source
were mounted in a chamber having inside dimensions of 12 by 12 by
18 inches.

Filament. - The filament, approximately 180 microns in diameter,
was drawn from a 5-millimeter quartz rod. To reduce possible effects of
the rod on the drop burning rate, the filament was drawn to a length of

approximately 2% inches and bent at right angles 1 inch from the tip

(fig. 1). Since the surface tension of isooctane is low (approx.

22 dynes/cm at room temperature), the tip was slightly enlarged to per-
mit the suspension of large drops. A fine pipette, drawn from pyrex
tubing, was used to suspend the drops from the filament.

Ignition source. -~ The drop was ignited by means of a small ethylene
diffusion flame, which could be moved in a vertical plane past the under -
side of the drop. Oscillations of the drop caused by the passage of the
ignition flame hindered accurate measurement of drop diameter during the
first portion (approx. 1/8 sec) of burning. Provided the ignition flame
was small, drop distortion did not severely affect measurements during
the initial burning period.

Background illumination. - A silhouette of the drop was obtained by
providing strong background illumination which offset the luminosity of
the flame. This illumination consisted of a focusing spot lamp mounted
behind a ground-glass plate.

Photographic system. - The photographic system consisted of a

5;-inch focal length, f/4.5 lens and a 16-millimeter camera (without

lens). The lens was mounted approximately 6% inches from the drop.

This produced an image on the film that was approximately four times
the drop size. The camera was operated by a 110-volt synchronous motor
which gave a constant speed of 24 frames per second.

Oxygen-nitrogen-mixture control. - Prior to each series of runs,
the chamber was purged with the appropriate oxygen-nitrogen mixture.
To facilitate purging, the chanber was fitted with a horizontal parti-
tion which was lowered prior to purging and gradually raised as the




4 NACA RM E53E22

oxygen-nitrogen mixture was introduced to the chamber. The oxygen-

nitrogen mixture was supplied through a pressure regulator to the bottom .
of the chamber. The chamber pressure was maintained slightly above

atmospheric pressure during purging. ©Since a negligible fraction of the

oxygen in the chamber was consumed during the burning of a single fuel

drop, it was possible to obtain several points for each purging of the

chamber. Orsat analysis at the end of a series of runs indicated a

negligible change in oxygen concentration.

Photograph analysis. - A typical set of photographs of the silhou-
ette of a burning drop of isooctane is presented in figure 25 lihesstime
interval between successive pictures is 0.125 second.

In order to convert image distances to known distances, a platinum
wire having a diameter of 640 microns was positioned in the plane of the
filament and photographed at the end of each series of runs.

Kodak super XX film developed in fine-grain developer was found to
give satisfactorg results. Drop diameters were measured in two planes,
each inclined 45° from the vertical. The average of these two measure-
ments was taken as the diameter of an equivalent spherical drop. Dis-
tortion of the drop and increasing relative importance of the filament
precluded measurements of drop diameters smaller than approximately
700 microns.

—Center line of filament
45901\ 45°

+ Plane of maximum
horizontal dimension
of drop silhouette

RESULTS AND DISCUSSION

Data presented in reference 6, indicate that the burning rate of
small fuel drops suspended in quiesce . atmospheres is proportional to
drop diameter. For this condition (see appendix B), the relation between
drop diameter and time is given by

2 2

dymedy okl (B8) 4
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where dp is the drop diameter after a burning time t, and dAO is

the drop diameter at time t = O. The constant P 1is known as the
evaporation constant (ref. 3).

In figure 3, plots of the square of the drop diameter against time
are presented for isooctane drops burning in quiescent oxygen-nitrogen
atmospheres containing 17.0 and 34.9 percent oxygen by volume. The
points during burning follow a straight-line relation and satisfy equa-
tion (B8). Values of the evaporation constant B are obtailned from the
slopes of the lines in figure 3. Table I presents values of the evap-
oration constant, obtained in this manner, for single isooctane drops
burning in various quiescent oxygen-nitrogen atmospheres [17.0,820-9
(air), 24.9, and 34.9 volume percent oxygen] at room temperature and
pressure. Arithmetic mean values of the evaporation constant at each
oxygen concentration are also presented. The average deviation is
2.4 percent; the maximum deviation, 5 percent. When oxygen concen-
tration was increased from 17.0 to 34.9 percent by volume, the mean
value of the evaporation constant increased by 34 percent.

It is of interest to note that the mean value of the evaporation
constant in air was approximately 22 percent higher than that reported
in reference 6 for isooctane drops burning in still air. No reasonable
explanation for this difference was evident.

Comparison of Experimental and Predicted Values of Evaporation Constant

A theoretical treatment of the burning of small fuel drops is given
in reference 5. The drop was considered to be separated from a burning
zone of negligible thickness by a stagnant film; another stagnant film
was assumed to exist between the burning zone and the surrounding
atmosphere. Equations were derived for heat transfer in both films and
for diffusion of oxygen in the outer film. Relations were obtained for
the burning of small fuel drops or solid particles where the film thick-
ness between the burning zone and the surrounding atmosphere was con-
sidered infinite, corresponding to a Nusselt number of 2 for heat
transfer.

The relations presented in reference 5 were based on the assumption
that no dissociation of combustion products occurred. Estimates sug-
gested that correction for dissociation of combustion products would
result in but a small change in calculated burning rates of liquid fuel
drops. As indicated in reference 5, correction for dissociation effects
requires consideration of the relative diffusion rates of the various
dissociated products, material balance, equilibrium relations, and heat
balance. For hydrocarbon fuels where there is a relatively large number
of dissociated products, the determination of dissociation effects
becomes quite complex, particularly if the analysis considers the
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temperature variations of thermal conductivity, diffusion coefficients,
and specific heats. In appendix B, a simplified approach to the problem
of dissociation is made for the case of variable thermal conductivity.
This approach requires the assumption that the relative proportions of
the elements carbon, hydrogen, oxygen, and nitrogen, regardless of their
state of chemical combination, remain constant throughout the region
between the burning zone and the surrounding atmosphere. The relative
proportions of dissociated products in this region then become a function
only of temperature. Material- and heat-balance equations are satisfied
for this region, but no correction is made for the difference in diffu-
sion rates of the various dissociated products such as that presented in
reference 5 for a burning carbon particle. The equations in appendix B
have the same general form as those given in reference 5 and are pre-
sented primarily to clarify the assumptions required in the calculation
of burning rates for the present investigation.

In figure 4, the theoretical and experimental values of evaporation
constant are plotted against oxygen concentration in the surrounding
oxygen-nitrogen atmosphere. The experimental curve A was drawn using
the arithmetic mean values of evaporation constant presented in table I.
Curve B gives the theoretical evaporation constant obtained by using the
theoretical relations presented in appendix B. The deviation of the
theoretical from the experimental curve varies from approximately
-4 percent at 17 percent oxygen to approximately -5 percent at 34.9 per-
cent oxygen. While such close agreement between the theoretical and
experimental curves is considered fortuitous in view of the assumptions
involved in the analysis and the uncertainties in the values of proper-
ties used, the results are encouraging. Curve C gives the predicted
value of evaporation constant using the assumptions of reference 5. The
deviation of the theoretical from the experimental curve varies from
-39 percent at 17 percent oxygen to -34 percent at 34.9 percent oxygen.

The principal differences involved in the calculations of curves B
and C are: (1) correction for effect of dissociation of combustion
products on calculated burning rates, and (2) choice of thermal con-
ductivity values used for the region between the drop surface and the
burning zone. In curve C, the thermal conductivity of air was used in
this region, whereas curve B was calculated by using estimated values
of the thermal conductivity of isooctane vapor. In order to determine
the effect of thermal conductivity on the predicted evaporation constant,
curve D was calculated using the thermal conductivity of isooctane
vapor, but the corrections for dissociation of products described in
appendix B were neglected. It is seen that the use of thermal conduc-
tivity of isooctane vapor instead of air resulted in an appreciable
increase in the calculated evaporation constant. From comparison of
curves B and D, it is also observed that the correction for dissociation
of combustion products (appendix B) results in a significant decrease in

calculated evaporation constant at the higher oxygen concentrations. At
the lower oxygen concentrations the effect is small, as was noted in

reference 5.
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At the high temperatures reached near the burning zone, pyrolysis
of the fuel vapor would be extensive. This pyrolysis would result in
higher thermal conductivities and, hence, higher calculated evaporation
constants. However, the effect is opposed by the higher heat contents
of the cracked constituents.

Application of Drop-Burning-Rate Data to Combustor Tests

In reference 1, the combustion efficiency of a J33 single combustor
operating with liquid isooctane was determined over a range of inlet.
oxygen concentrations, inlet pressures, and fuel-flow rates. Some typ-
ical data are plotted in figure 5, which presents a plot of combustion
efficiency against inlet oxygen concentration for two fuel-flow rates
and two inlet pressures. The inlet temperature and the weight-flow rate
of the oxygen-nitrogen mixture were held constant at 40° F and 1.0 pound
per second, respectively. It is observed that combustion efficiency
increased noticeably with increase in fuel-flow rate over the entire
range of conditions investigated. It is also noted that the change in
combustion efficiency with both inlet pressure and oxygen concentrations
is quite pronounced at the lower values of combustion efficiency. In
the following section, the data of figure 5 will be treated in terms of
an idealized burning fuel spray. The single-drop burning-rate data will
be used in conjunction with theoretical relations for a burning fuel
spray in order to predict the effect of inlet oxygen concentration on
combustion efficiency.

In reference 3, theoretical relations for a burning fuel spray were
derived for the following conditions: (1) burning rates of the individ-
ual drops are proportional to the drop diameter, (2) the evaporation
constant is the same for all drops, (3) all drops have the same avail-
able burning time, and (4) the fuel-spray drop-size distribution can be
expressed by a Rosin-Rammler distribution function. In appendix C, the
relations are extended to the case of a fuel spray burning in a duct
where the heat release changes the average velocity along the duct.
Values of the drop-size-distribution constants X and n of the Rosin-
Rammler distribution function were obtained from the data of Bowes and
Joyce (ref. 7). No correction was made for the effect of change in
properties of isooctane compared with those of the molten wax (simulat-
ing kerosene) used in reference 7. The values obtained were considered
only as giving an approximate indication of the drop-size distribution
for the conditions of figure 5.

In figure 6, the theoretical combustion efficiency of a burning
fuel spray, as obtained from the relations of appendix C, is plotted
against the parameter BLeq/\(r for the two fuel-flow rates of figure 5.

Here B is the evaporation constant in square microns per second; Lg
is an equivalent combustor length, constant for a given combustor; an
V. 1is the inlet velocity.
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The predicted and experimental changes in combustion efficiency
with variation in inlet oxygen concentration are compared in figure 7.
The experimental curves are those of figure 5. The predicted curves
were obtained by using the curves of figure 6 and the arithmetic mean
values of the evaporation constant at the various oxygen concentrations
presented in table I. Since the combustor data were obtained at pres-
sures other than atmospheric, it was assumed that the percent change in
B with oxygen concentration was the same for all pressures. This
assumption is in agreement with the predictions of reference 5 and
appendix B. Inlet oxygen concentration had a negligible effect on inlet
density and, hence, inlet velocity. Accordingly, for the conditions of
constant temperature, pressure, and weight-flow rate of the inlet oxygen-
nitrogen mixture, the term Leq/Vr, a measure of residence time based on

inlet conditions, could be considered constant. In order to compare the
relative change in the predicted and experimental values of combustion
efficiency, arbitrary values were assigned to the term Leq/Vr to make
the experimental and the predicted curves coincide at low values of
oxygen concentration within the ranges covered in the drop-burning and
combustor tests. It is observed that the predicted change in combustion
efficiency with oxygen concentration is much too small to explain the
changes observed in the J33 combustor.

It is also to be noted that the pronounced changes in combustion
efficiency with varying inlet pressure as shown in figure 5 cannot be
explained in terms of the burning fuel spray. In a recent publication
(ref. 8), the burning rates of single fuel drops, determined over a
range of pressures from 1 to 20 atmospheres, are reported as being
approximately proportional to the fourth root of the total pressure.
Accordingly, use of these data in the relations for the burning fuel
spray (fig. 6) would also result in an appreciably smaller predicted
change in combustion efficiency with variations in inlet pressure than
was observed in the combustor tests.

Treatment of combustor data in terms of the burning fuel spray
such as has been presented, necessarily involved a number of simplifying
assumptions. A number of factors should be considered in transferring
single-drop data to the conditions of the combustion-reaction zone:
Combustor conditions include (1) higher temperature level, (2) forced
convection by drops, (3) local over-rich fuel-oxygen ratios, (4) deposi-
tion of part of the spray on combustor walls, (5) errors involved in the
use of drop-size distribution data of reference 7, (obtained for nozzle
spraying into quiescent atmosphere), and (6) radiation. A detailed
discussion of all these factors is beyond the scope of this paper.
However, factors 1 to 4 are discussed to some extent in references 4 and
5. Preliminary consideration of these factors indicates that, while
some may appreciably affect the absolute burning rate of the spray, their
effect on the calculated change in burning rate with oxygen concentra-
tion is minor compared with the large differences between predicted and
experimental curves shown in figure 7.
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It also appears that correction for factors 5 and 6 would not
appreciably affect the predicted results. Since the small predicted
change in combustion efficiency with oxygen concentration was primarily
due to the small change in the evaporation constant, correction for
errors in drop-size-distribution data would be small. Appreciable
changes in combustion efficiency occurred at the lower oXygen concen-
trations and under nonluminous flame conditions in which the principal
radiation is associated with carbon dioxide and water vapor. Since
isooctane drops in the size range expected for the fuel-flow rates of
figure 5 are relatively transparent to this radiation, the heat absorbed
by the fuel spray from radiation was but a small fraction (less than
5 percent) of the latent heat of vaporization. Accordingly, correction
for radiation effects would have resulted in but a small change in pre-
dicted results over the range of conditions in which large changes in
combustion efficiency occurred.

In view of the complexity of the over-all combustion process, it
is possible that the change in combustion efficiency with oxygen con-
centration and pressure (fig. 5) might be explained in terms of change
in burning rate of the fuel spray if proper account were taken of the
first four of the aforementioned factors; however, this does not appear
likely. It is suggested that some other process involving the chemistry
of the reaction might better explain the trends observed in figure 5.
It is noted that in reference 1 the combined effects of inlet pressure
and oxygen concentrations on combustion efficiency were related to
fundamental combustion properties of isooctane and to a simplified
reaction-kinetics equation. It is also emphasized that the results of
the present investigation do not preclude large possible effects of the
fuel-evaporation step on factors not considered, for example, ignition.

Finally, it is noted that the results of the present investigation
apply only to the particular experimental conditions of reference 1k,
under which a fully developed fuel spray having a relatively small mean
drop size would be expected. As indicated in references 9 and 10, there
are ranges of operation of turbojet combustors where the fuel-atomization
and fuel-evaporation steps do exert a significant influence on combus-
tion efficiency, either directly or indirectly.

SUMMARY OF RESULTS

The following results were obtained from an investigation of the
burning rates of single isooctane drops in guiescent oxygen-nitrogen
atmospheres at room temperature and pressure and from comparison of
these data with turbojet-combustor data obtained in a previous
investigation:
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1. Drop burning rates were proportional to drop diameter and
increased approximately 34 percent when oxygen concentration of the
surrounding oxygen-nitrogen atmosphere was raised from 17.0 to 34.9 per-
cent by volume.

2. Drop burning rates predicted by a heat- and mass-transfer theory
incorporating modifications to a previously developed theory agreed well
with the experimentally determined burning rates.

3. Predicted changes in turbojet combustion efficiency with inlet
oxygen concentration, based on burning rates of single drops and theo-
retical relations for a burning fuel spray, were appreciably smaller
than the changes experimentally determined in a previous investigation.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, April 24, 1953




NACA RM ES3Ezz 11

Pl

d Wy

dt

APPENDIX A

SYMBOLS FOR APPENDIX B
The following symbols are used in appendix B:

diffusion coefficient of oxygen, sq ft/sec

diameter, ft

sensible heat change of unit quantity of fuel when raised to
boiling point from temperature existing prior to burning,
Btu/1b fuel

enthalpy referred to unit quantity of fuel, Btu/lb fuel

enthalpy of oxygen referred to unit quantity of fuel, Btu/lb fuel

thermal conductivity, Btu/(sq ft)(sec)(°F/ft)

latent heat of vaporization of fuel at boiling point, Btu/lb fuel

molecular weight of oxygen

heat of combustion of fuel at temperature of surrounding atmos-
phere, Btu/lb fuel

pounds of oxygen required to burn 1 1b of fuel (from stoichio-
metric equation)

Op

temperature,
time, sec
weight of fuel drop, 1b
volume percent oxygen

evaporation constant, sq ft/sec

density, moles/cu ft

fuel density at mean drop temperature, lb/cu i

drop durning rate, 1b/sec
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Subscripts:

A drop surface

AB region between drop surface and burning zone

B burning zone

BC region between burning zone and surrounding atmosphere

C surrounding atmosphere

i fuel vapor

products of combustion
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APPENDIX B

PREDICTED EVAPORATION CONSTANT FOR BURNING FUEL DROPS

Stagnant films are considered to exist between a burning zone of
negligible thickness and both the drop surface and the surrounding
atmosphere. The concentration of oxygen is assumed to be negligible at
the burning zone. With the exception of a thin layer at the surface
(considered to be at the boiling point of the fuel) the drop temperature
is assumed to be at the temperature existing prior to ignition. Condi-
tions in the films are assumed to be symmetrical with respect to the
drop center.

Drop surface

Burning zone

Surrounding atmosphere

If the change in thermal conductivity with variation in composition
along a radius is neglected, the heat-transfer equation (symbols are
defined in appendix A) for the region between drop surface and burning
zone 1is

Ty

(B1)

oo _-_12‘E<_1___1_>
T

Similarly, for the region between the burning zone and surrounding
atmosphere,

Tp

kpo 4T Bl R e
I e (B2)
I, Q —[(hP - hoz) - (hP - hOZ)C'] 27 dt ( )

The relation for equimolal counter diffusion was used to determine
the rate of diffusion of oxygen to the burning zone. For the present
case (as for most hydrocarboun fuels) where the ratio of products to
reactants is close to unity and for the range of oxygen concentrations
investigated, this relation gives values within a few percent of those
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given by the method of reference 5 or the more detailed method of ref-
erence 11. Oxygen diffusion is related to heat transfer in the region
between the burning zone and surrounding atmosphere according to the
following equation:

T8
Q
kpo dT Yo, %

pDoz[:Q - (b - Bg,) + (1 - Bo,) ] ~ 100 7,

(B3)
Te

From equation (B3), the burning-zone temperature T, may be determined
as a function of agn.

If the film thickness between the burning zone and the surrounding
atmosphere is considered infinite, dc in equation (B2) becomes infinite
and equations (Bl) and (B2) may be combined to give

Ty Tq
aw, - 2xa, kyp 4T N kpo AT
at L+ AH +hp - by Q_[ _ i R ]
. 2, (Bp - Bo,) - (bp - o)),
A c
(B4)
Now
nqz
Wi =p1 5 (B5)

When equation (BS) is differentiated and combined with equation (B4),

Ty Tg
da.dad,) = - 2 “a e “50 & dt
AT T D+M+he By, | Q-[Thp - Rop) = (= Tyl ]
o

A
(B6)

Integrating equation (B6) over the limits

dA = dAO when t =0

and

dA = dA when t =t
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yields
AL L
B B
A o T e e e
A~ el ey L+AH+ho - - = 1 =
fo "Wy, k7 TCQ [(hP ho, J7= Ay =g )
(B7)
Then equation (B7) may be given as
7 2
dy, = dAO - Bt (B8)
where
T
e . g 21
P e =r— +
Al S R, - H Ay B ih o5
Py i £ £y ¢ Q [(P 02) (hp OZ)C]
A c
(B9)

Here, B, known as the evaporation constant, has the units square feet
per second; for B in square microns_per second, the right side of
equation (B9) is multiplied by 9.3X1010. For the calculation of B, the
density of the isooctane drop was taken as 43 pounds per cubic foot.

The drop-surface temperature was assumed to be 211° F. The temperatures
of both the surrounding atmosphere and the drop prior to burning were
assumed to be 77° F.

The graphical integration of the first integral of equation (B9)
is shown in figure 8. The thermal conductivity k,p taken as that of

isooctane vapor, was calculated by assuming constant Prandtl number and
calculating the temperature change in viscosity by means of the Suther-
land equation (C = 1008° R). The thermal conductivity at a base tem-
perature of 32° F was estimated from values given in reference 12. The
enthalpy and specific heat of isooctane vapor were obtained from extra-
polation of values given in reference 13.

The graphical integration of the second integral on the right side
of equation (B9) is presented in figure 9. The method of reference 14
was used to determine the equilibrium composition of the diffusing prod-
ucts for a carbon-hydrogen-oxygen-nitrogen ratio of 8:18:25:100 over the
desired temperature range. Since, at a given temperature, the effect of
nitrogen on the relative proportion of dissociated products is small,
the equilibrium compositions at the above ratio were used for all oxygen
concentrations. This ratio was assumed to hold throughout the region
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between the burning zone and the surrounding atmosphere. The products
of combustion diffusing to the surrounding atmosphere were considered to
consist of all equilibrium products except nitrogen. Below 2000° F, the
diffusing products were considered to consist of carbon dioxide and
water vapor as determined from the stoichiometric equation. The thermal
conductivity kpp was taken as that of air and determined from extra-
polation of values given in reference 15.

A plot of the burning-zone temperature Tp against oxygen concen-
tration in the surrounding atmosphere as determined from equation (B3)
is presented in figure 10. In this integration, the ratio kBC/pDOz’

which was assumed to be independent of temperature, was evaluated at
77° F. The diffusion coefficient of oxygen was taken as 2.22X10-4 square
feet per second at 77° F (ref. 16).

From figures 8 to 10 and equation (B9), the evaporation constant B
may be determined as a function of the oxygen concentration agp of the
surrounding oxygen-nitrogen atmosphere.
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APPENDIX C

BURNING OF LIQUID-FUEL SPRAY

In reference 3, Probert obtained an expression similar in form to
the following equation for the evaporation of a liquid-fuel spray

(e <] é b A
3 EE
100 - ng = 100 = B—zt-> T (i) ax (c1)
VBt = in

where T, the combustion efficiency, is the percent by weight of the
total fuel-spray evaporated after a time t, and B 1is the evaporation
constant for the individual drops. The expression applies for the
evaporation of a spray when the evaporation rate of the individual drops
is proportional to the drop diameter and when the size distribution of
drops in the spray is given by the Rosin-Rammler distribution law in the

form
&
R=c¢e &

where R 1is the fraction by weight of the initial spray consisting of
drops having diameters larger than x. For a given fuel, nozzle, and
fuel-flow rate, X and n are constants. In reference 3, equation (c1)
was transformed and a solution was obtained by graphical integration
for various values of n. The curves so obtained (fig. 11) relate N

(c2)

to Bt/§2 for values of n ranging from 2 to 3.5.

For the case of a fuel spray burning in a duct, the average veloc-
ity of the gases at any station is a function of the combustion effi-
ciency at that station. Consider a duct of constant cross-sectional
area A and length L. Assume that the velocity of the burning drops
along the duct at the station considered is given by the average velo-
city V of the gases at that station. For low fuel-air ratios, V can
be approximated by neglecting the effects of the products of combustion
on the weight flow rate, the average molecular weight, and the average
specific heat of the gases.

From the continuity equation and the perfect gas law,

W _ WRT
V= N W8 5
PA PA (c )
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where W 1is the weight flow rate of air supplied to the duct, R 1is
the gas constant, and P, p and T are the pressure, average density
and average temperature of the air, respectively, at the station con-
sidered. For negligible pressure drop along the combustor,

where P; 1is the inlet pressure. If a constant specific heat cp is
assumed,

(Cs)

where Tj 1is the inlet-air temperature, f is the over-all fuel-air
ratio, and H is the lower heating value of the fuel.

Substituting equations (C4) and (C5) into equation (C3) and

rearranging yield
" WRT; . fH Nip >
PiA 100c, T4

Y

fH 1 >
T
v Kl e L (ce)
r 1002, T;

It

<
Il

where V., 1is the inlet-air velocity.
At the station considered
ds = Vdt (c7)

where ds is the distance the fuel spray moves along the duct in the

time dt. Since B and §2 are constant along the duct, equation (c7)

may be written
V§2 Bt
ds = —B-~- d<§§> (CB)

Substituting equation (C8) into equation (C8) and rearranging yleld

fH 7 i
-JL—®=dG%+——~£—dg (c9)
x° V. %2 100e, Ty \x2

The boundary conditions are
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(a) at 8 =0, np = O, E% = 0
5%
16 t
(b) at s = L, nT=nT’B:2'—<§:2—>
X Nip

Integrating equation (C9) over the duct for these boundary condi-

Bt>
%
B 5t> fH Bt
ds = d =)+ ———— npd( =
0

*Jo \J 0

ik
—ZBL " (%%) + TH an<g%) (c10)
2 v, 2 )np  100cy Ti\ : >

The first term on the right side of equation (C1l0) represents the
value of Bt/§2 corresponding to the given values of np and n from
figure 11. The integral in the second term is given by the area under
the curve in figure 11 for the given value of n from Bt/E =0 o
the value of Bt/§2 corresponding to the given value of mnp. In fig-
ure 12, the integral is plotted against nq for the values of n used
in figure 11. For a combustor of varying cross-sectional area, the
actual length L 1s replaced by an equivalent length Leq = KI. where
the value of K will depend on the combustor geometry.

From figures 11 and 12, equation (C10), and the values of X and
n for the given fuel spray, curves of fqp against BL/Vr can be pre-
pared for desired values of fH/lOOcp T;. In figure 6, curves of np

against BLeq/Vr are presented for the values of X obtained for the

conditions of the present investigation. Since n has a small effect
on the theoretical combustion efficiency and since the values of n for
the fuel spray varied over a narrow range about 2.5, the curves of fig-
ure 6 were obtained for n = 2.5. The values of fH/lOOcp Ty were

calculated for T; = 500° R, cp = 0.25 Btu per pound per OR, and

H = 19,065 Btu per pound. The values of f were based on an inlet
oxygen-nitrogen mixture flow of 1.0 pound per second and nominal fuel-
flow rates of 0.0157 and 0.010 pound per second.
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TABLE I. - EVAPORATION CONSTANT { IN SQUARE MICRONS

PER SECOND
Oxygen concentration in oxygen-nitrogen
atmosphere, percent by volume
17.0 20.9 24.9 34.9
1.07x108 | 1.12x10%| 1.30%10%| 1.40%120°
1..02 .21 1.2 1.48
1.06 .13 1.26 1359
1.02 .18 123 1.36
1Ee3 .15 1.26 1.40
1l (0) .15 1.20 1.50
a2 .10 15225 1.48
1.10 .16 2 1.40
1.09 2l 1.26 1.44
1.04 .14
1ls 9z .14
1.10 .15
1.09
21.07%10% | #1.14x10° | ®1.25x10% | 1.4310°

@Arithmetic mean value of evaporation constant.
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tion constants.
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Burning-zone temperature, Ty, °F
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