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TECHNICAL NOTE 3988

EXPERITMENTAT, AND CALCULATED HISTORIES OF
VAPORTZING FUEL DROPS

By R. J. Priem, G. L. Borman, M. M. E1 Waki]l,
0. A. Uyehara, and P. S. Myers

SUMMARY

The present report contains the results of an experimental and
theoreticsl investigation of the vaporization of fuel droplets in heated
air under atmospheric pressure.

First, an experimental Investigaetion of the temperature and mass
histories of single droplets was made, with emphasis on small drops
down to 500 mlcromns.

Second, a comparison of experimental histories with calculated
‘temperature and mass histories was made. In connection with the cal-
culated histories, the equations of change and the assoclasted boundary
conditions are given in reduced form along with the various dimension-
less parameters that would eppear in a solution of these equations.

Third, the time teken by & droplet veporizing in high-temperature
air to form a mixture of fuel vapor and air of combustible strength in
the £film of the droplet and at the self-ignition temperature is cal-
culated. The concept of physical ignition delsy of single droplets is
thus presented. In addition, the veporizetion of fuel droplets in a
spray under conditions where there exists an influence of one droplet
on another is theoretically investigated.

The experimental and calculated results can be summarized as follows:

(1) An apprecisble portion of the drop msy be vaporized during the
"heating-up"” period; at high air temperatures as much as 50 percent or
more of the mass mey be vaporized during this period.

(2) Calculated and experimental times to reach the same percent
ss8 vaporized differed by 20 percent on an average with the computed
values usually smaller.

(3) For 500-micron drops, computations including the hesting-up
period gave better asgreement with experimental results than did computa-
tions neglecting the heating-up period or assuming "peeling,” that is,
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zero thermal conductivity of the liquid. This is especially true for
low-volatllity fuels.

(4) The computed physical ignition delay of single droplets increases
rapldly with decreased fuel volatility and decreased air tempersture and
is relatlvely insensitive to variations in total pressure.

(5) If there is interaction between the vaporizing drops in a spray,
cooling of the air results, approsching, as a limit, the adiabatic
equilibrium tempersture. The higher the concentratlon and volatility
of the fuel, the lower the adisbatic equilibrium tempersature.

INTRODUCTION

Fuel which is injected into a combustion chamber by & nozzle leaves
the nozzle orifice a8 sheets or ligaments which eventuaslly break down
into drops of varylng sizes. As soon as these drops are formed they
start to vaporlze because of the increase of surface-to-volume retio.

As the drop veporlzes it simultaneously heats up untll its temperature
approaches asymptotlcally a constant tempersature which is determined by
the environmmental conditlions. Previous investigations of fuel ignition
are discussed in references 1 to 16.

A detailed theoretical study of the unsteady-state portion of the
total vaporization time for single droplets was performed in a previous
investigation (ref. 1). From this study it was estimated that the larger
drops emansting from the injector of a Jet engine reach the combustion
zone while stlll in the unsteady-state or heating-up perliod. After the
importance of the unsteady state had been verifled theoretically a
combined theoretical and experimental investigation was undertaken to
determine if the unsteady-state period was important (ref. 2). This
combined investigation served to check the accuracy of the theoretical
calculations.

The combined theoretical and experimental investigation showed that
the theory used for the calculstions produced histories which gave
reasonsble agreement with the experimental histories. The range of
conditions covered by this first experimental investigation was limited
to drop sizes in the neighborhood of 2,000-micron initial dlemeter and
to a maximum air temperature of 1,080° R. In order to bring the experi-
mental conditions closer to actusl jet conditions the investigetion was
extended to smaller drop sizes, higher air temperatures, and different
fuels, The results of this extended investigatlon are reported herein.

In addition to the extension of the range of conditiomns covered
experimentally, comparisons were made with calculated historles to
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determine and to iliustrate the agreement between theoretical and exper-
imental results. By plotting the comparisons ageinst various parameters
the trends of the theoretical accuracy are determined, thereby indicating
the error that would be obtained by extrepolating the theoretical tech-
nique to conditions other than those covered in this investigation.

In order better to orient the gbove study to actual spray conditions
some thought was given to the possible range of conditions found within
the spray. Under spray conditions the assumption of no influence of one
drop upon enother may not be entirely valid. Two extreme cases may be
encountered. The first of these is the case of the free drop; the other
is the condition known as adisbatic equilibrium. In the case of adisbatic
equilibrium the droplets cool the surrounding air, a comdition that may
be possible in the initial core of the spray. Actusl spray conditlons
elsevhere probably faell somewhere between these extreme conditions.

Besides the problem of the effect of one drop upon another, there
is the added problem that under most ectual spray conditions the ailr
temperature is high enough to cause self-ignition of the drops before
they are completely veporlzed. With the assumption of no influence of
one drop upon another, a theory was developed vwhich predicts the effect
of various parameters upon the time required to form a combustible
mixture. Thls time is defined as the physical-ignition-delay period.

The present investigation was conducted st the University of
Wisconsin under the sponsorship and with the flnancial assistance of
the National Advisory Committee for Aeronsutics.

EXPERIMENTAT. APPARATUS AND TECHNIQUES

The experimental tempersture-time curves were obtained by hanging
a drop of fuel on the junction of a thermocouple which was comnnected to
a high-speed recorder. A stream of hot air was suddenly blown past the
stationsry drop (fig. 1). The velocity of the air was measured by a
velometer. The radius-time curves were obtaeined by photographing the
drop with a movie camera (fig. 2). The mass-time curves were then
obtained by calculating the mass from the measured radii and the known
densities at the measured temperatures.

To obtain the small drops discussed in this Investigation it was
necessary to make extremely small thermocouples. This proved to be a
very difficult task. A thermocouple made of low-thermal-conductivity
wire with a ratio of initiel drop diameter to wire diameter of 20 to 1
or greater was used to minimize the conductive heat transfer. The
accuracy of the tempersture measurements as determined by the variation
in the steady-state temperature was *4°,
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The problem of placing a drop on the thermocouple limited the
investigation to drops having an initial diameter of spproximately
500 microns or more. With smaller drops there was insufficlent time
to transfer the drop to the thermocouple because 1t elther eveporated
completely on the wire or was too large to hang on the thermocouple,

The extremely short lifetimes of the small drops necessitated the
use of a high-speed, direct-recording oscillogreph. The instrument
used has a response of 0.0l second for full-scale deflection and a
maximum chert speed of 10 inches per second, Droplet histories with a
total lifetime of 0.1l second could be recorded with this instrument.

The alr heater (fig. 1) consists of tubular electric heaters with
a maximum permissible sheath tempersture of 2,060o R. The heat losses
in the calmling sectlon were reduced by placing this section inside the
heater. This location also reduced the temperature fluctuations in the
test-section alrstream. A meximum eir temperature of 1,440° R with air
flows up to 6 pounds per hour was obtained with this design.

The optical system for viewing and photographing the drops is shown
in figure 2. The light source used in previocus Investigations was
replaced by a Pointolite lamp which provided & greater intensity of
11llumination. A half-silvered mirror was used to provide two images.
One imsge was photographed with the lG-millimeter movie camera and the
other image was projected on a ground glass for visual observation. The
magnification of the optical system was increased to 50 for studying
small drops. The photographic system was calibrated by introducing a
wire of known dlameter at the location of the drop. The error for the
500-micron drops was estimated to be +3 percent for the initial radius
measurements and 5 percent for the finsl diameter.

EXPERIMENTATL, RESULTS

More than 300 experimental histories have been obtained and studiled.
These histories covered 10 paraffin hydrocarbons ranging in volatility
from n-hexane to n=octadecane. The alr temperature was varied between
680° and 1,430° R; the air velocity, between 27 and 228 inches per
second; and the initiel drop diameter, between 490 and 2,180 microns.
Drop histories were followed to & minimum drop size of 150 microns, that
is, a size slightly greater than the bead size of the thermocouple.

In order to illustrate the type of information obtained figure 3
1s presented. This figure gives liguid temperature, mass, and radius
histories for small drops of different fuels. Figure 3(a) presents
data taken with a low air temperature. Figure 3(b) presents data taken
with a high air temperature.
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The radius curves for high-molecular-weight fuels first increase
and then decrease while the curves for low-molecular-welght fuels decrease
Immediately because the high-molecular-weight fuels initially expand
thermally while not losing much mass by vaporization. It will also be
noted in figure 3 that there was a variation in initial liquid temperature
with fuel volatility. In general, no correction was msde for this differ-
ence in initlal liquid temperature.

Because of the large number of histories obtained it was decilided %o
present the effect of the parameters studied, that is, air temperature,
drop size, and fuel volatility, by cross plots of results. The points
chosen for cross-plotting were the times required to reach the steady
state and to vaporize 20, 50, and 80 percent of the original mass of the
drop. The time to reach the steady state (i.e., the unsteady state) is
the time required for +the drop to reach its wet-buldb temperature.

Figure 4 presents cross plots for the parameter of air temperature
against vaporizetion time for the fuels n-hexane, n-decane, and
n-hexadecane, The data show that the time to reach the steady state
decreases with higher alr temperature and fuel volatility. The time
required to reach the steady state also tends to epproach a constant
value asymptotically; this trend is more evident for the fuels with
higher volatility.

Figure 5 presents cross plots for the parameter of fuel volatility
as expressed by the normal bolling point at air temperatures of 900°
and l,h30° R. The data show that all of the perasmeters plotted are less
affected by fuel volatility at higher air temperatures. The trend is
accentuated because the same initial liquld temperatures were not obtained
for all fuels.

Cross plots of the parameter of initial drop size are presented in
figure 6 for the fuels n-hexasne, n-decane, and n-hexadecane. While it
is not cleerly evident in figure 6, other data show more clearly that,
within the experimental accuracy, the time required for 20-, 50-, and
80-percent mass transfer and the unsteady-state time plot as straight
lines in this figure. The slope of these lines (neglecting the unsteady-
state time) was theoretically determined (ref. 2) as 2.0 for high air
veloclties and 1.5 for still air. Inasmuch as the slopes of the lines
of 20-, 50-, and 80-percent mass transfer are all less than 1.5 it would
appear that the effect of the unsteady-state time was to decrease the
dependency on drop size. While not shown here, data simllar to those
in figure 6 but for lower air temperatures show a slightly greater
dependency on initial drop diameter.

Tt can also be seen by the change in the location of the unsteady-
state line with fuel volatility (see figs. 6(a) and 6(c)) that, with a
heavy fuel, appreciably more mass is transferred during the unsteady state.
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The steady-state temperature of a particular fuel was dependent on
only the alr temperature for the range of conditlons covered, as illus-
trated in figure 7. The shaded area for each fuel represents the varia-
tion in the experimental data. The effect of size or veloclty on the
steady-state temperature wes less than the experimentel accuracy.

The times required to reach the steady-state temperature and various
percents of the mass are enlightening and show the importence of the
effect of verious perameters on the veporization period, but they do not
indicate the reletive importance of the heating-up periocd. Consequently,
the percent of the mass that had been vaporized at the end of the heeting-
up period was plotted as a function of the air tempersture (fig. 8). The
shaded area represents the extremes of the varistions obtained. All the
experimental points fell within this ares irrespective of fuel, size,
velocity, and initial temperature; therefore, any effect of these variables
on the percent of the mass transferred at the end of the heating-up period
was less than the experimental accurecy. Figure 8 shows that at high air
temperatures 50 percent or more of the vaporlzation process occurs during
the unsteady-state period.

COMPARISON OF EXPERIMENTATL, AND CALCULATED RESULTS

Histories obteined under the conditlon which gave the minimum
deviation between experimental and calculated histories are given in
figure 9(a), while histories showing the meximm deviation are given in
figure 9(b). The histories for the large n-hexadecene droplet veporizing
in an airstream of 1,230° R (fig. 9(a))} show excellent agreement between
experiment and theory. The varistion between experiment and theory for
maximum deviations (fig. 9(b)) is within the experimentel accuracy except
for the temperature histories where the greatest deviation was 15° gt the
"knee" of the theoretical curve.

The agreement between calculated and experimental steady-state
temperatures is shown in figure 10 for three of the fuels studied. The
difference between the two results is less than the experimental varia-
tion, which was estimated to be +4°,

A comparison of the time required for 20-, 50-, and 80-percent mass
transfer as obtained experimentally and as Calculated is shown in fig-
ure 1l. The shaded areas represent the regions in which all the points
fell. The experimentel accuracy was approximately +10 percent. Any
veriation with alr temperature or veloclty was smaeller than the experi-
mental accuracy. The data indicate that at large drop sizes the experi-
mentel vaporization time was slightly less than that calculsted, vhile
for small drops the experimental time was approximately 20 percent greater
than that caelculated.
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For comparison purposes calculations were performed considering the
drop 1o be at the steady-state temperature throughout its lifetime. The
solid lines of figures 11(a), 11(b), and 11(c) show the ratio of experi-
mental to calculated times for 20-, 50-, and 80-percent mass trensfer,
respectively. For high-volatility fuels (n-hexane), almost the same
agreement is obtained with or without consideration of the unsteady-state.
For low-volatility fuels (n-hexadecane), a considerable error occurs when
the hesting-up period is neglected. These figures also show that the
error in not consldering the umsteasdy-state period increases rapldly as
the drop size is reduced.

The effect of fuel volatllity on the ratio of experimental to cal-
culated time required to veporize a flxed percentage of mass is better
shown in figure 12, where the ratios of experimental to calculated vapor-
ization times are plotted for am initiael drop size of 500 microns, In
figure 12(a), the three lower lines indicate the small variatlion obtalned
between the experiment and the calculation when the unsteady-state period
is considered in the calculation. Thils flgure shows & large varlation
with fuel volaetillity and clearly indicates the need for considering the
unsteady~state vaporization period for low-volatility fuels.

A comperison of the time requlred to reach the steady state as
determined by experiment and by calculation 1s given in figure 13 as a
function of the normal boiling temperature of each fuel., The solid
vertical lines represent the variation in the ratio of experimental time
to calculated time. The figures clearly indicate that for high-volatility
fuels the theory is in considerable error. For heavy fuels the agreement
is very good, as was indicated in the semple history given in figure 9(a).

There is yet another technigue for calculating veporization times.
This technique, commonly known as peeling, assumes that none of the heat
arriving at the liquid surface goes to heat up the liguid drop; that is,
there is zero liquid thermal conductivity. Therefore, the heat reaching
the liquid surfece Jjust equals the heat needed to heat the vaporizing
mess to the vaporizing temperature and to vaporize it. This vaporizing
or surface temperature is lower then the stesdy-state temperature obtained
experimentally.

Figure 12(b) shows the compasrison of experimental results with cal-
culations based on the peeling technique. This calculation technique
produced better agreement than the one considering no unsteady state as
glven in figure 12(a). However, when using this calculation technique,
the time for 20-percent vaporization is still very semsitive to fuel
voletility, and for low-volaetility fuels the error is quite large.

Tt should be remembered that in ell the previous comparisons the
air velocity was held constant during the lifetime of the drop. Similer
comparisons would be found, however, if variable air velocities were
congidered.
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DROPLET VAPORIZATTON CAICULATTIONS UNDER

CONDITIONS FOUND IN SPRAYS

Vaporizetion conditions encountered In actual fuel sprays may be
somewhat different from the conditions experimentelly studied in this
report. Reference 1 gave a calculatlion technigue that may be used to
include the veriable droplet velocity as predicted by the drag coeffi-
clents and flow theory. Other considerstions may be needed, however, in
order to understand combustlon in a spray better. Some thought was
given to two of these considerations and the resulting theory was used
to predict the possible effect of varilous paremeters briefly.

The first situatlion considered 1s & drop injJected into an etmosphere
hot enough to cause self-ignition where there is no influence of one drop
on another. The second situation considered was the cooling of the air
by the vaporizing drops. The results of compubtations for drops vaporlzing
under these conditions willl be presented below. The symbol list 1s given
in sppendix A and the theory and equatlions used to obtein these results
are given in appendixes B and C. This theory was originally spplied to
Dilesel engines and more extensive deta and comparisons are glven in
reference 3. :

Speaking of the first situation, as e droplet veporizes in a high-
temperature atmosphere a layer of fuel-alr mixture bullds up around the
drop. The fuel-vapor-alr mixture 1n the film verles in composition
along radial lines fram the drop, with the richest mixture being next
to the droplet surface. The temperature in the £1lm increases from the
lilquid temperature to the alr temperature. As the droplet heats up, its
vepor pressure increases until a combustible mixture 1s first found at
the 1liguid surface. As the drop 1s heated to yet higher temperatures,
this mixture moves awsy from the drop into a region of higher temperature.

When the steady-state liquid tempersture is reached the vapor f£ilm
will be flxed In both its pertlel pressure and temperature distribution.
It can therefore be seen that 1f a combustible mixture (say stoichio-
metric) 1s to be formed around the drop at the self-ignition temperature
it must occur before or at the steady state with the beginning of the
steady state as the limiting time.

The time necessary to form a chemically correct mixture at the self-
ignition temperature has been defined as the physical-lgnition-delay
perlod. It 1s supposed that any further ignition delasy is due to chem-
lcal factors; that is, it will be chemlcal ignition delsy.

The effect of air temperature upon the computed physical ignition
delay of a drop of n-decane is shown in figure 14. The ignition delsy
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shows a sharp decrease with Increasing air temperstures with a leveling
off at higher air temperatures. The physical ignition delsy goes to
Infinity at low temperatures, indicating that the combustible mixture,
as previously defined, camnot form at ite self-lgnition temperature.

The results of computations (not presented here) when the total
pressure was increased from 1/2 to 5 atmospheres gave only & small
increase in physical ignition delay, indicating that the physical igni-
tion deley is comparatively insensitive to variations in total pressure.

The higher volaetllity fuels form a stoichiometric mixture more
rapidly (as shown in fig. 15) despite thelr lower molecular weight and
the resulting necessity of a higher vapor pressure to form a stoichio-
metric mixture. It should be noted that heavier fuels resch a higher
liquid tempersture before a combustible mixture is formed and consequently
they may experience cracking in the liquid phase before the combustible
mixture is formed. This fact may be important in smoke and deposit
problems.

The second situation 1s concerned with adiabatic equilibrium within
a spray. The work previously reported in this paper assumed that & large
excess of alr always surrounded the vaporizing drop end that at no time
did the vaporization processe affect the temperature or composition of the
alr surrounding the drop except in the £ilm, This assumption seems
plausible in sprays where there 1s considerable distance between fuel
droplets and where the fuel-air ratio is low. If, however, the core of
the sprey is considered it seems conceivable that the vaporization process
mey cool the surrounding air appreciebly end that the fuel vapor in the
etmosphere may reduce the driving force for mass transfer. The equations
spplicable under this assumption are given in sppendix D. Briefly, it is
assumed that there is no net heat or mass transfer to or from the section
under considerstion and that the air and fuel vapor external to the drop
and its immediste film are uniform at any time.

Figures 16 and 17 show the results of calculetions mede using the
theory of appendix D. Figure 16 is a plot of air-fuel-mixture tempera-
ture versus overall fuel-air ratio. This is a thermodynamic calculation
and thus is not concerned with the amount of time necessary to reach
this end condition. Figure 16 shows that a considerable drop in tempera-
ture may occur even for low fuel-alr ratios. Fuel-air ratios as high or
higher than stoichicmetric (approximately 0.067) msy occur in the primary
zone and thus it seemed deslirable to perform celculations which would
give some indication of the time required to spproach adlabatic equilibrium.

Figure 17(a) shows histories for drops of n-heptane vaporizing wlth
fuel-air ratios of zero, 0.067, and 1.0. The tempersture of the air and
vapor drops rapidly while the mass and liquld temperature histories are
affected only slightly as compared with those of pure air when a fuel-air
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ratio of 0.067 is considered. The percent mass vaporized at any time
decreases rapldly as the fuel-alr ratioc is increased. Figure 17(b)
shows similar hlstories for n-hexadecene with similar conclusions.

The above conclusions and resulis were based solely on the theory
presented in appendixes C and D. No direct experimental evidence was
avallable for comperison with the theoretical predictions.

DISCUSSION OF RESULTS

The results of this investigation of the experimental and calculated
temperature end mass histories of veporizing fuel drops have shown that
the unsteedy-state vaporization period is important in the veporization
of low-volatillty fuels of all slze drops. For high-volatility fuels,
such a8 n-hexane, where only the time for complete vaporization is of
interest, there is less error in neglecting the heating-up period.

The calculetion techniques described in reference 1 gave reasonably
accurate histories of the percent msss transferred from the drop. The
discrepancy between calculated and experimental histories for lerge drops
and high-molecular-welght fuels is withir the experimental accuracy, but
the discrepancy ilncresses with decreasing drop size and fuels with lower
molecular welghts to a meximum of 20 percent for n~hexane drops of
500-micron initial diameter. This indicates that the use of the calcu-
lation technique for very small drops might introduce a conslderable
error. The inclusion of the heating-up period in the calculations gives
a significent improvement over other techniques for small drops.

The Increese in error wlth decreasing drop size is believed to be
due to the omission of the PA*(t) term derived in appendix B. As the

drop size decreases, the vaporizetion time also decreases, thereby pro-
ducing a larger rate of change of pressure in Pp*(t). The Py*(t) term

would therefore increase with decreasing slze and likewise the error
introduced by neglecting it would increase.

Although the mass histories glve reasonably good agreement the tem-
perature histories obtained with the calculation technique described in
reference 1 do not fully coincide with the experimentel histories for
both small drops and low-molecular-weight fuels as shown by figure 9.
The discrepancy with drop size 1s believed to be due to the omission of
the AT;(t) term (sppendix B}, which would increase with decressing

drop size. The dilscrepancy with fuel volatility could result from the
omission of the dimensionless term Ma/Mf, where M, is the mass of the

air end My 1s the mass of the fuel vepor.
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If, because of their complexity, it is not feasible to perform the
calculations including the unsteady state, it is suggested that calcula-
tions based on peeling be employed rether than celculations which consider
the drop to be at the stesdy-state temperature throughout its lifetime.
For exsmple, the error in the vaporization time for 50~ and 80-percent
vaporization of a small drop of n-octadecane when using the steady-state
calculation is 160 and 100 percent, respectively (fig. 12(a)), while if
the peeling celculation is used the error is reduced o 50 and 10 per-
cent, respectively (fig. 12(b)). The error in the 20-percent-vaporization
time is not significantly decreassed by use of the peeling calculation.

The theoretical work done on physical ignitlon delay indicates that
this phenomenon may be of importence in cases where the fuel droplets are
not completely vaporized before reaching = high-temperature zone. The
theory again points out the importance of the unsteasdy-state portion of
the histories. Drops injected in the reaction zone itself may exhiblt
behavior different from that indicated by the theory. Clesrly a better
understanding of chemical and physical delay is necessary to predict
total ignition delay accurately.

Adisbatic equilibrium conditions may exist in the very core of a
gpray and a short distence from the nozzle, but the calculations performed
here show the effects of these conditions to be negligible unless the
fuel-air ratio is sbove stoichiometric. This analysis gives another indi-
cation that single-droplet calculations may be applied to the major por-
tion of the spray without great error.

The Universlty of Wisconsin,
Madison, Wisec., July 6, 1955.
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APPENDIX A
SYMBOLS

Ag surface area of liquid drop, sq in.
Bo thickness of air-vepor film surrounding drop, in.
Cy = KpPerkyu/Fr
c 2 = Qv - WCPfTL
C3 = wepp
cp specific heat at constent pressure, Btu/(1b)(°F)
D diffusion coefficient of air-vepor system, sq in./sec
dvf molar rate of diffusion of fuel vapor at liquid surface,

mole/(sq in.)(sec)

dy. diffusion velocity of componert i with respect to a
i plane moving at mass average velocity, in./sec

f molar mass flux vector with respect to liquid surface,
mole/(sq in.)(sec)

£ acceleration due to gravity, in./sec2

By, Nusselt number for heat transfer, dimensionless

J mechanical equivalent of heat, (in.)(1b)/Btu

Jy mess flux vector of component 1 with respect to plane
moving st mass-average veloclty, 1b/(sq in.)(sec)

K thermel conductivity, Btu/(in.)(sec)(CF)

Km average thermal conductivity in air-vapor mixture,

Btu/ (in. ) (sec) (°F)

k coefficient of mass transfer, 1/sec
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Nu

Nusselt number for mass transfer, dimensionless

scale factor for length, in.
mass, 1lb

mass of drop at beginning and end of increment of time,
respectively, 1b

molecular mass of component I, lb/mole

total number density, mole/cu in.

number density of component 1, mole/cu in.

partial pressure, lb/sq in.

total pressure, 1b/sq in.

Prandtl number, dimensionless

change in fuel vapor pressure as & function of time

vapor pressure gradlent at liquid surface at zero time
as function of 6, lb/cu in.

total heat transfer from air to drop, Btu/sec

heat received at drop surface, Btu/sec

sensible heat received by drop, Btu/sec

heat carried back with diffusing vapor in form of super-
heat, Btu/sec

heat transfer rate at zero time, Btu/sec
heat of vaporization, Btu/sec

universal gas constant, (in.)(1b)/(mole)(°F)
Reynolds number, dimensionless
radius at any point in f£ilm, in.

radius of drop, in.

13
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Sc
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Schmidt number, dimensionless

temperature in film et radius r, °R

air temperature at film boundary, CR
intermediste temperature (see appendix D), °R
temperature of liguid drop, °R

mesn temperature in film, °Rr

change in liquid temperature as & function of time, °r

gradient of film temperature at liquid surface at zero
time es a function of 6, °R/in.

time, sec

any time increment

velocity, in./sec

reduced radial velocity, dimensionless
sngular velocity, radian/sec

molecular welght, 1b/mole

welght of air and fuel, respectively, in atmosphere
mass veporizetion rate, 1b/sec

mass transfer rate at zero time, lb/sec
body forces

fuel-alr ratio by weight

correction factor for mass transfer, dimensionless
- PfB)] loge EPT - Pep) / (P - Pﬂj

dimensionless number, M, /Mp
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v

% far

o%/de

()*
Subscripts:

15

dimensionless number, Q,VOLO/ KA, To
dimensionless number, Fg, /(PfL - PfB)
dimensionless number, To/(TB - TL)

2
PoVo
pressure number, ————

o
angle

heat of vaporization, Btu/lb
viscosity, 1b/(in.)({sec)

density, 1b/cu in.

mess density of mixture, 1b/cu in.
reduced surface area, dimensionless
dissipation function, 1/sec?

dimensionless number, L,woCp, /Kvo
dimepsionless mumber, P, /Po
total mass flow from drop

KN
BXB

x-N -

del operator, 1]_ Bxl + 12 Bxe

+i§

reduced radlal gradient, dimensionless
reduced anguler gradient, dimensionless

reduced variable, dimensionless

component A
air

at £ilm boundary
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f fuel vapor

L liquid or st liquid surface

o] scale factor

i component 1

1 component 1

2 component 2

T total

v rate or graedient

g value with respect to space-fixed axis

0 at time zero
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APPENDIX B
THEORY FOR DROP VAPORIZING IN HOT ATRSTREAM

The problem of & drop vaporizing in a hot alrstream covers the
problem of simulteneous transfer of heat and mass in a flow system.
Such systems can be accurately described by the "equations of change"
of f£luid mechanics. These equatlons of change are the equation of con-
tinuity for each of the chemicel species, the equation of motion, and
the equation of energy balance. The verious dimensionsl groups that
should be correlated to form an experimental solution can be predicted
from these equations when they are written in dimensionless form.

Mass Transfer

The transport of mass as described in reference 4 is dependent on
(1) a gradient in the chemical potential, (2) a gradient in the ‘total
pressure, (3) a gradient in the temperature of the gas, and (4) trans-
port due to externsl forces. The gradients in the tobtal pressure and
temperature are considered 1o be negllgibly small in regard to both
poeition end time in this presentation. The transport of mass per unit
area because of a gradient In the chemlcal potentisl is determined from
the followlng flux equetion:

Ji = nymy dvi (B1)

For a two-component system, assuming an ideal gas and no pressure gradient
in the vapor tangential to the liquid surface, this eguation becomes for
a spherical drop '

_ Pz D [oP1
£ RT(BI' )r=r (22)

If the total pressure, partial pressure of component 2, D, R, end T
are all constant over the entire surfece, equation (B2) can be integrated
over the entire surface to obtain the totel mass flow from the drop or

-fw Do f él:m.) 5 5
ST S(Br r=ro"' (83)
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Two erbitrarily chosen scale factors (indicated by a subscript o), the
length Ly and pressure Py, are now introduced. Tt is convenient to

introduce the following trensformed (reduced) verisbles (indicated by
a superscript %) in terms of these scale factors:

Py¥*

P:L/Po

r¥ I'/Lo

Introducing the difference between the partial pressure of the fuel
veapor &t the liguld surface and that at infinity (or the film boundary),

P, Por - P oP.
et (n Yo
Pp RT \ Lo ¢, - Ppp/\or*
o

The pressure gradient BPl/Br*, the diffusion coefficient, and the tem-

perature are evalusted at the liquid surface. The integral in equa-
tion (Bi) is similer to the integral which Schlichiting obtained for heat
transfer (ref. 5). The integrel in equation (Bk) will be defined as the
Nusselt number for mass transfer; thet is,

/ apl*\
g =:/; [;fL J\ar*/ ar (25)

To

The/functional form of this equation will be obtained later.

Heat Transfer

The transport of energy 1is dependent gn_(l) the temperature gradlent,
(2) the transport of thermsl energy by the flux of the molecules, and
(3) the reciprocal process to thermal diffusion known as the "Dufour
effect." By neglecting the Dufour effect the heat transfer to a
spherically symmetrical liquid drop was shown in reference 2 to be

G = KA f < )r_ro ar (26)
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When the scale factor Ty is used, T¥ = T/T,, and, introducing the
difference in temperature at infinity (or the £ilm boundary) and at the
liquid surface,

- o[BI To \<am*) .
W KA°< L, )j:s <TB = T\ : =

Q

Tt is understood that the temperature gradient OT*/dr* and the thermal
conductivity K are evaluated et the liquid surface. The integral in
equation (B8) 1s similar to the integral which Schlichting (ref. 5)
called the Nusselt number for heat transfer or

T, OT*
o, 2.,

The functional form of this egquation is given in the next section.

Alr-Vgpor Film

The four equations of change needed %o describe the f£ilm surrounding
the 1liquid drop are: (1) Equetion of continuity for component A, (2)
equation of continuity for the mixture as a whole, (3) equation of
motion, and (4) equation of energy balance. The equation of continuity
for component A is given in reference 4 and the equations of continuity
of the mixture, motion, and energy balance are found in reference 6. All
the equations are applieable to turbulent or laminar flow.

Equation of continuity for a mixture.- The continuity equation for
a mixture of compressible flulds is

2+ (Vv-po¥) =0 (B9)

where the operator D/Dt is the substantial derivative.

FEquation of energy balance.- The energy-balance equaetion for a
perfect gas is

DﬁiT) 1 DP o
=== (7. xvr) + X o B
Pm ~p J Dt ( ) &J (B10)
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Equation of motion.- For a campressible fluld, the equetion of
motion is '

pmg_z=-m+pnﬁ+(v-uw)+%v(uv-v) (B11)

Equetion of continulty for component A.- The continuity equation of
component A for compressible flulds i1s

DPy

st = -V - V) - (V- T) (B12)

In sddition to these differentisl equations, it is necessary to
know the pressure and temperature dependence of the physical properties.
These functions are denoted as follows:

P =P (\PA)T)
. °p = cp(PA’T)
L= p.(PA,T) L (B13)
K = K(Py,T)
D = D(Py,T)

The followling scale factors are also introduced: The length L,
veloclty Vo, density pgo, temperature T,, pressure Py, specific

heat Cpy? viscosity u,, thermal conductivity Kb, and diffusion
coefficient Dg.

In the following discussion the properties Cps M, and K are

assumed. to be constant at some appropriste mesn velue. With this assump-
tion it is convenient to pick the scale factors Cpys Mo and Kg

identical to these mean values so that p¥*, K¥*, and cp* as defined

on the following pege are unity. The following reduced variables
are thus defined:
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REAIUS ¢« o = « o = « o o o o s o o a o s s s o o a o o o r¥ = r[Lg
Radialveloci‘by....................Vr*=Vr/VO
Angular VEloCity « o« v o o o o o o o 0 s e 0 o o 0 o o o Vg¥ = VgLo[Vy
DENSILY + o « o o s o o« « o 2 o s o 8 o s o s o o o & a p*=pnlpo
TIME & v 4 o« o o o o o o o s o o o o o o o o s oo+ o TF=1V )L,

PI‘eSSUI‘e * &4 6 6 @ e ® e ® e @ € ®© * 8 & 8 & 8 6 & e ° > Pi*—_-Pi/PO
Viscosity......................‘.u.*=p/uosl
Thermal cONAUCEIVILY « o « o = + o o ¢ o o o = o « « « « K¥ =K[K; =1

Specific heat . L ] L] L] L -« L] e L] . L ] L] a L] L] e L] L] L ] %* = cp/ cpo — l
Tempera-bwe e« & & ¢ 8 o % e &« s e @ & 8 5 o 6 e e e o & T* = T/TO
Diffu.sion coefficient e e & @€ e ¢ & & 8 & ¢ & 8 & o o o D* = D/DO
* T,
Molecular gas CoNSTENE ¢ o ¢« o ¢ o ¢ o ¢ 0 ¢ 0 6 o s e @ L%:XT = % "'Qg'
Vo
o% 0
Radial derivative ¢ & ¢ o o ¢ & 8 8 8 e & 8 & & 8 e s @ -— = LO -
or or

The four equations of change sre then rewritten In spherical
coordinates with the further simplifying assumption that the body forces
Xy and the dissipation fumetion © are negligible.

The equation of energy balasnce:

% OT* o 3% ([ OT¥ 13 ST
= (cPOLopo ) Ea?(r* Br*) T Sine % (sm ° 35’)} (B2k)

The equation of continuity:

Sl + o Eorwr 0]+ g [ derv] =0 (ms)

The equations of motion:

=\ )=(o )Br* \ 0)(1‘ [( )W]

l B
ae\ } ' Lopo 3r*13r*|:(r*)zv A+

F[(r*)avrﬂ} (516)
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1% [ Ho \ 1 [ 1 _a_( BVe*)+
( 2)r* d0 (VoLop (r*)a sin © 00 09
g*_l:( )2 aVe"q 5

3 30 | W Lop 3r¥

s ol o v6) + g (=

22

o
Ch g,;;(ve*)

[—cotecsc B%(sineve) +

The continulty equation for component A:

Q*P¥* 1 o+ 2 1 d
= - —|p*(r*)V_¥| - ———— ¥ gin 0 V¥ +
St* )2 3l ™) r] r*sineae(p ")

(D) . a_*[<r*>2M*<PT*)2 L P EaX/Er)

Q
Volo/ (x#)2 dr|  T*R¥P ¥ or*

2

T*M* (Pri¥ Q¥ (P ¥/ Pri%

(Pr*) D*-(A/T)
T*¥R¥P,* 38

( Do \ 12 l:Sin ] M* (pT*) 2px QNP KP*

4

V L,/r* sin 6 36 T*R¥P,*  Or
M*¥Pr*¥D¥ O%{ Pp*[ Pri¥

% gin 6 — = (Ba*{Pr¥) (B18)
T*R*P % o0

The four dimensionless pesrameters which appear above are related to
well-known dimensionless numbers in the following ways:
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0“0 o \Po o, :
Fo) L
\p ovo R
where
Re Reynolds number
Sc Sehmidt number
Pr Prandtl number
yl pressure number

Additional dimensionless parsmeters might appear when one assumes
speciel forms for the temperature and pressure dependence of the physical
properties of equations (Bl3). For example, the rstio of the moleculer
weights appears if an ideal gas is assumed.

In addition to the system of equations given sbove, the boundary
conditions of the problem mist he specified. The boundary conditions
are as follows:

For pressure:

(a) Py* =0 at r = «» for all times and angles
*Pp ¥

(b) a—gﬁt— =0 at r = o for all times and angles
OPA*

(e) =0 at r =r, for all times and angles
30 °

(@) Pp* = Py*(t) at r =1, for all angles
J¥Pp*

(e) — = Pey(8) &t r =r, at zero time

For temperature:
(£) T* =1 at r =« for all times snd angles
(g) OFTX 0 at r = » for all times and angles

or
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(n) -g-'éli =0 gt r =r, for all times and engles
(1) T* = T*(%) at r =r, for all angles
(3) Q;_T_*_ = Ty.(0) at r =ry, at zero time

r

For radisl wvelocity:

(k) v* =1 at r =® for all times and © =0
(1) Vp* =1 gt r = o Ffor all times and 6 =x
(m) Vv.* =0 at r =rg for all times and all angles
XV ¥ .
(n) Br =0 at r =ry for all times and all angles
T
(0) Vyp* =0 et all radii and times end 6 = /2

(p) Vg* =1 at r = o for all times and 6 = x/2
(@) Vg* =0 et r =ro for all times and all angles
(r) éf—g—f; =0 at r =ro for all times end all angles
(s) Vg¥ =0 et all radil and times and € =0

(t) Vvg* =0 at all radii and times and 0 ==«

Conditions (k), (1), and (p) specify that the scale factor V, will
be teken equal to the free alrstream velocity. Condition (f) specifies
that the scale factor Ty will be equel to the airstream tempersture.

With these boundary conditions and the dimensionless numbers obtalned
in equations (Bl4) to (B18), the temperature, partial pressure of com-
ponent A, rediasl velocity, and angular velocity are gll seen to be
functions of:

(1) Reynolds number

(2) Prendtl number
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(3) Schmidt number
. (4) Pressure number
(5) Pressure gradient at the liquid surface at zero time
(6) Temperature gradient at the liquid surface at zero time
(7) Change in pertial pressure of component A with time

(8) Change in temperature of the liquid surface with time

(9) Redius

(10) Angle

(11) Time

That is,

v T* = T(Re: Pr, Sec, 0, PA*(t); T*(t): Pva(B), TLV(B)’ r¥*, 6%, t*) (319)
- P* = P(Re, . . . t¥%) (B20)
V,* = V.(Re, . . . t*) - (B21)
Vo* = Vg(Re, . . . t¥) (B22)

Since the gradients of the pressure and temperature at the liquid
surface canmnot be determined directly, it is convenient to transform
these terms by use of equations (Bt) and (B7):

_, PP a_Pr_) '
Wo = P, RT f';' g (ar* r=rg ar (823)
aPa.-)(-(e) =7 | WORE'QPE, g-x: (BZ’-I-)
dr \AoMePDPo/ |
. and
T
- Qvo ) -KAO f'g- S (%z*—)r-r o | (325)
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= £(rex) (B26)

where TI' =.Q, L, KAST,, Wy 1s the mass transfer rate at zero time, and

Q'VO is the heat transfer rate at zero time.” The dimensionless peremeter

M\ /P
{.ﬁ; -2 (B2
BE e

which appears in equation (B24) can be written

YORTLGR2 \ [ Ho) /Ko \ /Lgwocp) RTopo)
<‘L\‘OM:E‘DP of ) Q)opo) <°pouo Koho / (MaPT

RT
For a perfect gas 7 o = 1; therefore,
e T
WARTL_P,
_Q_l?___q_g_ = So L ¥pX {B28)
AOMfDPOPT Pr .

Where

In terms of these new dimensionless numbers s the functional forms
of the temperature and partisl pressure of camponent A become:

™* = T(Re’ Pr, Sc, 1, PA*(t)} T*(t)) B, T's ¥, X, r¥, o%, t*) <329)

P* = P(Re, . . . t*) (B30)

N
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Introducing the notation

N T
soi—To
\TB - T

P
o - ____)
Pe1, = Pep

the Nusselt numbers can be defined in the functional form as follows:

Hg, = E(8, Re, Pr, Sc, n, Pa*(t), T*(t), B, ¥, X, I)  (B31)

Ky = k(3, Re, Pr, Sc, 1, Pa*(t), T*(t), B, ¥, X, T) (B32)

It is seen, therefore, that the Nusselt numbers are functions of
12 parameters, 11 of which are identical In both the heat-transfer and
mass-transfer numbers. The parameters ¢ and X are similar to the
parameters Z and « given in the equations of references 1 and 2.
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APPENDIX C
THEORY OF SELF-IGNITION OF SINGLE DROPLETS IN HOT AIR

According to current theories, ignition of a fuel-air mixture occurs
in the vapor phase at a mixture ratio and temperature sultable for com-
bustion., For & single droplet surrounded by & large amount of alr this
air-vapor mixture can be formed only In the film surrounding the liquid
droplet. The temperature end mixture ratio at any polnt in the air-
vapor film is controlled by the rates of heat and mass transfer and
therefore by the temperature and mass historles of the droplet.

The spherically symmetrical model given iIn reference 1 is used to
calculate the physical deley time. The tempersture 1n the air-vepor
film increases from the liquid temperature Ty, at the liquild surface

to the alr temperature Tp at some distance from the drop. The partial
pressure of the fuel vapor decreases from FPey (the vapor pressure at

the liquid surface) to zero at some distance from the drop. The curve
of temperature against distance from the drop can be determined from the
following equation for heat transfer as given in reference 1l:

Q = Kﬁ#ﬁrg %% - wepr (T - Tr)

or
aT _ Qy + wcpf(T - Tp)
dr Kmll-ﬂ 1‘2

(c1)

The curve of partlal pressure sgainst distance can be determined
from the following equations and identitles as given in reference 2

dap P,

—£ - _ BL. 2

& = " ey Mvefo B (c2)
W o= dvfohﬂroza B (C3)

— = - == (ck)
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Therefore,

dP, _ _ RTwPy
dr DP,IthsrrEc,

(c5)

With the calculation technique of reference 1 it is possible to
obtain temperature histories similar to those shown in figure 18. From
these histories and equations (Cl) and (C5) a relationship between the
partial pressure of the fuel vapor and the temperature in the film is
obtained. Tllustrative partial pressure and temperature lines in the
film are presented in figures 18(a) and 18(b).

If the partial pressure of the fuel vapor needed to form a com-
bustible mixture is arbitrerily represented by the stoichiometric
mixture, it is possible to determine the temperature of this mixture
at any time, Thls mixture is represented by the horizontal line in
figure 18(a). For the first curve drawn, the partisl pressure of the
liquid is below that needed to form the stoichiometric mixture. As
the droplet heats up its vapor pressure rises and the point where the
partial pressure in the film is such that a stoichiometric mixture is
formed moves away from the liquid surface.

The temperature of the stoichiometric mixture as a function of
distance in the £ilm can be determined from figures 18(a) and 18(b).
This temperature is plotted in figure 18(e). It should be noted that
‘the temperature of the stoichiometric mixture increases with time. If
conditions are right, the stolchlometric mixture reaches 1ts self-ignition
temperature before the droplet complebely vaporizes and efter a chemical
deley the drop burns. The self-ignition temperature 1s represented by
the dashed line of figure 18(e) which intersects the curve at point 2.
This point then determines the physical-ignitlon-delay time as shown in
figure 18(d). This is the earliest point in the vaporization process
that a combustible mixture 1s formed at its self-ignition tempersature.

The ignition delay 63 1s calculated by the following analytical
technique: Combining equetions (Cl) and (C5) and using from reference 2

D
v o= ﬁT;foAonLkNum

glves

ap, K,.Pry P, (c6)
dT PT(Q’V' - WCPfTL + WCPfT)
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With the assumption that Xy and cpe are constant at an average
value throughout the f£ilm, the following substitution can be made:

C1 = KpPrry/Pr
Ca = Qv - WeprTy,

C3 = wcPf

The values of Cy, Cp, and 03 are then constants throughout the

film at any one instant of time. Equation;(06) becomes

ap, 01T
Py Cy + 03T

(cT)

Integrating between the limits Pa(r) = Pp - Pe and P&(r-w) = PT where
T(r) =T and T(p_e) = Tps '

Co/fC
T=<i+T]3)<_E£)2/1_C_2. (c8)

Co Pr, Cx

This equation relates the temperature T at some point in the air-
vepor film to the vapor pressure Py at the same point. This equation

can be solved only in conjunction with the vaporization histories
obtained by the technique described in reference 1, since the constants
Cl, 02,_and 05 are functions of the vaporilzation history.

The partisl pressure of any fuel corresponding to a glven mlxture
strength (on a weight basis) 1s determined by the following equation

P
Pp = — L (©9)

M
ﬁi‘*l

<j

Although it is possible to burn air-vapor mixtures over a range of
mixture ratios, a stoichiometric mixture has been chosen to represent o

the combustible mixture.
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A representative history of a drop of n-decane calculated by the
technique of reference 1 and equeations (C8) and (C9) is shown in fig-
ure 19. A%t polnt a the liquid temperature has reached the value vwhere
the liquid vapor pressure 1s just high enough to form the stoichiometric
mixture. From this polnt the tempersture of the stoichiometric mixture
rises and approaches a constant vaelue as the droplet approaches the
steady-state temperature.

Sometime along the path of the stoichiometric-mixture-temperature
line & point is reached at which the temperature equals the self-ignition
temperature. The self-ignition temperatures of pure hydrocarbons are
found in the literature (among others, refs. 7, 8, and 9). The values
obtained by different investigators vary according to the procedure,
container, and purity of the hydrocarbon. The values given In refer-
ence T were used in this investigation although they are lower than those
given by other investigators. The self-ignition temperature of the
stolchiometric mixture is reached at point b in figure 19 and can be
taken as the dividing point between the physical and chemical ignition
delays of a single droplet.
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APPENDIX D
ADIABATIC SATURATION IN SPRAYS

If fuel is injected in the form of & spray in an airstream, the
static pressure change in the system due to vaporization cooling is very
small. If no heat 1s transferred from adjacent segments in the spray
and sufficient time 1s allowed, the temperature of any segment will
ultimately reach equilibrium. Two different cases may arise depending
upon the overall fuel-air ratio. For rich mixtures the equilibrium
will occur in the wet reglon; that i1s, a three-phase system will result.
In the case of leaner mixtures all of the fuel will vaporize and the
vapor will be superheated to the equilibrium temperature.

The wet reglon is defined as the condition where the equilibrium

vapor-air ratio is less than or equal to the oversll fuel-air ratio.
For the wet region the heat balance may be written

Q= Qr+ Q-

The following equation can then be written for a constant-pressure
system:

T T
Bl 2 P
f cpg O = ¥ f cpp, 4T + (222 ) X2 (D1)
T, Tra Pr - Prro/ My

For the case where no liquid remains at the equilibrium region the
following equation applies: ’

T T T

."Bl . 1 - 2
/ Cpa dT =y f cplL aT + 7\1 + f Cpf 4aT ( D2 )
T2 T2 Ty

where T; 1s an intermediate temperature at which the liquid is assumed
to be completely vaporized at a pressure equal to the partial pressure
of the completely vaporized fuel in the system. Equations (Dl) and

(D2} may be solved to obtain the final adisbatic equilibrium tempera-
ture for any fuel-air ratio and initiasl conditions.
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While the above theory gives the conditions at equilibrium, it gives
no information concerning whet is heppening in the spray as a function
of time.

In order to determine the time dependency, consider a spray of
uniform drop size or some section of a spray where drop size is assumed
uniform. Also assume that there 1s no net mass or heat transfer to or
from this section. The epproximastion will be made that all concentra-
tion and temperature gradients are confined to films of small but finite
width surrounding each drop. Air and fuel vapor outside the film bounda-
ries will be considered uniform throughout the section and will be
referred to as the "atmosphere." It 1s further assumed that the droplets
within the section have the same velocity relative to the atmosphere;
this velocity may be constent or varying in time. For convenhience one
may think of each drop affecting only & volume of air determined by the
overall air-fuel ratio (by weight). The temperature and composition of
the atmosphere as a function of time may thus be determined, taking into
account the effect of the heat and mass transfer on the temperature and
fuel partisl pressure in the atmosphere. Extensive varisbles for the
spray section may obvicusly be obtained by merely multiplying the single-
drop results by the total number of drops.

The mass-transfer equation given in reference 2 msy be written as
P P_B
d‘V =-.Ii.+l ]_Qgei. (Dj)
f RT \B, 71, P L
The pressure Ppp can then be written as

Pep = el (k)

Clearly,
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Then
= e _L _.L -+ _l-— P —.P t
Ve RTm<BO To (Ber, - Pra) (25)
where
P P -P
ol = _..Tf.rgloge T—E:_B. (D6)
Per, - P Pp - Per,

As in reference 2 the mass-trensfer equation may be written as
where (Per, - Pgg) 1is now the reduced driving force.

As the drop vaporizes the atmosphere is cooled and thus the aversge
temperature of the atmosphere Tp must be calculated for each increment
of time. The heat suppllied by the atmosphere is the heat that enters
the outer edge of the vapor f£ilm:

Q=Qp+ Qg

If the masss of air in the film is considered negligible Qg is the

heat that goes into superheating the fuel vapor in the film. Therefore,
for any time Increment ALy,

) qp, + W(Tﬁ - TL)—‘
TB(n+l) = Tpp - W;cpa N ﬁ_f-‘-cpi‘_Jn A (D8)

The stepwise technique described in reference 1 may then be used to solve
the vaporizetion equations. The vaporization histories must of course
predict a final tempereture for the system that agrees with the final
temperatures as calculated by the thermodynamic theory presented earlier.

Histories using this technique are shown in figures 17(a) and 17(b).
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