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On the Burning of Single Drops of Fuel in an Oxidizing 
Atmosphere! 

:\1. GOLDSMITH2 and S. S. PENNER3 

Daniel and Florence Guggenheim Jet Propulsion Center, California Institute of Technology, Pasadena, Calif. 

A simplified model for the process of steady burning of a 
stationary droplet of fuel in an oxidizing atmosphere has 
been examined. Explicit expressions have been obtained 
for the burning rate of the fuel droplet, for the tempera
ture at the flame front, and for the radius of the combus
tion surface. The principal assumptions on which our an
alysis is based are: the flame front is established at a sphe
rical surface surrounding the drop; the rates of delivery 
of fuel and oxygen to this surface are in stoichionletric 
proportions; the rates of reaction at the flame front are 
fast compared to the rates of delivery of conlbustible gases. 
Our analysis is an extension and generalization of the work 
of G. A. E. Godsave. We are able to delete several of God
save's restrictive assumptions by use of an efficient lllethod 
for forlllulating the problelll in which only integrated 
forms appear for the expressions of conservation of mass 
and energy. Our theoretical forlllulas provide a satisfac
tory correlation of Godsave's experilllental results. 
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N OInencla ture 
radial distance from center of drop 
temperature 
standard reference temperature (usually 298.16 K) 
time 
density of g-as mixture 
density of liquid fuel 
specific heat at constant pressure of gaseous species K 
specific heat of liquid fuel 
thermal conductivitv 
specific latent heat ~f vaporization of fuel 
binary diffusion coefficient for species K 
weight fraction of species K in gaseous mixture 
mass, rate of flow of fuel vapor 
specific enthalpy of species K at temperaturc '1' 
rhK/rhF, ratio of mass rate of flow of species K to thc 

mass, rate of flow of fuel vapor 
constants in the expression (Cp)F = a + bT 
(Cp)K/(Cp)O, ratio of specific heat of species K to specific 

heat of oxidizer 
A/ pDK(cp)K dimensionless parameter 
2rhF/rrrZPI "evaporation constant" defined by 

Godsave 
q* - cl(Tl - T*) st.andard heat of reaction for one gram 

of liquid fuel and ,0 gm of gaseous 
oxidizer, hoth initially at temper
ature T*, forming H,O and CO, 

a, {3,~, 1> computational parameters 

Subscripts 
o oxidizer F = fuel vapor I inert gas 
o condition in ambient gas (r -- (0) 
c condition at combustion zone 
l condition at drop surface 
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I Introduction 

HETEROGENEOUS combustion is of importance in such 
widely different applications as stationary boilers, diesel 

engines, gas turbines, and rocket motors. In spite of the di
versity of these machines, the combustion problems involved 
in their design bear marks of similarity. Xumerous articles 
relating to heterogeneous combustion have been published, 
some of which are listed in the bibliography (1).4 

The present preliminary theoretical investigations are re
stricted to the burning of single drops of fuel in an oxidizing 
atmosphere. Our theoretical results are used to correlate 
some experimental studies carried out by G. A. E. Godsave 
(2, 3). In technical combustion processes with little inter
ference between burning droplets, the single-drop analysis 
may be a uReful first approximation. 

Experimental data on the burning of single drops of fuel 
have been published by Godsave (3) and Topps (4). Topps 
(4) studied the rate of burning of small fuel drops falling 
through a heated oxidizing atmosphere. Godsave (3) sus
pended small droplets on a fine quartz fiber and examined 
the burning droplet and the flame front as a function of time. 
In this way quantitative data were obtained for the rate of 
burning of the suspended droplet. Godsave (2, 5) obtained 
a successful interpretation of his results on the assumption 
that the chemical reaction rates do not control the rate of 
burning. This hypothesis simplifies the anaJytical treatment 
considerably. 

Following Godsave (2), Spalding (6), and others, we postu
late the following mechanism for the combustion processes: 
oxidizer is delivered from the surrounding atmosphere to the 
region of active combustion by convection and diffusion; the 
fuel evaporates and diffuses, without chemical change, to the 
reaction front, which is assumed to be a spherical shell sur
rounding the droplet. The location of the reaction front is 
defined by the condition that the ratio of the mass rate of de
livery of fuel to oxidizer corresponds to stoichiometric pro
portions. It is assumed that the reactants are consumed 
instantaneously upon reaching the flame front. The problem 
of determining the rat~ of burning therefore reduces to finding 
the solutions of the appropriate transfer problems. Because 
it is to be expected that the rates of mass and heat transfer 
will be increased by the effects of convection, a lower limit for 
the burning rate will be obtained if the analysis is made for a 
droplet burning in a still atmosphere, by neglecting the con
vection of hot gases over the fuel droplet. Although fuel may 
be injected into the combustion chamber of an engine at a 
velocity appreciably different from the gas velocity in the 

4 Numbers in parentheses refer to References on page 251. 
We have recently learned that extensive work on combustion 

and evltporation has been carried out in Japan in recent years. 
Some of the important papers are the following: "On the Evapor
ation Velocity of a Liquid Droplet in a High Temperature Gas," 
by Y. Tanasawa and K. Kobayashi, the Technology Reports of 
the Tohoku University, vol. XIV no. 2, 1950. "Experimental 
Study on Evaporation and Combustion of Fuel Droplet," by S. 
Kumagai and H. Isoda, Science of Mach'ine, vol. 4, 1952, pp. 337-
342. "Combustion of Fuel Droplets," by S. Kumagai and A. 
Kimura, Science of Machine, vol. 3, 1951, pp. 431-434. 
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chamber. it appears likely that, in some cases, the droplet is 
slowed down rapidly to the local gas velocity because of aero
dynamic drag. 

In the following Section II a theory for the burning of a 
droplet in a still atmosphere will be presented. The com
parison of our theoretical results with the experimental studies 
of Godsave (3) is carried out in Section III. Our method of an
alysis differs from that· of Godsave in that we utilize only 
integrated forms for the energy and continuity equations, 
thereby simplifying the analytical treatment, since only first
order differential equations occur. Because of the improve
ment in the method of formulating the problem, we are able 
to derive without difficulty an explicit expression for the mass 
rate of fuel flow without introducing the invalid approxima
tions that the thermal conductivity and the specific heat of 
fuel vapor are independent of the temperature. Furthermore, 
we extend Godsave's analysis in two important respects by 
obtaining explicit expressions for (a) the temperature of the 
combustion surface, and (b) the radius of the combustion 
surface. 

II A Sill1plified Model for the Burning of Single 
Drops of Fuel 

For the sake of clarity we tabulate all of the iffiilortant as
sumptions upon which our analysis is based. These are: 
1 The droplets are spherical. 2 Convection effects may 
be neglected. 3 The flame front surrounding the drop is 
represented by a spherical surface concentric with the drop. 
All reactions take place instantaneously at this surface, at 
which the delivery rates of fuel and oxidizer are in stoichiomet
ric proportions. 4 Steady-state conditions are assumed for 
fixed droplet sizes. This restriction greatly facilitates the 
mathematical treatment. It is reasonable to assume that 
the solution obtained for a fixed size applies to a drop de
creasing in size when it reaches the radius used in the steady
state solution. 5 The effect of heat transfer by radiation 
is neglected. 6 Mean values will be used, when appropriate, 
for the physical properties. 7 The temperature of the 
liquid drop is assumed to be uniform and equal to the boiling 
temperature. Although this assumption is questionable (7), 
it does not exert a large effect on the theoretical results. 
8 The pressure is assumed to be uniform throughout the 
system. 

A schematic diagram of an evaporating and burning fuel 
droplet in an oxidizing atmosphere is shown in Fig. 1. The 
radius of the liquid drop is r1 and its temperature is the normal 
boiling point T ,. The radial distance of the combustion sur-
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FlO. 2a TEMPERATURE (T) AS A F{;NCTION OF DISTANCE FROM 

CENTER OF DROP (r) FOR 0.010 CM-DIAM BENZENE DROPLET 

BURNING IN AIR AT ATMOSPHERIC PRESSURE ({;NCORRECTED FOR 

DISSOCIATION) 

face from the center of the liquid droplet is r, and its tem
perature is T,. The oxygen-inert gas mixture at a large dis
tance from the combustion surface is at the temperature To. 
In order to clarify further our physical picture we show in 
Fig. 2a a plot of the temperature T as a function of the radial 
distance r from the center of the drop and, in Figs. 2b to 2d, 
diagrams of the weight fractions of fuel Y F, oxidizer Yo, and 
inert gas Y/ as a function of T. The data shown in Figs. 2a 
to 2d correspond to the burning of a droplet of benzene in air 
for r1 = 0.005 cm and To = 300 0 K (compare Section III). 
The profile for the weight fraction of inert gas has been drawn 
on the assumption that the physical properties of combustion 
products and inert gas (in the oxidizer-inert gas mixture) 
are alike. If this assumption is not made, we must treat 
ternary gas mixtures both for r < r, and for r > r,. This re
finement can be introduced without difficulty but does not 
appear to be warranted in view of the crudeness of our model. 

Let rhF represent the steady-state mass rate of fuel con
sumption, which is the desired eigenvalue of our boundary
value problem; t is the time; p, em and A represent, respec
tively, the density, specific heat at constant pressure, and 
thermal conductivity; t,.l equals the specific latent heat of 
evaporation of the fuel. 

For a constant-pressure flow process,· the first law of ther
modynamics leads to the relation 

dh/dt = dq/dt 

where dh/dt is the rate of enthalpy increase of the gases pass
ing through a fixed volume to which the total rate of energy 
transfer is dq/ dt. For a spherical shell bounded by the radii 
Ti and r I, the energy equation takes the following simple form 

(dh/dt)1 - (dh/dt)i = - ([41rr 2i\(dT /dr)]i -
[41rr 2i\(dT/dr)]/} .......... [1] 

Here the subscripts i and f identify, respectively, the surfaces 
at ri and rl . 

The general continuity equation for species K can be written 
(8) in the form 

rhK = 41rr2pY K[(rhF/4 ... r 2p) - (DdY K) (dY K/dr)] . .... [2] 

where rhK is the rate of mass transport of species K, p is the 
density of the gas mixture, Y K equals the weight fraction of 
species K, and DK is the appropriate diffusion coefficient for 
species K. Equation [2] states that the total mass transport 
of species K is equal to the sum of the mass transport of species 
K associated with the movement of the average fluid, Y KrhF' 
and with mass transfer by diffusion, -41rr2 pDK(dY K/dr). 

• In our formulation we make no explicit use of the momentum 
equation. It is easily shown that the condition for conservation 
of m?mentum reduces. to the statement that the pressure is 
~ractlCally constant, whICh we assume to be the case in the analv-
S1S. -
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FIG. 2b WEIGHT FRACTION OF FUEL VAPOR (Y F) AS FUNCTION OF 
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FIG. 2d WEIGHT FRACTION OF INERT GAS (Y1 ) AS FUNCTION OF 

DISTANCE FROM CENTER OF DROP (r) FOR 0.010 CM-DIAM BENZENE 

DROPLET BL'RNING IN AIR AT O:"iE ATMOSPHERE 

A Derivation of Godsave's (2) Equation for m F 

We apply the expression for conservation of energy, which 
is given in Equation [1], to the spherical shell between rl and 
r for r < r,. The rate of enthalpy transport at rl is 

mF(hF)TI 

and atr 

mF(hF)T 

The rate of energy transport by thermal conduction at r l is 

- [41rr2A(dT /dr)h = -mF.6.1 

and the rate of energy transport at r into the spherical shell be
tween Tl and r is 

41rr2A( dT / dr) 

Hence Equation [1] becomes 
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-ri!F.6.1 + 41rr2A(dT /dr) 

01' 

41rr2(dT/dr) = (mF/A) [.6.1 + (T (Cp)F dT] . ..... [3] JT. 
where the subscript F to the specific heat identifies the fuel 
vapor. If it is assumed that A = Al is independent of tem
perature, and also that (cph = (Cp)FI is constant, then Equa
tion [3] becomes 

41rr2(dT/dr) = [mF(c p)F1/A.] {[.6.1/(c p)F.] + (T - Tl)l 

Integration of the preceding expression between the limits 
r = Tl at T = Tl and r = r, at T = T, leads directly to God
save's equation for mF, viz., 

. 41rAI In {I + [(Cp)FI (T, - TI)/.6.1J) 
mF = (Cp)FI [(l/rl) _ (l/r,)] [4] 

Reference to Equation [4J shows that for r,» rl, or for con
stant values of Tzlr" mF is a linear function of the droplet 
radius. Furthermore, since T, is generally large compared 
to Tz, it follows that mF is not a sensitive function of T l. 

lt should be noted that Equation [4J was derived without 
making any special assumptions about the location of the 
reaction front. For this reason the expression for mF contains 
two unknown parameters, T, and r,. Godsave measured6 r, 
and showed that for reasonable, assumed values of T" an ac
ceptable correlation for the measured values of mF was pro
vided by Equation [4J. 

B An Expression for niF if A and (Cp)F are Linear Func
tions of the Temperature 

A refinement of Godsave's equation can be obtained with
out difficulty by deleting the assumptions (a) that A can be 
assigned an average value Al in the temperature interval 
between Tl and T" and (b) that the specific heat of the fuel 
vapor is constant. Thus we write the following approximate 
expressions 

A = AI(T/TI) ................. [5J 

where Al is the thermal conductivity of the fuel-inert gas 
mixture at the temperature T l , and 

........ [6] 

where a and b are suitably chosen constants. Equations 
[3], [5], and [6 ]lead to the result 

41rr2(dT /dr) = (mFTI/AIT) [aCT - T l ) + 
(b/2) (T2 - T12) + .6.1] ........ [3a] 

Integration of the preceding expression from rl, Tz, to r" T, 
shows that 

41rAlrl [{ mF = In 1 + [(T, - T I)/.6.l] X 
bTI[l - (rl/r,)] 

where 

[a + (b/2) (T, + T l )]} - (! X 
~ 

(a + bT, - 0 (a + b Tl + ~)J 
In (a + bT, + 0 (a + bTl _~) ... [7] 

~ = {a 2 - 2b[.6.l - (b/2)TI2 - aTd l'h ........ [81 

Reference to Equations [7J and [8J shows again that mF is 
determined provided T, and T, are known. We shall show in 
paragraphs II-D and II-E that both T, and T, can be calculated 
by appropriate application of Equations [1 J and [2J by utiliz-

6 The experimental determination of ro was greatly complicated 
by the fact that the combustion surface was far from spherical 
because of severe convections currents over the droplet. 
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x 

ing the assumption that the delivery ratio of fuel to oxygen 
at the reaction front corresponds to the stoichiometric mix
ture ratio. 

C Preliminary Remarks on the Use of Equations [I) and [2) 

One of the objectives of the present analysis is to establish 
an efficient method for the utilization of the basic relations 
given in Equations [1] and [2]. It will be convenient to re
strict the analysis to spherical shells located between rl and 
r > rZ, or between r, and r > r,. In this case, simple explicit 
expressions are obtained for the rate of energy transport by 
thermal conduction through the surface of radius r. Thus 
Equation [1] leads to an expression of the form 

47t"r2}..(dT/dr) = mAcp)K (a + (3T + <P) ....... [9] 

if the specific heat is a linear function of the temperature. 
Here the numerical values of 0', (3, and E must be determined 
for each particular problem. Equation [2] becomes 

47t"r2pDK(dY Kidr) = riw( Y K - I' K)' ........ [to] 

where 

I'K = mK/mF ....... . .... [11] 

In the use of Equations [10] and [11], care must be taken to 
employ a positive value for 'YK if mass flow occurs in the same 
direction as the fuel transport, and to use a negative value for 
'Y K if mass flow occurs in the direction opposite to the direction 
of fuel transport. 

It is evident by reference to Equations [9] and [10] that 
we can eliminate the radial distance as independent variable 
and write 

dYE d'l' 
XK a + {3T + <'1',' .......... [12] 

where the dimensionless parameter xK , which is not a sensitive 
function of pressure and temperature, and which is assumed 
to be independent of Y K, is defined by the relation 

. [13J 

A mean value is used for (Cp)E whereas A, p, and DK are com
puted at any conveniently chosen temperature. Integration 
of Equation [12] between Yo = 0 at r = rc and Yo = Yo. D 

at r = en, corresponding to Tc and TO) respectively, leads di
rectly to the value of T, for specified values of To and Yo. 0.

7 

Similarly, integration between Y F = Y F. I at r = rl, T = Tl 
and Y F = 0 at r; = roo T = Too gives an explicit approximate 
expression for Y F. I = 1 - Y I.l • s 

In order to obtain the value of rc we can utilize Equation 
[9] or Equation [10]. Equation [9] can be integrated directly 
between roo T, and en, TO) after expressing A as a linear func
tion of T. Introduction of the known relation for mF into 
the resulting expression leads to an explicit relation for r,. 
The integration of Equation [10] is somewhat more involved 
since pDK is a linear function of T to the same approximation 
that A is a linear function of T. Hence integration of Equa
tion [10] requires the determination of T(r) prior to integra
tion. vVe shall use Equation [91 for the determination of 1',. 

By utilizing constant average specific heats only in the re
gion r > roo it is to be expected that reasonable estimates, 
commensurate in accuracy with our assumed physical model, 
will be obtained for Too reo and mF' 

D Determination of 1', and of Y F. I 

1 The Reaction Zone Temperature 1', 

For the spherical shell between l' > 1', and reo Equation 
[1] becomes 

7 The same result is obtained if we integrate Equation [12] from 
Y I = 1 at r = 1'" l' = 1', to Y I = Y I • D = 1 - Yo. 0 at r = 00, 

l' = To. 
g The same result is obtained if we integrate Equation [12J from 

YI.1 at r = rl, l' = 1'1 to YI = 1 at r = r" l' = Te. 
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mF[( 1 + I'O)(hp)T - I'O)(hO)TJ - rnF [( 1 + 1(0) (hp)1'c -
I'o(holr,] = hr'}..(dT/dl')- [hr 2}..(dT/dr)]ee. . .. [14] 

where hp and ho denote, respectively, the specific enthalpies 
of products of reaction and of oxidizer. But - [41l'r'>,(dT/ 
dr) lee equals the total heat evolved on reaction at T, minus 
the energy transported to the fuel droplet, i.e., 

-[47t"r'l\(dT/dr)]" = mF/~1 + I'O)(hp)T, + (hF)Tc + 'V 
I'rO(hO)Te] - t:,./ - [(hFlr, - (hF)T!ll A 

where hp is the specific enthalpy of the fuel vapor. Hence 
Equation [14] becomes 

-47rr'}..(dT/dr) = mF(q* + I'o[(ho)T - (hO)T'] -
(1 + 1(0) [(hp)T - (hp)T*ll. . [l.,)] 

where9 

q* = -(1 + 1(0) (hplr, + (hF. I)T* + I'O(hO)T* + 
cI(T I - 1'*). '" [16] 

Here T* is a standard reference temperature (usually chosen 
as 298.16° K), and CI denotes a constant specific heat for 
the liquid fuel in the temperature range between T* and T l ; 

the quantity q* differs from the standard heat of combustion 
for 1 gm of liquid fuel through the addition of the term cl(TI -

T*). If (cp)p and (cp)o are independent of the temperature, 
then Equation [15] reduces to the relation 

-47rr'}..(dT/dr) = mp(q* + (1' - 1'*) [I'o(cp)o -
(1 + 1(0) «('p)pJ}. " [15a] 

Reference to Equation [15a] shows that it is of the form 

hr2>,(d7'/dr) = mF(cp)o(a + (37') ........ [I5b] 

with 

a = - [q* /(cp)o] - {3T* . ...... .. [17] 

and 

(3 = (1 + /o)ap - 1'0 ... " ....... [18J 

where OK = (Cp)K/(Cp)O' 
From Equation [10] we can obtain the appropriate expres

sion for the mass transfer of oxidizer 

.... [19] 

where a negative sign has been used for 'Yo because the oxidizer 
flows in a direction opposite to that of the fuel. Here Do is 
the diffusion coefficient of oxidizer through the oxidizer-inert 
gas-combustion products mixture. Division of Equation 
[15b] by Equation [191 leads to the expression 

dYo d7' 
= Xo---·---. 

Y o +/o a+{37' 
..... [20] 

where 

Xo = }../(cp)oDop 

is a constant. Hence integration of Equation [20] between 

9 For the present approximate calculations the heat release q* 
and, therefore, 1'" re/rl. and mF are computed by neglecting the 
effect of dissociation of combustion products, fuel, and oxygen. 
The derived results would be expected to be roughly correct for 
gas mixtures leading to values of 1', well below 3000° K, i.e., for 
some hydrocarbon-air flame~. The effect of dissociation on the 
calculated results can be incorporated into our present model 
by using an iteration procedure in which it is assumed that chemi
cal eqlliJibrium is established at every point. As the result of 
this refinement. the calculated values of Te and of r,/n are de
creased by a first iteration; the temperature profile toward the 
oxidizer is flattened and the temperature raised because the 
reassociating gases act as a distributed heat source on recom
bination. The diffusive flow of oxygen inward is then increased. 
thereby leaning to a further decrease of re/n.· Rough calcula
tions show that the net effect of dissociation on the calculated 
values of mF for benzene-air flames is probably less than 10 pH 
cent, although both Tc and re/n are decreased appreciably. 
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Yo 0, T = T, and Yo = Fo.' .. To leads to the following 
explicit relation for T" 

T _ f3 To - a{[l + (Yo. oho)] (!lIxo) 

" - (3[1 + Yo .• hoJ (/1/xO) 

I} 
.. [21J 

2 The Weight Fraction Profile of Fuel Vapor 

It is evident from the formulation of the present problem 
that Y F cannot equal unity at the droplet surface. For this 
reason it is of interest to estimate Y Fat Tl approximately. 

From Equation [3a] and Equation [10], written in terms 
of the fuel, it follows that 

dYF h d'l' 
YF -1 = pDF (b/2)T2 + aT + [~l - aTI - (b/2) 'NJ .' [22J 

where AI pDF is independent of temperature and is assumed 
to be independent also of Y F. Integration of Equation [22] 
between YF = Y F. I at T = Tl and YF = 0 at T = To leads to 
the result 

(a + bT, - ~) (a + bTl + O-(A/pDFI;) 
. [23J 

(a + bT, + 0 (a + bTl - 0 

where ~ has been defined in Equation [8]. 

E DeterIllination of the COIllbustion Radius 

Equation [15b], which was derived on the assumption that 
the specific heats of oxidizer and inert gas are constant for 
T> r" may be used directly for the determination of re' After 
replacing A by A/(T ITI) and integrating from r" Te to 00, TO) 
the following relation is obtained 

! = 411'~q [~(To _ '1'.) _ ~ In a + {JTo] ... . [24J 
r\' rhF(cp)oTI {J f32 0: + {JTe • where ex and {3 are defined in Equations [16] and [17], respec-

tively. 
From Equations [7] and [24] we can now obtain an explicit 

expression for r.!rl' Thus we may write Equation [7] in the 
form 

411'hl rl 
rhF = <1> .•............ [7aJ 

bTl [1 - rdreJ 

where 

<I> = In {I + [('1', - '1'1)/ AlJ [a + (b/2) ('1', + '1'1)]) 

I! In (a + bT, - ~) (a + bTl + ~) .. [25J 
~ (a + bT, + ~) (a + bTl - ~) 

From Equations [24] and [7a] it is seen that 

~ = 1 + (cp)o<l> [! (To _ Te) _ '= In a + {JTo]-I .. [26J 
Tl b f3 {J2 a + f3T, 

Reference to Equation [26] shows the interesting result, which 
is in accord with some of the experimental observations, that 
T.!TI is a constant for fixed values of the physicochemical 
parameters. Hence Equation [7a] shows that mF is a linear 
function of rl. 

The linear functional relation between mF and Tl has been 
used by Godsave (3, 5) to obtain the following expression for 
the variation of droplet diameter with time 

d 2 = do2 - K't .. ................ [27J 

Here d is the droplet diameter at time t, do is the initial droplet 
diameter, and the evaporation constant K' is defined by the 
relation 

K' = 2rhF/1I'rIPI .. ... . .. [28J 

Since K' is independent of Til it is a convenient parameter for 
comparing burning rates of different fuels for arbitrary droplet 
sizes. 
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III COInparison Between Calculated and Ob
served Results for the Burning of Single Droplets 

of Fuel 

We have obtained in the preceding Section II a complete 
description for the burning of single droplets of fuel in an 
oxidizing atmosphere according to a simplified model. It 
is the purpose of the present discussion to compare calculated 
and observed values for r.!rl and for K' = 2rhF/7rTIPI' 

The procedure for calculating various quantities, including 
T.!TI and K', involves the following steps: (a) For suitably 
chosen values of the physicochemical parameters we obtain 
T, from Equation [21]. (b) The limiting weight fraction 
Y F. I is next obtained from Equation [23]. (c) The quantity 
r.!rl is given by Equation [26]. (d) Finally 2rhF /7rr1PI is 
calculated either from Equation [7] or from Equation [7a]. 

For the sake of completeness we have determined also the 
T vs. rand Y K vs. r profiles for the burning of a benzene 
droplet in air if To = 300 0 K, rl = 0.005 cm. The results of 
these calculations have been considered previously and are 
given in Figs. 2a to 2d . 

A SUIllIllary of Calculated Results 

The results of calculations for the burning of benzene, ethyl 
alcohol, ethyl benzene, n-heptane, and toluene in air are 
summarized in Table 1. Also listed in Table 1 are appro
priate values of the physicochemical parameters, which were 
for the most part taken from Godsave's papers (3, 5). 

B COIllparison of Calculated and Observed Evaporation 
Constants 

The calculated and observed evaporation constants are 
contrasted in Table 2. Reference to Table 2 shows satisfactory 
agreement between calculated and observed values of K' (and 
hence of rhF)' This result suggests that the physical model 
upon which the present analysis of burning of fuel drops is 
based represents a useful first approximation for the com
pounds considered. Unfortunately, experimental data are 
available only for fuels with very similar values of K'. For 
this reason the comparison between theory and experiment is 
not as stringent a test of the theory as might be desired. In 
particular, there are serious doubts that the basic physical 
assumptions involved in our model are applicable, for ex
ample, to the burning of an aniline droplet in nitrogen dioxide 
or in nitric acid vapors. Experimental studies on systems of 
this type will be carried out in our laboratory in the near 
future and compared with the results of the theoretical calcu
lations. 

TABLE 2 COMPARISON OF CALCULATED AND OBSERVED 

VALUES FOR THE EVAPORATION CONSTANT K' 

Compound 
Benzene 
Ethyl alcohol 
Ethyl benzene 
n-heptane 
Toluene 

Observed value 
of K' 
cm2/s~c 
0.0097 
0.0081 
0.0086 
0.0097 

(0.0066) 

Calculated value 
of K', 

cm2/sec 
0.0100 
0.0079 
0.0085 
0.0086 
0.0087 

We have recently carried out some theoretical calculations 
on the evaporation rate of pure compounds into still air by re
placing Tc and Tl in Equation [4] by the known ambient 
and droplet temperatures, respectively. The results obtained 
for water droplets, on the assumption that lire « 1/rh are 
in very satisfactory agreement with empirically determined 
values. 
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'l'ABLE 1 PHYSICOCH~;}\!ICAL PARAMETERS AND CALCULATED VALUES FOR THE BURNING OF DROPS OF BENZENE, ETHYL A[~COHOL, 
ETHYL BENZENE, n-HEPTANE, A:-ID TOLUENE IN AIR AT ATMOSPHERIC PRESSURE 

b, AI, 
FUEL To, 0 K Yo. 0 yO 77

1, 0 K PI, GM/CM 3 t!.l, CAL/GM a, CAL/GM-o K CAL/GM-( ° K)2 CAL/CM-SEC-o K xo 
Benzene 300 0.23 3.08 353 0.84 94.0 0.34 0.25 X 10-3 55 X 16-" 0.91 
Ethyl alcohol 300 0.23 2.09 351 0.79 204 0.44 0.26 X 10-3 55 X 10-" 0.91 
Ethyl benzene 300 0.23 3.07 409 0.84 81.0 0.40 0.25 X 10-3 55 X 10-" 0.91 
n-Heptane 300 0.23 3.52 371 0.68 75.6 0.44 0.40 X 10-3 55 X 10-" 0.91 
Toluene 300 0.23 3.13 384 0.84 87.0 0.37 0.25 X 10-3 55 X 10-" 0.91 

(tiv)o, T*, q*,IO Te,1O ~, K',10 
FUEL CAL/GM-O K op ° K CAL/GM (3 a, 0 K OK CAL/GM-o K <P re/T/IO CM2/SEC 

Benzene 0.26 1. 35 298 9,790 2.43 -38,400 3450 0.37 1. 51 9.6 10.0 X 10-3 

Ethyl alcohol 0.26 1. 58 298 6,460 2.79 -25,700 3100 0.42 1.05 5.3 7.9XlO-3 

Ethyl benzene 0.26 1. 35 298 9,850 2.43 -38,600 3470 0.46 1.48 9.3 8.5 X 10-3 

n-heptane 0.26 1. 58 298 10,630 3.63 -42,200 3230 0.54 1. 75 8.6 8.6 X 10-3 

Toluene 0.26 1.39 298 9,750 2.61 -38,300 3370 0.42 1.43 9.5 8.7 X 10-3 

10 See footnote 9 for a discussion of the effect of dissociation on Tc and on re/rl. For benzene Te is decreased to about 2600° K 
when proper allowance is made for dissociation. The effect of dissociation on K' is probably small. 

C COinparison of Observed and Calculated Values of r,/rz 

Our theoretical analysis is based on the assumption that a 
spherical reaction surface surrounds the burning droplet. 
On the other hand, photographs of burning droplets indicate 
that the luminous region is of the form shown in Fig. 3. 
Godsave measured the diameter of the sphere corresponding 
to the dotted circle in Fig. 3 and stated that the ratio of 
this diameter to the droplet diameter is a constant, character
istic for the fuel, when burning in air. 

The values of rJrz calculated from Equation [26] are con
trasted in Table 3 with the values of rJrz deduced by God
save from his photographs of burning fuel drops. Reference 
to Table 3 shows that the calculated values are appreciably 
larger than the observed data. There are several obvious 
reasons for the observed discrepancies. Thus reference to 
Fig. 3 shows that the "still" droplet was actually subjected 
to strong convection currents during burning; the value of 
rJrz for a spherical surface with area equivalent to the area 
of the observed luminous zone is roughly double that of God
save's tabulated values. Furthermore, it is not evident that 
the reaction surface in our idealized model should, in fact, be 
identified with the region of maximum luminosity. The sur
face for maximum temperature gradients, as determined 
from schlieren photographs (5), corresponds to larger "ob
served" values of rJrz than are listed in Table 3. 

TABLE 3 COMPARISON OF CALCULATED AND "OBSERVED" 
COMBUSTION RADII 

Fuel 
Benzene 
n-heptane 
Toluene 

"Observed" values 
of re/T! 

'2.97 
3.03 
2.59 

Calculated values 
of Te/Tz 

9.6 
8.5 
9.5 

The discrepancies between calculated and "measured" 
values of rJrz emphasize also the need for refinement in our 
theoretical description of the burning process. Thus it is 
apparent that the introduction of a spherical reaction shell 
of finite thickness will lead to lower values of T, and also to 
lower effective values of rJrl; as indicated in footnote 9, a 
similar effect is produced also if proper allowance is made for 
dissociation by assuming that chemical equilibrium is estab
lished at every point. Presumably the changes in Tc and in 
rJrz will largely compensate for each other in the calculation 
of K' or mF, thereby accounting for the satisfactory agreement 
between calculated and observed values of mF' 
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In conclusion it seems appropriate to note that some ex
perimental evidence exists which is not in accord with the idea 
that rJrz is constant. Thus Hall and Diederichsen (10) 
state that their studies of the burning of single drops of fuel 
suggest that the distance between the flame front and the 
drop surface remains constant. 

D Effect of Pressure on the Burning Process 

The results of the present simplified analysis indicate that 
the only dependence of the burning rate on pressure occurs 
through the variation of the boiling points and latent heats 
of evaporation with pressure. The values of T, and rJrz are 
essentially independent of pressure. The results of Hall and 
Diederichsen show that the burning rate is roughly propor
tional to the one-fourth power of the pressure (10). Although 
the present analysis does not lead to this simple functional re
lation, detailed calculations show that the burning rates, as 
predicted by our theory, increase with pressure, primarily 
because of the decrease of latent heat of evaporation at the 
higher boiling temperatures associated with the increased 
pressure. Again it is clear that a quantitative description of 
the dependence of K' or rhF on pressure requires extension of 
the present analysis in several respects. Thus chemical 
reaction rates are sensitive functions of the pressure (for a 
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• ~orrli1licated process, an over-all dependence of the reaction 
rate on the square of the pressure is not unreasonable) and, 
therefore, a very weak dependence of mF on reaction rates 
could account for the observed variation of mF with pressure. 
Furthermore, the effects of radiant heat transfer to the drop
~t surface, which have been neglected in the present study, 
increase rapidly with pressure and could account for a weak 
dependence of mF on pressure. Finally, the role of the in
evitable convection currents requires quantitative study and 
may well lead to a slight variation of mF with pressure. 
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