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Experimental evidence of the combustion process of an all-organic gel fuel droplet indicates that at a certain time

after ignition, evaporation of the liquid fuel results in the formation of an elastic layer of high-viscosity gellant around

the droplet, which prevents further vaporization. As a result, constantly expanding vapor bubbles are produced

within the droplet. Eventually, the layer ruptures and jets of fuel vapor are released. A theoretical, time-dependent

model of organic-gellant-based gel droplet combustion has been developed and numerically solved. The results

indicate that the evaporation rate of the liquid fuel from the droplet surface depends on droplet size and strongly

affects the thickness of the gellant layer. The tensile stress, applied to the gellant layer during the formation of the

bubbles, reaches high levels in short periods of time and causes the droplet to rupture when it exceeds the layer

material rupture stress. The stage duringwhich the gellant layer is formed is almost three orders ofmagnitude longer

than the stage of bubble formation and layer rupture.

Nomenclature

c = mass concentration
D = diffusion coefficient
d = droplet diameter
Hvap = latent heat of vaporization
hgas = heat transfer coefficient
k = mass transport coefficient of fuel gas from

droplet to air
Mw = molecular weight
m = total mass of the droplet
_m = molar evaporation rate based on heat transfer
Nu = Nusselt number
p = pressure
p�f = vapor pressure of fuel vapor
pf;surface = fuel partial pressure adjacent to droplet surface
Qcon = heat transfer by convection
Qvap = heat of vaporization
RE = molar evaporation rate based on diffusion/kinetic

limitations
r = radial coordinate
rd = gel droplet radius
rTOT = total gel droplet radius (second stage)
T = temperature
t = time
VTOT = total volume of gel droplet (second stage)
Vvapor-bubble = volume of vapor bubble (second stage)
~V = molar volume
X = gellant layer thickness

Greek Symbols

� = evaporation coefficient

� = surface tension
�gas = air thermal conductivity
� = viscosity
� = Hertz–Knudsen impingement factor
� = density
� = tensile stress
�rup = rupture stress
�fg = association parameter

Subscripts

amb = ambient conditions
BP = boiling point
f = liquid fuel
fg = liquid fuel/gellant mixture
g = gellant
0 = initial conditions

I. Introduction

T HERE are two important parameters that have to be taken into
account when considering the use of a propellant in various

aerospace applications: energetic performance and safety features.
Gel propellants are advantageous because they provide a promising
response to both of these important requirements. In this particular
liquid–solid state these unique propellants combine the advantages
of liquid and solid propellants.

Gel fuels are liquid fuels whose rheological properties have been
altered by the addition of gellants, so that they behave as non-
Newtonianfluids.Theexistenceofyieldstressand increasedviscosity
can prevent agglomeration, aggregation, and separation of a metal
solid phase from the fuel during storage. Consequently, these
propellants are advantageous because of their capability to provide
full energy management and because of their safety benefits over
conventional liquid and solid propellants. Their performance
characteristics andoperationalcapabilities (whicharesimilar to liquid
propellants), as well as their high density, increased combustion
energy, and long-term storage capability, make them attractive for
many applications, especially for volume-limited propulsion system
applications.Anextensivereviewofvariousaspectsofgelpropellants
was given by Natan and Rahimi [1].

In the present study we turn our attention to recent experimental
work conducted by Solomon and Natan [2,3] on the combustion of
organic-gellant-based fuels. They found that at the beginning of the
burning process, an organic-gellant-based fuel droplet consists of a
homogeneous, highly viscous liquid whose burning can be classified
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as classic liquid droplet combustion with a distinct flame envelope
that surrounds the droplet. In comparison to a liquid droplet, the
turbulence intensity inside the droplet is low due to the high viscosity
so that internal mixing is very slow. Because of the difference
between the boiling-point temperature and the heat of vaporization of
the liquid fuel and the organic gellant, the homogeneity of the
mixture cannot bemaintained and the concentration of the liquid fuel
at the outer part of the droplet decreases continuously. At some point,
a film of very high-viscosity gellant is formed around the droplet,
enclosing the gel, and the result is that liquid fuel cannot pass through
the gellant layer and evaporate towards the flame. Consequently,
heating-up of the droplet results in the formation of fuel vapor
bubbles inside the droplet. Expansion of the bubbles results in
significant swelling of the droplet while the pressure inside the
bubbles remains approximately constant. The thickness of the
viscous gellant layer decreases as the droplet expands until the film is
ruptured and jets of fuel vapor are released. The envelope collapses
back onto the droplet and a new gellant layer is formed. This process
repeats itself several times until the almost all-gellant residue droplet
burns out completely. This behavior of a burning organic-gellant-
based droplet is strikingly different from the behavior of burning pure
liquid fuel droplets, which has been widely investigated both
experimentally and theoretically during the last century.

In general, gel fuels consist of Z percent of gellant that can be
organic or inorganic and (100-Z) percent of liquid fuel (mostly
kerosene-based, e.g., JP-5 and JP-8 fuels). The gellant itself consists
of a blend of components including a liquid solvent (e.g., methyl
isoamyl ketone) and the actual gellant, which is an organic material.
The advantage of organic gellants over inorganic ones is their ability
to burn, whereas inorganic gellants are inert. Therefore, gel fuels can
be regarded as multicomponent fuels with special and unique
properties.

Extensive theoretical and experimental work has been conducted
in thefield ofmulticomponent fuel droplet evaporation/burning. Law
[4] analyzed an isobaric, spherically symmetric combustion of a
droplet whose temperature and composition are uniform within the
droplet but are temporally varying (rapid mixing model). The
theoretical results of Law indicated that vaporization is dominated by
the most volatile species in the droplet and the droplet temperature is
quite close to the steady-state boiling-point-temperature of that
species. Sirignano [5] argued that the uniform temperature and
concentration limit results from the infinite diffusivity limit, and the
model should therefore be regarded as an infinite diffusivity model.
In another theoretical work, Tong and Sirignano [6] proposed a
different approach to the problem using a vortex model. This was
basically a diffusion limit model that was previously formulated by
Landis and Mills [7]. Based on these results, they concluded that the
liquid-phase mass diffusion is extremely slow and represents the rate
limiting process. By analyzing transient multicomponent droplet
combustionMawid andAggarwal [8] found that the concentration of
the fuel vapor inside the flame may become higher than that at the
droplet surface and, as a result, suppression of the vaporization
process may happen. These effects most likely occur due to high
liquid-phase mass diffusion resistance, which prevents the more
volatile component from diffusing rapidly to the droplet surface.
Experimental work [9,10] confirmed most of the theoretical results
mentioned above. However, all the aforementioned work was
concerned with liquid fuel droplets.

Another field in which the chemical/physical processes resemble
those that occur during gel fuel burning and which might provide
important baselines and significantly contribute to the formulation of
a gel fuelmodel is thefield ofmetalized (slurry) droplets.A slurry fuel
is amixture of a liquid fuel and solid fuel, usuallymetal particles, that
are sustained uniformly in the liquid medium. These metalized fuels
have high energy-density potential; therefore, they can be advantag-
eous mainly in air breathing propulsion systems. Antaki [11]
presented the first theoretical model for the transient processes in the
rigid slurry droplet during liquid vaporization and combustion. He
assumed that after an initial period in which part of the liquid
evaporates, a continuously thickening rigid porous shell is formed
around the slurry droplet. During vaporization the outer radius

remains constant while the surface of the inner sphere regresses with
time due to liquid vaporization. He derived that motion of the
regressing surface constitutes a d3- law (the diameter of the inner
sphere decreases cubically with time). Consequently, the porous-
shell thickness increases as time goes by. Another fundamental study
was conducted by Lee and Law [12]. They indicated that at the stage
where the total volume is fixed by the shell, the continuous liquid
gasificationmust create a continuously expandingvapor bubble in the
interior of the slurry droplet; otherwise, the overallmass conservation
is violated. Experimental results using carbon slurries were found to
be in a good agreement with their theoretical model.

The aim of the present paper is to describe the peculiar phenom-
enon of the combustion process of a single organic-gellant-based gel
fuel droplet in the framework of a theoretical time-dependent model.
As a first step in establishing a physical model based upon the main
mechanisms involved in the combustion of a gel droplet (as observed
in experimental investigations), we implement an often-adopted
strategy of an order-of-magnitude analysis. This enables us to carry
out a straightforward mathematical/numerical analysis that leads to a
relatively easy formulation of the problem and its solution. In the
ensuing sections we explain the assumptions underlying the model;
describe the model equations, boundary conditions, and method of
solution; and in the final section discuss computed results that
highlight the main characteristics of the organic-gellant-based gel
fuel droplets combustion.

II. Problem Description and Mathematical Model

From the previously described experimental investigation on the
combustion of an organic-gellant-based fuel droplet the most
fundamental elements can be extracted: at a certain time, a film of
high-viscosity gellant is created around the droplet, which prevents
further evaporation of liquid fuel. Subsequently, a fuel vapor bubble
is formed inside the droplet. The thickness of theviscous gellant layer
decreases as the droplet expands until the film is ruptured, producing
a jet of fuel vapor. The envelope collapses back into the droplet and a
new layer is formed. The process of gel droplet burning is illustrated
in Fig. 1.

Spherical symmetry is considered for the gel droplet combustion.
The gel is treated as a bicomponent liquid mixture: liquid fuel and
gellant. Although it is well-known that kerosene consists of various
components of different boiling-point temperatures [13], at the
current stage, the temperature within the droplet is assumed to be
uniform and constant: the boiling-point temperature of the more
volatile substance (liquid fuel). In reality, temperature changes with
time as the droplet composition changes. However, experiments
show that the temperature droplet change during thewhole process is
rather small (15%) [3]. In a single cycle (gellant layer formation,
bubble creation, and layer rupture), the temperature change is
insignificant; therefore, the assumption of constant temperature
equal to the fuel boiling point is quite justified. For simplicity, it is
assumed that the gel droplet has already been heated to the boiling-
point temperature of the fuel and combustion takes place at ambient
conditions, i.e., air at Tamb � 2000 K and pamb � 1 atm. The
viscosity of the gellant is significantly higher than that of the liquid
fuel and at the current stage both of them are assumed constant,
despite the fact that the gellant viscosity may decrease significantly
during the heating process. By dividing themodel into two stages, the
physical/chemical mechanisms involved in the droplet during the
burning process can be analyzed. During the first stage, fuel is
consumed and an all-gellant layer is formed, as presented in Fig. 1a.
The modification of the layer thickness with time occurs due to
several factors such as liquid diffusion and vaporization through the
layer. At the second stage, a bubble is formed and, as a result, the
droplet expands and the layer thickness decreases until it ruptures
(Fig. 1b) when the tensile stress reaches the layer rupture stress.

It is important to note that the mathematical formulation of the
two stages concentrates mainly on internal droplet behavior. It is
assumed that the flame surrounding the gel droplet produces a heat
flux sufficient to vaporize the liquid fuel during the first stage and
to enable formation of the vapor bubble in the droplet interior
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during the second stage. In this way, the various processes occur-
ring exterior to the droplet are not considered in the model
development, and only what is happening inside the gel droplet is
investigated. A more comprehensive model of the entire burning
process including the interaction of gel droplet surface and flame is
also possible at the expense of further complexity. This will be
formulated in future work.

A. Model of the First Stage

The physical model of the first stage is described schematically in
Fig. 1a. The actual reasons for the formation of the gellant layer are:
a) the difference in the boiling points of the two components, the
liquid fuel, and the gellant, and b) the absence of internal circulation,
due to the relatively high viscosity of the mixture. Since the boiling
point of the liquid fuel is significantly lower than that of the gellant, a
monotonic decrease of the liquid fuel from the outer surface of the
fuel droplet occurs as the combustion process begins. As a result,
diffusion of the liquid fuel in the interior of the droplet occurs. The
study by Saitoh and Nagano [14] also adopted this approach. The
mass diffusivity coefficient of a binary liquid mixture strongly
depends on temperature, pressure, and mixture composition. To
estimate this coefficient, the empirical correlation proposed byWilke
[15] and by Wilke and Chang [16] is used:

DAB � 7:4 � 10�8 ��BMB�1=2T
� ~V0:6

A

(1)

in which �B is the association parameter for the solvent B (recom-
mended values for methanol, ethanol, and benzene are 1–1.9),MB is

themolecular weight, ~VA is themolar volume of the soluteA, andT is
temperature.

The empirical relation that Eyring and his coworkers [17]
developed for the variation of viscosity with composition is
described by

log�fg�t� � cf�r; t� log�f � cg�r; t� log�g (2)

where cf�r; t� and cg�r; t� representmass concentration of liquid fuel
and gellant, respectively, along the droplet radius, and �f and �g
represent viscosities of liquid fuel and gellant, respectively.

The last expression can be rewritten in the following, more
convenient, way:

�fg�t� � �
cf�r;t�
f �

cg�r;t�
g (3)

so that the diffusion coefficient shown in Eq. (1) becomes

Dfg � 7:4 � 10�8
��fgMwfg�1=2TBP

�fg�t� ~V0:6
f

� Const

�
cf�r;t�
f �

cg�r;t�
g

(4)

The general nonlinear, time-dependent diffusion equation in a
spherically-symmetric coordinate system for a bicomponent
mixture is

@cf�r; t�
@t

� 1

r2
@

@r

�
Dfg�cf�r; t��r2

@cf�r; t�
@r

�
(5)

In this equation, r represents the radial coordinate and t represents
time. It is important to note that the last equation is valid for
estimating the variation of both mass concentrations (liquid fuel and
gellant) along the droplet radius, with time.

Two of the three initial and boundary conditions that are needed to
solve the diffusion Eq. (5) presented above are� t� 0 : cf�r; t� 0� � cf0 @ 0 � r � rd

t > 0 :
@cf�r;t�
@r
� 0 @ r� 0

where rd represents the gel droplet radius.
The third condition, concerning the mass concentration at the gel

droplet surface, has to be formulated in order to provide a full
solution to the diffusion equation; i.e., cf�t�@r� rd for t > 0 is
required.

The droplet radius rd is assumed to be constant. The experimental
results of [3] indicate that in the first stage the volume changes by
approximately 5%, which means that the radius change is less than
2%, a fact that justifies the above assumption.

One of the strategies to tackle this problem is to consider the mass
rate of evaporation from the droplet surface as a series of resistances,
which include both the kinetic limitations on evaporation rate and the
diffusion limitations on transport of gas to the air. Such a formulation
was also adopted by King [18] in a different context:

RE
4�r2d

� ���p�f � pf;surface� � k�pf;surface � pf;1� (6)

where RE represents the molar evaporation rate, � represents the
Hertz–Knudsen impingement factor, � represents the evaporation
coefficient, k represents themass transport coefficient for transport of
fuel gas from the droplet to the air,p�f represents the vapor pressure of
fuel vapor, and pf;surface represents the fuel partial pressure adjacent
to droplet surface.

It is assumed that the partial pressure of liquid fuel far from the
droplet is zero (pf;1 � 0).

By algebraic manipulation of Eq. (6), the following expression
may be derived for RE:

RE �
4�R2��p�f
1� ��

k

(7)

where � and k are given by

�� 1

4R00T

������������������
8R0T

��Mw�f

s
(8)

k�
Df;airNu

2R00 � T � rd
(9)

The gas law constants are R0 � 8:31447 � 107 erg

mol K
and R00�

82:0575 atm�cm3

mol K
; Df;air represents the diffusivity of gaseous liquid

             
Flame

Gel droplet

Gellant layer

Bubble
t tGel droplet Bubble
t t

a) b)

Fig. 1 Schematic of gel droplet burning.
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fuel in the air and Nu represents the Nusselt number (set equal to
two). This comes from the assumption that the droplet is essentially
stationary with respect to the surrounding gases.

A dimensionless group k
��

may be examined to determine the
controlling process. If this parameter is near unity, the resistances of
the evaporation and diffusion are nearly equal and neither resistance
may be neglected. If it is much larger than unity, the process is
essentially evaporation-rate-controlled, whereas for valuesmuch less
than unity, the process is diffusion-controlled. In our case the
evaporation coefficient is taken to be 10 (see the next section where
this value is discussed).

Finally, the following expressions will serve as a third boundary
condition for the diffusion equation at r� rd:

dmf�t�
dt

��RE �Mwf (10)

m�t� �mf�t� �mg; cf�rd; t� �
mf�t�
m�t� ; cg�rd; t� �

mg

m�t�

wherem�t� represents the total mass of the droplet,mf�t� represents
the mass of liquid fuel, and mg�t� represents the mass of gellant:

t > 0: cf�rd; t� �
mf�t�

mf�t� �mg

(11)

Another straightforward way to estimate the molar evaporation
rate from the droplet surface is to formulate the energy balance
there. It is assumed that the ambient temperature is 2000 K (typical
temperature in the combustion chamber) and, as was mentioned
previously, the droplet temperature is stabilized at the boiling point
of the liquid fuel. Consequently, the heat that is transferred by
convection to the droplet surface will cause vaporization of liquid
fuel.

Heat transfer by convection may be estimated from the following
expression:

Qcon � A � hgas � �Tamb � Tsurface� (12)

Nu�
hgasd

�gas
(13)

where �gas represents the air thermal conductivity at Tamb; Nu� 2,
droplet at rest; d� 2rd; and Tsurface � TBP.

SinceQcon �Qvap, the fuel evaporation ratemay be easily derived:

_m�Hvap=Qvap (14)

where Hvap represents the the latent heat of evaporation.
When the gellant concentration at the surface reaches 99%, liquid

fuel cannot pass through the gel and this indicates the termination of
the first stage. The actual estimation of the layer thickness is
determined by the placewhere the composition of the gellant reaches
at least 90%. The values of 99 and 90% are chosen arbitrarily. The
results that are presented in the following sections indicate that these
values are rather adequate.

B. Model of the Second Stage

The physical model of the second stage is described schematically
in Fig. 1b. The formation of a gellant layer with a defined thickness
characterizes the termination of the first stage. This gellant layer
poses a barrier to the liquid fuel from penetrating through and
evaporating towards the flame front. As a result, the formation of a
vapor bubble in the interior of the droplet begins. Therefore, as the
droplet expands, the layer thickness decreases until it ruptures when
the tensile stress reaches the yield point of the material.

The total volume of the gel droplet VTOT�t� consists of the volume
of the vapor bubble Vvapor-bubble�t� that is formed in the droplet
interior and the remaining gellant + liquid fuel mixture volume
Vfg�t�:

VTOT�t� � Vvapor-bubble�t� � Vfg�t� (15)

Vvapor-bubble�t� �
_mvapor-bubble � t
�vapor-bubble

(16)

Vfg�t� �
mg

�g
�
mf�t�
�f

(17)

where _mvapor-bubble represents the evaporation rate. Notice that at this
stage no kinetic/diffusion resistance has to be taken into consider-
ation; hence, _mvapor-bubble � _m and �vapor-bubble is the density of fuel
gas.

Using mg�t� �mg and mf�t� �mstage�2 � _mvapor-bubble � t, the
equation becomes

VTOT�t� �
_mvapor-bubble � t
�vapor-bubble

�
1 �

�vapor-bubble
�f

�
�
mg

�g
�
mstage�2

�f

To approximate the density ratio (fuel vapor to liquid fuel) the
thermodynamic data of a typical fuel (octane) at 400 K and 1 atm
were chosen:

�vapor-bubble 	 3:9
kg

m3
; �f 	 611

kg

m3

Consequently, from this data it can be easily concluded that the
change in the liquid interior volume is minor in comparison to the
change in thevapor volume and it remains constant during the second
stage:

VTOT�t� �
_mvapor-bubble � t
�vapor-bubble

� Vmixture (18)

where Vmixture �
mg
�g
� mstage�2

�f
.

Based on these assumptions, as the total volume of the droplet
increases during the second stage, the gellant layer thickness is
given by

X�t� � r2dX0

rTOT�t�2
(19)

where X0 represents the initial layer thickness (estimated at the first
stage).

The question that should be addressed at this point is, when does
the organic-gellant layer rupture? To answer this question, the
expression for the tensile stress applied to a thin spherical layer is
described by

��t� � R�t� � p
2 � X�t� (20)

Obviously, when the tensile stress reaches a certain value (rupture
stress
 the yield point of the material), the gellant layer ruptures. In
general, the rupture stress, similar to the yield stress, decreases with
increasing temperature and decreasing gellant concentration:
�rup � �rup�cg; T�. Evaluation of the actual values of the rupture
stresswill be estimated experimentally in the near future.Meanwhile,
in the present work, the development is completed by introducing a
representative value of this parameter [19]. A typical rubber tensile
stress, for example, is around 15MPa (at room temperature), whereas
the tensile stress of polyethylene (with low density) is around 4MPa.
As a first-order approximation, it is reasonable to assume that gellant
rupture stress would also be of the same order of magnitude.

III. Solution

The solution domain is essentially divided into two stages. At the
first stage, the formation of the gellant layer is obtained by solving the
diffusion equation with appropriate initial and boundary conditions.
This nonlinear parabolic equation is solved numerically using a
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standardfinite differencemethod. Satisfactory step sizes in the r and t
directions were obtained by comparing computed results using a
series of increasingly refined finite difference meshes to cover the
region of the solution. Convergence of the numerical methods
employed was checked in a standard fashion. The local accuracy of
the method was of the order of the time step and the square of the
radial increment. At the second stage, data from the first stage
concerning the gellant layer thickness are substituted in appropriate
expressions developed for the evaluation of this stage.

The following data are needed to evaluate various parameters
developed in the proposedmodel and to obtain a rather simple but full
theoretical solution to the model.

The droplet temperature is T � 400 K, whereas the ambient
temperature isTamb � 2000 K. The initial mass concentrations of the
liquid fuel and of the gellant are cf0 � 0:85 and cg0 � 0:15,
respectively.

Castor oil (C57H101O9) and octane (C8H18) were chosen to
represent the two components that comprise the gel fuel droplet,
gellant, and conventional liquid fuel, respectively. Various properties
of both of these components can be easily found in the literature.
These properties are summarized below:

Gellant∶ Mw�C57H101O9� � 929; ��C57H101O9� � 800 cp

��C57H101O9� � 1030
kg

m3

Liquid fuel∶ Mw�C8H18� � 114:231; ��C8H18� � 0:2 cp

��C8H18� � 611
kg

m3

The following correlations [20] were used to estimate viscosity,
density, diffusivity in the air, vapor pressure, and latent heat of
vaporization of octane: respectively:

��C8H18� � 10��5:9245�
8:8809�102

T �1:2955�10�2 �T�1:3596�10�5 �T2� cp

��C8H18� � 0:22807 � 0:25476��1� T
568:83�0:2694

g

ml

DC8H18;Air
�D0

�
Tamb

T0

�
2
�
p0

pamb

�

where

D0�C8H18;Air at T0 � 273 K; p0 � 1 atm� � 0:0505
cm2

s

log 10p
�
C8H18
�A�B

T
�Clog10T�DT�ET2; p�mmHg�; T�K�

where

A� 29:0948; B��3:0114E�3�; C��7:2653
D��2:2696E��11�; E� 1:468E��6�

Hvap � A �
�
1 � T

Tcr

�
n

where A� 59:077, Tcr � 568:83 K, and n� 0:439. For the case
considered, Hvap � 34:66 kJ

mole
.

In addition, the air thermal conductivity at 2000 K is �g �
0:137 W

m K
[21] and the rupture stress of the gallant (yield stress in

tension) is assumed to be 2 MPa.
The dependence of the heat transferred by convection on droplet

diameter is presented below:

D� 50 �m: hg � 5480
W

m2K
; Qconv � 0:0689 W

D� 100 �m: hg � 2740
W

m2 K
; Qconv � 0:1377 W

D� 200 �m: hg � 1370
W

m2 K
; Qconv � 0:2754 W

Now that all chemical parameters of both components comprising
the gel fuel have been introduced we can turn to a discussion of the
fuel evaporation rates developed in the previous section. The first
(RE) is calculated based on kinetic and diffusion resistance, whereas
the second ( _m) is based on an energy balance. For the following
discussion the following droplet initial diameters will be considered:
50, 100, and 200 �m.

The final values of the evaporation rates (RE and _m) together with
dimensionless parameter k=�� appear in Table 1. It is seen that the
dimensionless parameter is less than unity, which means that all
processes are essentially diffusion-rate-controlled. In other words
there is no limitation on evaporation, but there is a strong limitation
on diffusion and this causes RE to be less than _m. Nonetheless, all
the heat transferred by convection is invested in evaporating the
liquid fuel. As a result, as long as the evaporation process continues,
the droplet temperature has to remain constant at the boiling point of
the liquid fuel. Apparently, since _m is a little higher than RE, fuel
vapor concentrates near the droplet surface without the ability to
leave it and this slows down the decrease of liquid fuel concen-
tration on the droplet surface. Admittedly, one can see some
differences between the two coefficients, but considering the fact
that they both rely on various empirical correlations, differences
between them are more than acceptable. In any event, taking into
account all these considerations, the actual evaporation rate will
most likely lie between RE and _m.

In Fig. 2, the dependence of the evaporation rate RE on the
evaporation coefficient � is presented. This monotonic function
increases rapidly when 0 � � � 1 and then continues to increase
asymptotically to 4�R2kp�fuel as �!1. In the present case, the
evaporation coefficient is chosen to be 10.

Table 1 Dependence of the evaporation rates on droplet diameter

Diameter ��m� RE �mol
s
� Based on

kinetic/diffusion
resistances

k
��

_m �mol
s
� Based

on energy
balance

50 5:363 � 10�7 0.0032 1:988 � 10�6
100 1:074 � 10�6 0.0016 3:973 � 10�6
200 2:150 � 10�6 0.0008 7:946 � 10�6
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Fig. 2 Dependence of themolar evaporation rateRE on the evaporation

coefficient �.
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IV. Results and Discussion

In the ensuing discussion, the numerical results obtained from
both stages of the gel droplet combustion model are presented. Note
that all the parameters appear in dimensional form.

The evolution of the mass concentrations of both components
comprising the gel droplet, the liquid fuel, and the organic gellant in
the interior of the droplet is presented in Figs. 3 and 4, for gel droplet
diameters of 50 and 100 �m, respectively. In general, as expected,
since the boiling point of the liquid fuel is lower than that of the
gellant, the liquid fuel evaporates first, reducing its concentration,
while the gellant concentration increases. In addition, for larger size
droplets, the time that it takes to reach the same concentration also
significantly increases; for example, to obtain cg > 0:99 takes
0.25 ms for the first case compared with 4 ms for the second case.

In Fig. 5, the liquid fuel evaporation rate and its concentration on
the droplet surface are shown. From this figure twomain conclusions
may be drawn. First, the evaporation rate and the time required for

the fuel concentration at the surface to diminish to less than 1%
increase as droplet diameter increases. As a result, the time it takes
for the formulation of a gellant layer also increases. A second less
straightforward but interesting conclusion concerns the actual
gellant layer thickness. The droplet diameter has a significant
influence on the thickness of the gellant layer; for high values of
droplet diameter, the thickness of the gellant layer also increases. The
last phenomenon can be easily explained. Considering the fact that
the diffusion coefficient is very low (due to the enormous viscosity of
the mixture), when the fuel concentration at the surface decreases
rapidly (small diameter droplets), the layer, which is defined as the
place where the gellant concentration attains more than 90%, is
thinner in comparison to the case (large diameter droplets) in which
the concentration decreases slowly providing minimal diffusion of
the gellant and the fuel.

The termination of the first stage is defined when the gellant
concentration at the surface reaches 99%. At this point liquid fuel
cannot penetrate through and evaporate towards theflame.As a result
a constantly expanding vapor bubble in the droplet interior begins to
evolve. The droplet expands and the layer thickness decreases until it
ruptures when the tensile stress reaches the rupture stress of the
material.

The most important results of both stages of the model are
summarized in Table 2. It is shown that the first stage is significantly
longer than the second, almost by three orders of magnitude.
Furthermore, relatively small droplets (d� 50 �m) are capable of
withstandingmuchhigher pressure differences. As a result, theirfinal
gellant layer thickness is relatively small in comparison to larger
droplets (d� 200 �m).

Figure 6a shows the development over time of the gellant layer
thickness until rupture. The moment of the gellant layer rupture can
be determined from Fig. 6b. When the tensile stress attains the
rupture stress of the material, the second stage is terminated. The
gellant layer ruptures and a jet of fuel vapor is released. In Figs. 7a
and 7b, once again the normalized gellant layer thickness and the
moment of the gellant layer rupture are presented but this time for a
much larger droplet of d� 100 �m, in comparison to the previous
figure, where a droplet of d� 50 �m is examined. The differences
between the two cases are significant; the time until the gellant layer
ruptures is almost twice as much for the large gel droplet (0:86 �s),
whereas for the small droplet, it is only 0:42 �s. In addition, the final
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Table 2 Dependence of various parameters on the initial droplet

diameter in the two stages of the model

Stage I Stage II

Diameter (�m) Initial gellant
layer (nm)

Time (ms) Final gellant
layer (nm)

Time (�s)

50 55 0.25 19.2 0.42
100 64 1 30.7 0.86
200 76 4 51.3 1.38
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Fig. 6 a) Gellant layer thickness development with time and

b) evolution of the tensile stress and the rupture stress as gellant layer

thickness decreases (d� 50 �m).
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thickness of the gellant layer at the moment of rupture is also
different; for the large droplet it attains 30.7 nm,whereas for the small
it is 19.2 nm. Figure 8a and 8b emphasize the two statements
discussed earlier, but this time for a much larger droplet of d�
200 �m. The moment of gellant layer rupture occurs after 1:38 �s,
whereas the layer final thickness is 51.3 nm. These values are almost
three times higher than the one obtained for a small droplet of
d� 50 �m. Since smaller droplets are capable of withstanding
much higher pressure differences, the final thickness of the gellant
layer is thinner in comparison to large-size droplets.

V. Conclusions

The foundations of a theoretical model describing the phenomena
involved in the combustion of organic-gellant-based gel droplets
have been presented for the first time. According to the experimental
investigation, during the burning of organic-gellant-based gels, an
elastic layer made of gellant is formed around the droplet, which
results in periodic swelling, bursting, and collapsing of the droplet.
This burning process of gel droplets is totally different from the
burning of pure liquid fuel droplets and repeats itself until all
combustible material is consumed. The results demonstrated the
profound importance of the droplet diameter on the magnitude of
the gellant layer thickness; for large droplet diameter, the thickness of
the layer also increases. Tensile stress, applied to the gellant film
during the formation of the bubble in the droplet interior, reaches
high magnitudes in a short period of time and causes the droplet to
rupture as soon as it reaches the rupture stress of the layer material.
The results show that the stage during which the gellant layer is
formed is almost three orders of magnitude longer than the stage of
bubble formation and the rupture of a droplet.
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