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Experimental evidence of the combustion process of gel droplet burn-
ing indicates that, at a certain time after ignition, evaporation of the
liquid fuel results in the formation of an elastic ¦lm of high viscos-
ity gellant around the droplet that prevents further vaporization. As
a result, constantly expanding vapor bubbles are produced within the
droplet. Eventually, the ¦lm is ruptured and a jet of fuel vapor is re-
leased. A theoretical, time-dependent model of organic-gellant-based gel
droplet combustion has been developed and numerically solved. The re-
sults indicate that the evaporation rate of the liquid fuel from the droplet
surface and the viscosity of the components comprising the gel droplet
a¨ect the formation and modi¦cation of the gellant layer. The tensile
stress, applied on the gellant ¦lm 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 yield-point.

NOMENCLATURE

C bubble formation parameter
c molar concentration
D di¨usion coe©cient
Ev evaporation rate parameter
M molecular weight
p pressure
R normalized external droplet radius
r radial coordinate (normalized)
r0 radius of gel droplet
T temperature
t time (normalized by r20/Dfg)
“V molar volume of the liquid
Vb volume of the bubble
Vl combined volume of the liquid fuel and the gellant
VR total volume of the droplet
X normalized gellant layer thickness
Z gellant content in gel
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Greek Symbols

µ viscosity
ρ density
σ tensile stress
σy yield stress
āB association parameter (Wilke correlation)

Subscripts

A, B components
f fuel
g gellant
fg liquid fuel/gellant mixture
l liquid
v evaporation

1 INTRODUCTION

There 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 liquids whose rheological properties have been altered by the ad-

dition of gellants, so that they behave as non-Newtonian time-dependent §uids.
The existence of yield stress and the increased viscosity can prevent agglomer-
ation, aggregation, and separation of a metal solid phase from the fuel during
storage. Their performance characteristics and operational capabilities, which
are similar to liquid propellants, as well as their high density, increased com-
bustion energy and long-term storage capability, make them attractive for many
applications, especially for volume-limited propulsion system applications. An
extensive review of various aspects of gel propellants was given by Natan and
Rahimi [1].
In the present study, the attention is turned to recent experimental work con-

ducted 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 classi¦ed as ¤classic¥ liquid droplet combustion with a distinct

226



LIQUID AND GELLED ROCKET PROPULSION

§ame envelope that surrounds the droplet. In comparison with a liquid droplet,
the turbulence intensity inside the droplet is low due to the high viscosity so that
internal mixing is very slow. Due to the di¨erence between the boiling point tem-
perature and the heat of vaporization of the liquid fuel and the organic gellant,
the homogeneity of the mixture cannot be maintained and the concentration of
the liquid fuel at the outer part of the droplet decreases continuously. At some
point, a ¦lm 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 §ame. Consequently, droplet heating results in the
formation of fuel vapor bubbles inside the droplet. Expansion of the bubbles
results in signi¦cant swelling of the droplet while the pressure inside the bubbles
remains approximately constant. The thickness of the viscous gellant layer de-
creases as the droplet expands until the ¦lm is ruptured, and a jet of fuel vapor is
released. The envelope collapses back onto the droplet and a new gellant layer is
formed. This process repeats itself several times until the mostly gellant droplet
burns out completely. This phenomenon is strikingly di¨erent from the widely
accepted behavior of pure liquid-fuel droplets.
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
in most cases a liquid solvent (e.g., MIAK ¡ Methyl Isoamyl Ketone) and the
actual gellant, which is an organic material. The mass concentration of the
gellant varies from 7.5% (as in [4]) to 15% (as in [3]). The advantage of organic
over inorganic gellants 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 was conducted in the ¦eld of

multicomponent fuel droplet evaporation/burning. Law [5] analyzed isobaric,
spherically symmetric combustion of a droplet with a spatially uniform (but
varying with time) temperature and composition (Rapid Mixing Model). The
theoretical results of Law indicated that participation in vaporization is domi-
nated by the most volatile species in the droplet and the droplet temperature is
quite close to the steady state boiling point (BP) temperature of that species.
Sirignano [6] argued that the uniform temperature and concentration limit results
from the in¦nite di¨usivity limit, and the model should therefore be regarded as
an In¦nite Di¨usivity Model. In other theoretical work, Tong and Sirignano [7]
proposed another approach to the problem using a vortex model. This was ba-
sically a di¨usion limit model that was previously formulated by Landis and
Milles [8]. Based on these results, they concluded that the liquid phase mass
di¨usion is extremely slow and represents the rate limiting process. By ana-
lyzing transient multicomponent droplet combustion, Mawid and Aggarwal [9]
determined that the concentration of the fuel vapor inside the §ame may become
higher than that at the droplet surface and as a result, suppression of the vapor-
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ization process may happen. These e¨ects occur most likely due to high liquid-
phase mass di¨usion resistance that prevents the more volatile component from
di¨using rapidly to the droplet surface. Experimental work [10, 11] con¦rmed
most of the theoretical results presented above. However, all the aforementioned
work was concerned with ungelled liquid fuel droplets.
The aim of the present paper is to describe the peculiar phenomenon of

the combustion process of a single organic-gellant-based gel fuel droplet in the
framework of a theoretical time-dependent model. As a ¦rst step in establishing
a physical model based upon the main mechanisms involved in the combustion
of a gel droplet (as observed in experimental investigations), an often-adopted
strategy of an order-of-magnitude analysis is implemented. This enables one to
carry out a straightforward mathematical/numerical analysis that leads to a rel-
atively easy formulation of the problem and its solution. In the ensuing sections,
the assumptions underlying the model are explained, the model equations and
the boundary conditions, as well as the method of solution are described, and in
the ¦nal section, computed results that highlight the main characteristics of the
organic-gellant-based gel fuel droplets combustion are discussed.

2 PROBLEM DESCRIPTION
AND MATHEMATICAL MODEL

From the 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 ¦lm of high viscosity gellant is created around the droplet that
prevents further evaporation of liquid fuel. Consequently, a fuel vapor bubble is
formed inside the droplet. The thickness of the viscous gellant layer decreases as
the droplet expands until the ¦lm 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. Although

it is well known that kerosene consists of various components of di¨erent boiling
point temperatures [12], for simplicity it is assumed that the gel fuel behaves as a
bi-component mixture of gellant and pure liquid fuel. Moreover, the temperature
within the droplet is assumed to be uniform and constant, equal to the boiling
point of the more volatile component. The viscosity of the gellant is signi¦cantly
higher than that of the liquid fuel. Although the viscosities of the components,
especially of the gellant, decrease during the heating process, at the current
stage, they are treated as constant.
By dividing the model into two stages, the physicochemical mechanisms in-

volved in the burning process can be analyzed. During the ¦rst stage, fuel is
consumed and an all-gellant layer is formed, as presented in Fig. 1a. The modi-

228



LIQUID AND GELLED ROCKET PROPULSION

Figure 1 Schematic of gel droplet burning: (a) Stage 1 and (b) Stage 2

¦cation of the layer thickness with time occurs due to several contributions such
as liquid di¨usion in the gel droplet interior and vaporization through the layer.
At the second stage, a bubble is formed. As a result, the droplet expands and
the layer thickness decreases until it ruptures (Fig. 1b) when the tensile stress
reaches the layer£s yield point.
It is important to note that the mathematical formulation of the two stages

concentrates mainly on internal droplet behavior. It is assumed that the §ame
that surrounds the gel droplet produces a su©cient heat §ux to vaporize the
liquid fuel during the ¦rst stage, and to enable formation of the vapor bubble in
the droplet interior during the second stage. In this way, the various processes
happening in the exterior to the droplet are not considered in the model develop-
ment and only what is happening inside the gel droplet is investigated. A more
comprehensive model of the entire burning process including the gel droplet sur-
face ¡ §ame interaction ¡ is also possible at the expense of further complexity.
This will be formulated in future work.

Model of the First Stage

The physical model of the ¦rst stage is described schematically in Fig. 1a. The
boiling point temperature of kerosene-based fuel ranges from 130 to 270 ◦C
wheras the boiling point of the gellant ranges within 290�320 ◦C. This is the
principal reason for the actual formation of the gellant layer around the droplet.
In addition, there is very low, even no, internal circulation because of the high
viscosity of the mixture. Consequently, a monotonic decrease of the liquid fuel
from the outer surface of the fuel droplet occurs as the combustion process begins.
As a result, di¨usion of liquid fuel from the interior of the droplet towards the
surface occurs. Saitoh and Nagano [13] also adopted this approach.
In general, gels behave as non-Newtonian §uids and ¤gel¥ is de¦ned by

Brinker and Scherer [14] as ¤a substance that contains a continuous solid skeleton
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enclosing a continuous liquid phase. The continuity of the solid structure gives
elasticity to the gel.¥ This is true when low (room) temperatures are considered.
When the temperature of the gel mixture rises to relatively high values, such
as the boiling point of liquid fuel, this unique structure does not exist anymore
and the mixture can be treated as a bi-component liquid mixture with various
diverse properties.
The mass di¨usivity coe©cient of a binary liquid mixture strongly depends

on temperature, pressure and mixture composition. For the estimation of this
coe©cient, the empirical correlation proposed in [15, 16] is used:

DAB = 7.4 · 10−8
(āBMB)

1/2T

µ “V 0.6A

. (1)

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

logµfg = cf logµf + cg logµg .

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

µfg = µ
cf

f µ
cg
g .

So that the di¨usion coe©cient shown in Eq. (1) becomes:

Dfg(cf ) =
Kfg

µ
cf (r,t)
f µcg(r,t)

g

where

Kfg = 7.4 · 10−8
(āBMB)

1/2T
“V 0.6A

.

The general, nondimensional, nonlinear, time-dependent di¨usion equation
in a spherically-symmetric coordinate system for a bi-component mixture is:

∂cf
∂t
=
1

r2
∂

∂r

[

Dfg(cf )r
2 ∂cf
∂r

]

.

In this equation, r represents the nondimensional radius coordinate and t repre-
sents nondimensional time, the latter being based on tdi¨ = r

2
0/Kfg, where r0 is

the actual droplet radius. It is important to note that the last equation is valid
for estimating the time variation of both molar concentrations (liquid fuel and
gellant) along the droplet radius.
The initial and boundary conditions are:

t = 0: cf = cf0 at 0 ≤ r ≤ 1 ;

t > 0:







∂cf
∂r
= 0 at r = 0 ;

cf = cf0 exp(−Evt) at r = 1 .
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The ¦rst initial condition gives the molar concentration of the liquid fuel at
the beginning of the burning process; since the total molar concentration is
equal to unity, the gellant concentration is cg0 = 1− cf0. The second boundary
condition represents the symmetry at r = 0 and the last condition states that
the decrease of liquid fuel molar concentration at the surface is described by
an exponential function. Ev is a parameter that depends on di¨erent factors
such as temperature, pressure, heat transfer, and others. Large Ev represents a
high evaporation rate and a fast reduction of fuel concentration from the droplet
surface, whereas low Ev represents a low evaporation rate and a slow reduction
of liquid fuel from the surface.
The last boundary condition emphasizes again the strategy of isolating the

¦eld exterior to the droplet in the current model whilst concentrating on the
droplet interior only. The actual estimation of the modi¦cation of layer thickness
is determined by the points for which the composition of the layer reaches 90%
gellant.

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 de¦ned thickness characterizes the termination
of the ¦rst stage. This gellant layer prevents liquid fuel from penetrating through
and evaporating toward the §ame 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. This phenomenological description of gel droplet
evaporation is based on the experimental study [2] described in the previous
section. The gellant consists of 50% solvent and the remaining 50% is the actual
gellant. The boiling point of the solvent ( MIAK£s BP temperature is 144 ◦C) is
close to the BP of liquid fuel, therefore, they both evaporate simultaneously. The
evaporation of the solvent from droplet surface results in phase separation, which
in combination with the relatively low internal mixing, enhances the formation
of the gellant layer.
The total volume of the gel droplet, VR(t), consists of the volume of the

vapor bubble, Vb(t), that is formed in the droplet interior and the remaining
liquid mixture volume, Vl(t):

Vb(t) + Vl(t) = VR(t) ; (2)

Vl(t) = Vinitial,l −
ρvapor,b
ρl

Vb(t) . (3)

By combining Eqs. (2) and (3), the following expression for the evolution of total
droplet volume is obtained:

Vb(t)

{

1− ρvapor,b
ρl

}

+ Vinitial,l = VR(t) . (4)
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In order to approximate the density ratio (fuel vapor to liquid fuel) the ther-
modynamical data at 20 ◦C and 1 atm were chosen for demonstration. The
density of liquid fuels is ρl ≈ 860�890 kg/m3. Their vapor density is approxi-
mately ρvapor,b ≈ 3.15± 4.17 kg/m3.
Consequently, from these data it can be easily concluded that the change in

the liquid interior volume is minor in comparison to the change in the vapor
volume.
Substituting these data in Eq. (4) gives the following expression for modi¦-

cation of the total droplet radius during the second stage:

R3(t) =
199

200
r3b (t) + r

3
l .

Let rb(t) = f(t).
The growth of the vapor bubble in the droplet interior depends on a variety

of factors such as the heat §ux to the droplet, temperature, and pressure. As a
¦rst approximation, the bubble radius is assumed to change linearly with time.
The constant of proportionality strongly depends on the various aforementioned
parameters:

f(t) = Ct . (5)

A large value of C represents quick growth of the vapor bubble ¡ strong heat §ux
to the droplet. Low C represents slow growth of the vapor bubble ¡ relatively
low heat §ux to the droplet.
Based on these assumptions, the gellant layer thickness during the second

stage:

X(t) =
r2l Xinitial

R(t)2
.

The question at this point is: When does the organic gellant layer rupture? To
answer this question, the expression for the tensile stress applied to the thin
layer sphere is described by:

σ(t) =
R(t)p

2X(t)
.

Obviously, when the tensile stress reaches the yield point of the material, the
gellant layer is ruptured. In general, yield stress, σy = σy(cg, T ), decreases
with increasing temperature and decreasing gellant concentration. Evaluation
of the actual values of yield stress will be estimated experimentally in the near
future. Meanwhile, in the present work, the previous development is completed
by formulating the normalized tensile stress (normalized by p, which is the vapor
pressure in the bubble):

“σ(t) =
R(t)3

2r2l Xinitial
.
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3 SOLUTION

The solution domain is essentially divided into two stages. At the ¦rst stage, the
formation of the gellant layer is obtained by solving the di¨usion equation with
appropriate initial and boundary conditions. This nonlinear parabolic equation
is solved numerically using a standard ¦nite di¨erence method. Satisfactory step
sizes in the r and t directions were obtained by comparing computed results using
a series of increasingly re¦ned ¦nite di¨erence meshes to cover the region of the
solution. At the second stage, the data gained from the ¦rst stage concerning
the gellant layer thickness are substituted in appropriate expressions developed
for the evaluation of the second stage.
For all cases, the following data were used: initial molar concentrations of

the liquid fuel and of the gellant are cf0 = 0.7, cg0 = 0.3, respectively, liquid vis-
cosity, µf = 100 cP and gellant viscosity, µg = 10,000 cP. The initial normalized
thickness of the gellant layer is assumed to be Xinitial = 0.1.

4 RESULTS

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 nondimensional form.
The change, with time, of the molar concentrations of both components com-

prising the gel droplet (the liquid fuel and the organic-gellant in the interior of
the droplet) is presented in Fig. 2. As mentioned, Ev is a parameter, which
describes the rate at which liquid fuel evaporates from the droplet surface. For
the current case, it is taken to be 1000, which represents a very high rate of
liquid fuel evaporation.
In general, as expected, since the liquid fuel BP is lower than that of the gel-

lant, the liquid fuel evaporates ¦rst, reducing its concentration while the gellant
concentration increases.
The modi¦cation of the gellant layer thickness with time is presented in

Fig. 3. The actual estimation of the layer thickness growth is determined by the
points for which the composition of the gellant layer reaches 90%. For a high
evaporation rate, the growth of the layer thickness is much faster in comparison
to the case that corresponds to a low evaporation rate.
In Fig. 4, the in§uence of various viscosity-values of both components of the

gel droplet (liquid fuel and gellant) on the modi¦cation of the gellant layer thick-
ness is investigated. On the one hand, for su©ciently high mixture viscosities
such as µg = 10,000 cP; µf = 100 cP, the di¨usion coe©cient obtained is signi¦-
cantly low; consequently, the rate at which the modi¦cation of the layer occurs
will be also low. On the other hand, when the viscosities of both components
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Figure 2 Fuel and gellant concentration in droplet interior; Ev = 1000, µg

= 10,000 cP, µf = 100 cP: 1 ¡ t = 0.2; 2 ¡ 0.6; 3 ¡ 1; 4 ¡ 2; and 5 ¡ t = 3

Figure 3 Gellant layer thickness evolu-
tion with time (Stage 1): 1 ¡ Ev = 1000
and 2 ¡ Ev = 1

Figure 4 Gellant layer thickness modi-
¦cation with time (Stage 1), Ev = 1000:
1 ¡ µg = 10,000 cP and µf = 100 cP;
2 ¡ µg = 1000 cP and µf = 50 cP; and
3 ¡ µg = 100 cP and µf = 10 cP

are relatively low (i.e., µg = 100 cP; µf = 10 cP), the di¨usion coe©cient at-
tains a higher magnitude, the gellant layer modi¦cation with time occurs at very
high rates and it reaches a much bigger thickness. In comparison to the former
case, almost three times more liquid fuel will evaporate prior to the layer forma-
tion in this case. Obviously, for a mean case, e.g., µg = 1000 cP; µf = 50 cP,
the modi¦cation of the layer thickness lies in between the previously discussed
boundaries.
During Stage 2, the bubble growth in the droplet interior is simulated by

Eq. (5), and the parameter C is taken to be 0.1, 0.5, 1, and 2. In Fig. 5, the
normalized gellant layer thickness as time goes by, for di¨erent rates of vapor
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Figure 5 Gellant layer thickness evolu-
tion with time (Second stage): 1 ¡ C =
0.1; 2 ¡ 0.5; 3 ¡ 1; and 4 ¡ C = 2

Figure 6 Tensile stress evolution with
time: 1 ¡ C = 0.1; 2 ¡ 0.5; 3 ¡ 1; and
4 ¡ C = 2

bubble growth is presented. For very slow growth of the vapor bubble, the
decrease in gellant layer is also slow whereas in the case of relatively high bubble
growth, the layer thickness decreases drastically.

In addition, in Fig. 6, the variation of the tensile stress on the gellant layer is
presented. A large value of tensile stress is reached in a relatively short period
of time for the case of the rapidly growing bubble, C = 2.

5 CONCLUDING REMARKS

The baselines of a theoretical model describing the phenomena involved in the
combustion of organic-gellant-based gel droplets have been presented for the ¦rst
time. According to experimental investigation, during the burning of organic-
gellant-based gels, an elastic layer made of gellant is formed around the droplet,
resulting in periodic swelling, jetting, and collapsing of the droplet. This burning
process of gel droplets is totally di¨erent from the burning of pure liquid fuel
droplets and it repeats itself until all combustible material is consumed. By
choosing rather simple mathematical functions, the rather complicated processes
of gellant layer modi¦cation during its burning are reproduced. The results
demonstrated the profound importance of the liquid fuel evaporation rate and
of the viscosities of both components comprising the gel droplet, in the process
of formation of the gellant ¦lm. Tensile stress, applied on the gellant ¦lm during
the formation of the bubble in the droplet interior reaches high magnitudes in
short periods of time and causes the droplet to rupture as soon as it overtakes
the yield point of the layer material.
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