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Abstract: A model was developed to research the critical conditions and time characteristics of the
ignition of gel fuels in the course of conductive, convective, radiant and mixed heat transfer. MATLAB
was used for numerical modeling. Original MATLAB code was established pursuant to the developed
mathematical model. For gel fuel ignition at initial temperatures corresponding to cryogenic storage
conditions with different heating schemes, a numerical analysis of interconnected processes of
heat and mass transfer in the chemical reaction conditions and exothermic and endothermic phase
transitions was conducted. The model was tested by comparing the theoretical results with the
experimental data. Dependencies were established between the key process characteristic (i.e., the
ignition delay time) and the ambient temperature when the following parameters were varied:
emissivity, heat emission coefficient, activation energy and pre-exponential factor of the fuel vapor
oxidation reaction. The critical values of the main parameters of the energy source were determined.
For these values, gel fuel ignition conditions were consistently realized for each heating scheme. The
critical heat fluxes necessary and sufficient for the ignition of typical gel fuels were determined.

Keywords: gel fuel; conductive heating; radiant heat flux; convective heat flux; ignition; critical conditions

1. Introduction

Currently, there is a trend toward a significant decrease in energy resource reserves
in many regions of the world, accompanied by increased demand for available and clean
energy [1]. Therefore, the use of alternative sources for expanding the resource base and
ensuring energy safety is a promising trend [2]. Gel fuel is a type of condensed substance
that combines the advantages of solid and liquid fuels [2–4]. Research on gel fuels is
customarily subdivided into four areas: rheology [5,6], preparation [7,8], transportation
and atomization [9] and combustion in rockets and power plants [10,11]. The widespread
use of gel fuels in the power industry requires a detailed investigation of the characteristics
and patterns of their ignition and combustion processes. The results obtained in this
research are required for the correct design and engineering of power generation facilities
(combustion chambers of boilers, engines, etc.) [12].

References [13–18] present experimental studies in which gel fuel droplet combustion
characteristics were investigated to specify the mechanisms for multicomponent fuels. The
critical conditions of the combustion of gel fuels significantly differ from the processes that
characterize the combustion of conventional liquid and solid fuels [7,14,19]. The develop-
ment of mathematical models is an important task allowing a full-scale investigation of
such processes. This is impossible to achieve in experimental conditions due to fire and
explosion safety considerations and the need to provide special conditions for conducting
the experiments [7]. Gel fuel droplets are characterized by complex fluctuations in size,
both during evaporation and combustion, in contrast to the quasi-stationary combustion of
conventional liquid fuel droplets [20]. The developed model is presented in [20]. This is
a model of nonstationary combustion of a droplet of a gel fuel based on unsymmetrical
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dimethylhydrazine. The results of the numerical simulation [20] substantiated the fluctua-
tions of both the radius of the droplet and the mass fraction of dimethylhydrazine vapor on
the droplet surface after the formation of a gel film. The gel fuel droplet combustion process
included four stages [20]: the formation of a gel-former film, high-frequency rupture of
the gel-former film, low-frequency rupture of the gel-former film and the decomposition
of the gel former. The model presented in [21] simulates a diffusion flame arising during
the atomization of a gel fuel based on an organic thickener. Atomized gel fuel is charac-
terized by vibrational evaporation when the medium surrounding the gel droplet reaches
a certain critical temperature. The simulation results [21] showed that the evaporation
of combusting gel droplets has a significant effect on the flame characteristics and the
thermal field in the diffusion flame front. Areas of high temperatures and heat dissipation
(usually referred to as hot spots) were formed from individual or multiple combusting
droplets. Under certain operating conditions, this can result in higher temperatures than
those in the main homogeneous flame environment. This can be extremely important in
a production environment when hot spots in unwanted areas of combustion zones can
compromise the structural integrity of the chamber. Thus, while gel fuels have advantages
over liquid fuels, it is imperative to maintain stringent operating conditions when burn-
ing gel fuels to achieve the desired combustion characteristics. Reference [22] presents a
mathematical model of the combustion of gel fuel droplets. The results showed that the
rate of evaporation of liquid fuel from the droplet surface depends on the droplet size and
significantly affects the thickness of the gel-forming layer. The tensile stress applied to the
gel-forming layer during bubble formation reaches high values in short periods and causes
the droplet to break when the tensile stress exceeds the breaking stress of the layer material.
The gel-forming layer formation stage is three times longer than the bubble formation and
layer rupture stage [22]. In [23], a mathematical model of hydrazine-based gel fuel ignition
under conductive heating by a hot metal particle of a cylindrical shape is presented. It
was found that gel fuel ignition delay times during conductive heating vary in the range
of 0.02–0.8 s. To ignite a droplet of gel fuel, a critical heat flux density of 60–950 kW/m2

is required. This density varies depending on the dimensions (radius range: 2.5–10 mm,
height range: 5–20 mm) and the initial temperature of the metal cylinder (840–1500 K) [23].
In [24], a model of ignition of a typical particle of a gel fuel based on an organic polymer
thickener in a high-temperature air environment is presented. The fuel ignition delay times
are varied between 0.3 s and 10 s at the air temperature of 800–1473 K and a particle radius
of 0.5–2.0 mm.

To date, results of theoretical studies of consistent patterns in the ignition processes
of gel fuels have been obtained, and they are limited in terms of their field of application.
There are no data on modeling the ignition and combustion of gel fuels under different
heating schemes where the dominance of radiant, conductive and convective heat fluxes
would be taken into account. Thus, the purpose of this study is to determine the critical
conditions of initiation of stable combustion of typical gel fuels while taking into account
a group of related processes of heat and mass transfer, chemical reactions and phase
transitions under conductive, convective and radiant heating and at very low initial fuel
temperature (typical for cryogenic storage conditions).

2. Physical and Mathematical Models
2.1. Dominance of Conductive Heat Flux on the Surface of a Gel Fuel Sample

When formulating the problem statement, it was assumed that a sample of gel fuel is
located on the side of a metal cylinder heated to high temperatures (Figure 1). The cylinder
temperature was 203 K (a typical cryogenic storage temperature for gel fuels [25]). When a
fuel is used at low temperatures, its initial temperature is one of the main factors affecting
the inertia of the combustion process [26,27]. The fuel contains a thickener and a flammable
liquid. The volume fractions of fuel (ϕ) and oxidizer (1 − ϕ) in the condensed matter are
known. The energy of the cylinder provides for the heating of the near-surface layer of
the fuel (radiant, convective and conductive mechanisms of heat transfer were taken into
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account). If fuel temperature at the initial moment of time is negative, then the processes of
fuel melting are accelerated. When the vaporization conditions are achieved, the thickener
evaporates. Fuel vapors enter the area filled with the inert gas. In the near vicinity of the
particle, a vapor–gas mixture is formed. The mixture contains the fuel and the inert gas.

Figure 1. Scheme of the solution domain for the heat and mass transfer problem under conductive
heating: 1—heating surface; 2—gel fuel sample; 3—air.

When the temperatures and concentrations of the mixture components sufficient for
ignition are reached, ignition occurs [28]. The time interval between the moment when
the fuel sample hits the cylinder surface and until the ignition conditions are met is the
ignition delay time τ. In the simulation, a small metal cylinder (Rp and Zp) was assumed
to be the heating source. The ignition criteria used in the formulation of the problem of
heat and mass transfer (Figure 1) were assumed according to the concepts of the modern
theory of ignition of condensed substances [29]: (i) the energy released as a result of the
chemical reaction of oxidation of the fuel is greater than the heat transferred from the
heated particle to the fuel and the formed vapor–gas mixture; (ii) the temperature of the
mixture of gaseous fuel components in the oxidation reaction zone exceeds the initial
temperature of the heating source [29]. The solution domain for the heat and mass transfer
problem during conductive heating is shown in Figure 1.

The parameters corresponding to References [23,29] carried out with typical and most
promising gel fuels were used as the initial data in the numerical simulation (Table 1).

Time-averaged thermophysical characteristics of a gel fuel sample (50 vol% oil; 48 vol%
aqueous solution of PVA (10 wt.%); 2 vol.% emulsifier) are presented in Table 1 [23]. In the
simulation, the symmetric configuration of the fuel sample was considered.

In the course of the research, the temperature of the external environment with respect
to the fuel sample was adjusted in the range of 873–1273 K, covering the minimum tempera-
tures required to initiate the combustion of the gel fuels being investigated [30]. The higher
the temperature of the heating source, the quicker the temperature in the near-surface fuel
layer is stabilized. The intensification of the thickener evaporation process at sufficiently
high heating temperatures leads to an increase in the heat consumption supporting this
process. Therefore, increasing the temperature above 1273 K is impractical [29]. In real-life
fuel applications, the energy supply scheme for initiating the combustion can be different.
It may involve the dominance of convective, conductive or radiant heat transfer, as well as
mixed heat transfer [29]. Thus, varying the main parameters of heat transfer (the emissivity
and the air flow rate) for each scheme has a major role in the research of the fuel combus-
tion process. It is also important for the substantiation of the design characteristics and
layouts of modern furnaces and combustion chambers for the purpose of increasing the
combustion efficiency. Emissivity variations in the range of 0.85–0.99 correspond to the
respective ranges for typical muffle furnace wall materials and various modern combustion
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chambers [31]. The heat transfer coefficient was varied in the range of 0–200 W/(m2·K),
which corresponds to an air flow rate between 0 and 6 m/s, i.e., it covers the conditions
where natural and forced convection are dominant. The variation of the activation energy
and the pre-exponential factor makes it possible to isolate the effect of these parameters on
the chemical reaction processes of fuel ignition. Thus, with the variation of these parameter
values, it is possible to establish the critical conditions for the initiation of the combustion
of fuels with different component compositions.

Table 1. Data for the numerical simulation [23,29].

Constant Symbol Value Unit of Measurement

Diffusion coefficient D 7.83 × 10−5 m2/s
Oxidizing reaction activation energy Ea 60 × 103 J/mol
Oxidizing reaction pre-exponential factor k0 8 × 101 s−1

Specific heat of gel fuel Cf 1380 J/(kg·K)
Temperature of gel fuel Tf 203 K
Temperature of surface under radiation heating Th 873–1273 K
Temperature of air Ta 873–1273 K
Thermal effect of oxidant evaporation Qeo 38 × 106 J/kg
Thermal effect of fuel vaporization Qef 0.14 × 106 J/kg
Thermal effect of vaporization of the thickener Qispz 0.26 × 106 J/kg
Fuel evaporation mass rate Wef 25 × 10−3 kg/(m2·s)
Oxidant evaporation mass rate Weo 15.3 × 10−3 kg/(m2·s)
Diffusion rate Uv 0–6 m/s
Convection heat transfer coefficient α 0–200 W/(m2·K)
Coefficient of thermal expansion β 0.001 K−1

Gravity acceleration g 9.8 m/s2

Emissivity ε 0.85–0.99 -
Kinetic viscosity υ 14.1 × 10−6 m2/s
Density of gel fuel ρf 1010 kg/m3

Thermal conductivity of gel fuel λf 0.16 W/(m·K)
Dimensionless combustible part of fuel ϕ 0.5 -

As a result of theoretical research, the values of ignition delay times for promising
gel fuels were calculated. These parameters are among the main ones that characterize
the ignition process [18]. The previously determined ignition delay time values make it
possible to choose optimal combustion chamber designs and chamber dimensions.

To explain a complex of related heat and mass transfer processes under chemical
reaction conditions as well as endothermic and exothermic phase transitions at 0 < τ < τd,
a system of nonstationary partial differential equations was used [29,32]:

For the steam–gas mixture (0 < r < r1, z2 < z < zL, r1 < r < rL, z1 < z < zL, r2 < r < rL,
0 < z < z1):

Continuity equation:
∂2ψ

∂z2 +
1
r

∂ψ

∂r
+

∂2ψ

∂r2 = ω; (1)

Motion equation of the steam–gas mixture:

∂ω

∂τ
+ u

∂ω

∂r
+ w

∂ω

∂z
= νa

[
∂2ω

∂r2 +
1
r

∂ω

∂r
+

∂2ω

∂z2

]
+ βg

∂Ta

∂z
; (2)

Equation of energy for the vapor–gas mixture:

∂Ta

∂τ
+ u

∂Ta

∂r
+ w

∂Ta

∂z
= aa

[
∂2Ta

∂r2 +
1
r

∂Ta

∂r
+

∂2Ta

∂z2

]
; (3)
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Fuel vapors’ diffusion equation:

∂C f

∂τ
+ u

∂C f

∂r
+ w

∂C f

∂z
= D12

[
∂2C f

∂r2 +
1
r

∂C f

∂r
+

∂2C f

∂z2

]
; (4)

Oxidizer vapors’ diffusion equation:

∂Co

∂τ
+ u

∂Co

∂r
+ w

∂Co

∂z
= D13

[
∂2Co

∂r2 +
1
r

∂Co

∂r
+

∂2Co

∂z2

]
; (5)

Equation of balance for the vapor–gas mixture:

Cf + Cg + C0 = 1; (6)

Equation of thermal conductivity for the fuel (0 < r < r1, z1 < z < z2):

∂Th
∂τ

= ah

[
∂2Th
∂r2 +

1
r

∂Th
∂r

+
∂2Th
∂z2

]
− WmeltQmelt

zLρhCh
. (7)

Initial conditions: T = Th at 0 < r < r2, 0 < z < z1; T = Tf at 0 < r < r1, z1 < z< z2; T = Ta,
Cf = 0, ψ = 0,ω = 0 at 0 < r < r1, z2 < z < zL, r1 < r < rL, z1 < z < zL, r2 < r < rL, 0 < z < z1.

Boundary conditions:

r = 0, 0 < z < z1
∂Th
∂r = 0; r = r2, 0 < z < z1 − λh

∂Th
∂r = −λa

∂Ta
∂r ;

∂C f
∂r = 0;

r = rL, 0 < z < z1
∂2Ta
∂r2 = 0;

∂2C f
∂r2 = 0; ∂ψ

∂r = 0;
(8)

r = 0, z1 < z < z2,
∂Tf

∂r
= 0; (9)

r = r1, z1 < z < z2,−λa
∂Ta
∂r −QefWef −QeoWeo = −λ f

∂Tf
∂r ; ρ12D

∂C f
∂r = We f ;

∂ψ
∂r =

We f
ρ12

; r = rL, z1 < z < z2
∂2Ta
∂r2 = 0;

∂2C f
∂r2 = 0; ∂ψ

∂r = 0;
(10)

r = 0, z2 < z < zL, ∂Ta
∂r = 0;

∂C f
∂r = 0; ∂ψ

∂r = 0; r = rL, z2 < z < zL, ∂2Ta
∂r2 = 0;

∂2C f
∂r2 = 0; ∂ψ

∂r = 0;
(11)

z = 0, 0 < r < r2,
∂Th
∂z

= 0; z = 0, r2 < r < rL,
∂Ta

∂z
= 0;

∂C f

∂z
= 0;

∂ψ

∂z
= 0; (12)

z = z1, 0 < r < r1 − λh
∂Th
∂z
−QefWef −QeoWeo = −λ f

∂Tf

∂z
; ρ12D

∂C f

∂z
= We f ; (13)

z = z1, r1 < r < r2,−λh
∂Th
∂z

= −λa
∂Ta

∂z
;

∂C f

∂z
= 0;

∂ψ

∂z
= 0; (14)

z = z2, 0 < r < r1,−λa
∂Ta
∂z −QefWef −QeoWeo = −λ f

∂Tf
∂z ; ρ12D

∂C f
∂z = We f ;

∂ψ
∂z =

We f
ρ12

;
(15)

z = zL, 0 < r < rL,
∂2Ta

∂z2 = 0;
∂2C f

∂z2 = 0;
∂ψ

∂z
= 0. (16)

The thermophysical properties of the gel fuel were calculated using the following
equations [29]:

λ f = (1− ϕ)λ f + ϕλa; (17)

C f = (1− ϕ)C f + ϕCa; (18)

ρ f = (1− ϕ)ρ f +ϕρa. (19)
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The mass evaporation rates for the fuel and the oxidizer were calculated using the
following equations [29]:

Wef =
ϕA(Pn

e − Pe)√
2πRTh/M12

; (20)

Weo =
(1− ϕ)A(Pn

e − Pe)√
2πRTh/M13

. (21)

The mass rate of fuel melting was calculated by the following formula:

Wmelt = Vmeltρ f . (22)

The system of nonlinear, nonstationary partial differential Equations (1)–(7) is solved
by the finite difference method. To solve the system of one-dimensional difference equa-
tions, the sweep method was used. To improve the solution accuracy, at least 200 nodes
of the difference grid were set for each of the coordinates. This dimension was chosen
so that the area corresponding to the smallest object (fuel sample) was at least 10 nodes.
The fuel sample corresponded to an area with no less than 20 nodes. This discretization
was sufficient to solve the presented system of equations. For time discretization, a step of
10−3 s was used. This step corresponded to the accuracy of the experiment [33], the data of
which were used in this work.

2.2. Dominance of Radiant Heat Flux on the Surface of the Gel Fuel

When formulating the problem statement, it was assumed that the gel fuel, cooled to
a temperature of 203 K, is introduced into still air heated to high temperatures (973–1273 K)
with the help of a holder. When the gel fuel is heated (mainly by radiant heat input), its
surface temperature reaches the melting point of the fuel. A thin layer of thickener forms on
the surface of the melt with a flammable liquid at the bottom. Then, complete evaporation
of the flammable liquid from the free surface takes place. A flammable vapor–gas mixture
is formed around the fuel sample. When the concentrations of the mixture components
and temperatures sufficient for ignition are reached, ignition occurs. Convective gas fluxes
in this area have not been described. The ignition criteria applied in the formulation of the
heat and mass transfer problem (Figure 2) were assumed similarly to those for the ignition
under the dominance of conductive heat flux to the surface of the gel fuel sample. The
solution domain for the problem of heat and mass transfer during radiant heating is shown
in Figure 2.

Figure 2. Scheme of the solution domain for the heat and mass transfer problem under radiant
heating: 1—gel fuel sample; 2—air.
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The system of nonstationary partial differential equations is provided above. Initial
conditions: T = Tf at 0 < r < r1, 0 < z < z1; T = Ta, Cf = 0, ψ = 0,ω = 0 at 0 < r < r1, z1 < z < z2,
r1 < r < rL, z1 < z < z2. Boundary conditions:

r = 0, 0 < z < z1,
∂Tf

∂r
= 0; (23)

r = r1, 0 < z < z1,−λa
∂Ta
∂r −QefWef −QeoWeo = −λ f

∂Tf
∂r ; ρ12D

∂C f
∂r = We f ;

∂ψ
∂r =

We f
ρ12

;
(24)

r = 0, z1 < z < zL, ∂Ta
∂r = 0;

∂C f
∂r = 0; ∂ψ

∂r = 0; r = rL, 0 < z < zL,−λa
∂Ta
∂r = qrad;

∂2C f
∂r2 = 0; ∂ψ

∂r = 0;
(25)

z = 0, 0 < r < r1,
∂Tf

∂z
= 0; (26)

z = 0, r1 < r < rL,
∂Ta

∂z
= 0;

∂C f

∂z
= 0;

∂ψ

∂z
= 0; (27)

z = z1, 0 < r < r1,−λa
∂Ta
∂z −QefWef −QeoWeo = −λ f ∂T f

∂z ; ρ12D
∂C f
∂z = We f ;

∂ψ
∂z =

We f
ρ12

;
(28)

z = zL, 0 < r < rL,−λa
∂Ta

∂z
= qrad;

∂2C f

∂z2 = 0;
∂ψ

∂z
= 0. (29)

The density of heat flux dissipated from the heating source through radiant heat
transfer was calculated by the following equation [34]:

qrad = σεTa
4. (30)

2.3. Dominance of Convective Heat Flux on the Surface of the Gel Fuel

When formulating the problem statement, it was assumed that the gel fuel sample
with T0 = 203 K was ignited by a burner. The rise in the temperature of the sample occurred
due to external air, whose temperature was higher than the fuel temperature. Ignition took
place at the air velocity Uv, adjusted in the range of 0.2–6 m/s. The solution domain for
the problem of heat and mass transfer under convective heating is shown in Figure 3.

Figure 3. Scheme of the solution domain for the heat and mass transfer problem under convective
heating: 1—gel fuel sample; 2—air.
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To explain a complex of related heat and mass transfer processes under convective
heating at 0 < τ < τd, a system of nonstationary partial differential Equations (1)–(7) was
used. Initial conditions: T = Tf at 0 < r < r1, 0 < z < z1; T = Ta, Cf = 0, ψ = 0,ω = 0 at 0 < r <
r1, z1 < z < z2, r1 < r < rL, z1 < z< z2. Boundary conditions:

r = 0, 0 < z < z1,
∂Tf

∂r
= 0; (31)

r = r1, 0 < z < z1,−λa
∂Ta
∂r −QefWef −QeoWeo = −λ f

∂Tf
∂r ; ρ12D

∂C f
∂r = We f ;

∂ψ
∂r =

We f
ρ12

;
(32)

r = 0, r = rL, 0 < z < zL,−λa
∂Ta

∂r
= qconv;

∂2C f

∂r2 = 0;
∂ψ

∂r
= Uv; (33)

z = 0, 0 < r < r1,
∂Tf

∂z
= 0; (34)

z = 0, r1 < r < rL,
∂Ta

∂z
= 0;

∂2C f

∂z2 = 0;
∂ψ

∂z
= 0; (35)

z = z1, 0 < r < r1,−λa
∂Ta
∂z −QefWef −QeoWeo = −λ f

∂Tf
∂z ; ρ12D

∂C f
∂z = We f ;

∂ψ
∂z =

We f
ρ12

;
(36)

z = zL, 0 < r < rL,−λa
∂Ta

∂z
= qconv;

∂2C f

∂z2 = 0;
∂ψ

∂z
= Uv. (37)

The density of the heat flux dissipated from the heating source through convective
heat transfer was calculated by the following equation [34]:

qconv = α(Ta − Tf ). (38)

α =
Nu · λ

d
. (39)

Nu = 2 + 0.74Re0.5 · Pr0.33. (40)

Re =
Uv · d

ν
. (41)

Pr =
ν

a
. (42)

3. Results and Discussion

The theoretical research findings include the ranges of the variation of the ignition
delay time values for gel fuel for three heating schemes: radiant, conductive and convective.
Figure 4 shows the theoretical dependencies established between the ignition delay time
of the gel fuel and the temperature of the heated air (973–1273 K) under the conditions of
convective, conductive and radiant heating. It can be seen that the maximum ignition delay
times correspond to the radiant heating scheme (4.6–2.3 s, when the temperature was being
increased from 973 K to 1273 K). Under conductive heating, the τ decrease from 3.7 s to 1.5 s,
depending on the temperature of the source represented by the substrate. The minimum
ignition delay times correspond to convective heating and are in the range of 2.1–0.3 s. For
radiant and conductive heating, when T varies between 973 K and 1273 K, the ignition delay
time values differ by approximately the factor of 2; for convective heating, the difference is
7 times. These peculiarities can be explained by the fact that during conductive and radiant
heating, the flux of heat to the fuel surface changes rather moderately as the temperature
increases, as compared to convective heat transfer. Additionally, under conductive heating,
the heat is supplied to the fuel surface from one side only, while for convective and radiant
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heating, the fuel sample is heated from all sides. Therefore, deep layers of the fuel sample
are warmed up faster.

Figure 4. Theoretical and experimental dependencies τ of the gel fuel on T in the conditions of
convective, conductive and radiant heating (data from [33]).

As a result of the numerical modeling of the process being researched, the ignition
delay times of the gel fuel were obtained. These values are in satisfactory agreement with
the corresponding experimental data in [33] (Figure 4) where the temperature T varies
between 973 and 1273 K, and the initial fuel temperature equals 203 K. The difference
between the theoretical and experimental values of ignition delay times does not exceed
the measurement error τ in the experiments in [33]. Based on the satisfactory agreement
between the results of the mathematical simulation and the experimental data in [33], it
can be concluded that the developed mathematical model adequately describes a group of
interdependent physicochemical processes taking place during the ignition of gel fuel in a
high-temperature environment.

The convective heat exchange scheme is more efficient in terms of τ. This is also due
to the fact that the vapors of the combustible component having a high temperature are
carried away from the surface of the fuel sample and then mixed with the oxidizer. This
forms a steam–gas mixture with conditions under which oxidation reactions proceed rather
intensively. By varying the temperature and the airflow rate, it is possible to control the
position of the ignition zone relative to the surface of the fuel sample. In particular, at
relatively low temperatures and airflow rates, the ignition zone was located behind the fuel
sample. This was due to the fact that relatively cold vapors did not have time to warm up
to a temperature at which oxidation reactions are accelerated. Only after traveling a certain
distance from the fuel sample, the vapors heated up, and their reactions were intensified.

With a rise in the air temperature and rate, the position of the ignition zone shifted in
the direction of the fuel sample (Figures 5–7).
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Figure 5. (a) Temperature field under conductive heating; (b) Field of relative concentrations of
fuel vapors under conductive heating; 1—heated surface, 2—gel fuel sample, 3—steam–gas mixture.
Heating source temperature: T = 1273 K.

Figure 6. (a) Temperature field under radiant heating; (b) Field of relative concentrations of fuel
vapors under radiant heating; 1—gel fuel sample, 2—steam–gas mixture. Conditions: T = 1273 K,
ε = 0.85.

Figure 7. (a) Temperature field under convective heating; (b) Field of relative concentrations of fuel
vapors under convective heating; 1—gel fuel sample, 2—steam–gas mixture. Conditions: T = 1273 K,
α = 50 W/(m2·K).
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Table 2 shows the ignition delay time values determined when the radiant heat flux
was dominant and the emissivity (i.e., the degree of darkness) was varied. Under radiant
heating, the minimum temperature T = 873 K is required. When the temperature T is
varied in the range of 873–1273 K and the emissivity is varied in the range of 0.85–0.99, the
ignition delay times of the gel fuel vary between 8.776 s and 2.366 s (Table 2).

Table 2. Ignition delay times under radiant heating when the emissivity value is varied.

T, K τ, s at ε = 0.85 τ, s at ε = 0.90 τ, s at ε = 0.95 τ, s at ε = 0.99

873 8.776 8.776 8.766 8.763
973 4.691 4.690 4.688 4.688

1073 3.407 3.406 3.405 3.405
1173 2.757 2.756 2.756 2.756
1273 2.366 2.366 2.366 2.366

Emissivity does not affect the ignition delay times, and this is especially noticeable at
high temperatures (above 1073 K).

At temperatures below 1073 K, the effect of the emissivity factor is very weakly
expressed. At ε = 0.85–0.99 and T = 873 K, τ decreases from 8.776 s to 8.763 s (i.e., the
change is less than 1%).

It was found that under the conditions of convective heating, there is a significant
decrease in the ignition delay time of the gel fuel (up to 66% on average). Here, the heat
transfer coefficient changes in the range of 0–200 W/(m2·K), which corresponds to the air
flow velocity of up to 6 m/s (Figure 8). The minimum decrease in the ignition delay time,
i.e., from 0.778 s to 0.319 s (by 59%), corresponds to a heating temperature of 1073 K. The
maximum decrease is at a temperature of 1273 K, whereby τ changes from 0.302 s to 0.088
s (by 71%). For both cases, the value of α varies between 0 and 200 W/(m2·K) (Figure 8).

Figure 8. Theoretical dependency τ on T when varying the heat transfer coefficient α under convective
heating conditions.

The minimum temperature required to initiate the ignition of the gel fuel under
convective heating conditions is 973 K. It is important to note that in real-life engines and
combustion chambers of power plants, there is a possibility of adjusting the oxidizer flow
rate when it is mixed with fuel in a wide range. According to calculations, in a number
of cases, it is more efficient to increase the rate of the fuel and oxidizer flow movement as
compared to the adjustment of the temperature in the reaction zone.



Energies 2021, 14, 7083 12 of 16

It was found that the delay times of the ignition of the gel fuel under the conditions of
conductive heating increase nonlinearly with an increase in the activation energy of the
fuel vapors’ oxidation reaction (Figure 9).

Figure 9. Theoretical dependency of the ignition delay time τ on Ea when k0 is varied under the
conditions of conductive heating (T = 1173 K).

This can be explained by the fact that an increase in the activation energy causes the
combustion rate to decrease significantly. This leads to a decrease in the mass of injected
vapors of the combustible gel fuel and to a decrease in the rate of combustion taking place
with an oxidizer.

Consequently, the rate of heating of the fuel particle will decline, and the delay time
will rise, which is well illustrated in Figure 9. A rise in the activation energy physically
translates into a larger energy barrier that must be overcome to intensify the chemical
reaction. When the activation energy is increased, the flow of reaction and evaporation
processes that are in a nonlinear dependency from the temperature leads to a nonlinear
increase in the ignition delay time of the gel fuel (Figure 9).

The minimum temperature required to initiate the ignition of the gel fuel under con-
vective heating conditions is 873 K. Under the conditions of conductive heating, an increase
in the pre-exponential factor of the oxidation reaction from 8 × 101 s−1 to 8 × 103 s−1 at a
constant activation energy will lead to an appreciably lower in the ignition delay times (up
to 96% on average) at T = 1173 K. If the pre-exponential factor is constant, then increasing
the activation energy from 40 to 70 J/mol will cause the ignition delay time to increase to
90%.

Under the conditions of conductive heating, the maximum ignition delay time of the
gel fuel is realized at Ea = 70 J/mol and k0 = 8 × 101 s−1, and it equals 3.8 s. The minimum
ignition delay time (τ = 0.013 s) corresponds to Ea = 40 J/mol and k0 = 8 × 103 s−1. The
ranges of changes in the fuel ignition delay times determined while varying Ea and k0 are
of interest when using identical ignition systems under the operating conditions of engines
and combustion chambers with fuels of different component compositions.

It was found that the critical flow of heat densities at which stable ignition of the gel
fuel with an initial temperature of 203 K occurs (Figure 10) are as follows: 110 kW/m2 for
the radiant heating scheme, 149 kW/m2 for the convective heating scheme and 123 kW/m2

for the conductive heating scheme. The corresponding differences for the three heating
schemes are due to the difference in the heated surface areas of the gel fuel samples. The
greater this area, the more intensive heating is, and it increases not only for near-surface
layers, but also especially for deep layers. In addition, the greater the mass concentration
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of the injected fuel vapors, the more intense their interaction with the oxidizer, hence the
ignition process is accelerated. The difference between the heat flux densities obtained
under the convective-radiant heating conditions and the values for gel fuel combustion
presented in [35] is due to the initial temperatures of the fuel samples. In [35], at the
initial temperature of the gel fuel at 293 K, the heat flux density varied in the range of
40–100 kW/m2 while the heat transfer coefficient varied in the range from 33 to 77 W/m2·K
and the heating temperature was in a similar range of 973–1273 K. The calculated heat flux
stays within the range of 30–300 kW/m2 obtained in [36] by the ignition of a composite
fuel based on ammonium perchlorate and butyl rubber during conductive heating with
a metal particle. The difference in the minimum threshold of the heat flux found in [36]
can be explained by significant differences in the conditions of fuel heating by different
sources and significant differences in the thermophysical and kinetic characteristics of the
condensed substances in [36] and the gel fuels.

Figure 10. Heat flux densities during radiant, convective and conductive ignition of the gel fuel
(Tf = 203 K) at heating temperatures in the range of 973–1273 K; approximation expressions for the
ignition delay times (* is the critical heat flux density at which the gel fuel is ignited through different
heating schemes).

Within the framework of this study, approximation expressions for the dependencies
of the ignition delay times of a gel fuel on the heat flux density were obtained (Figure 10).
The expressions can be used to determine the relation between the primary and secondary
initial parameters and the characteristics of the combustion initiation process for a gel
fuel. The model developed in this research work can be used not only for detecting τ of
promising gel fuels with different component compositions, but also for analyzing the
reaction conditions of other condensed substances that are stored at cryogenic temperatures
in their initial form.

4. Conclusions

A mathematical model was developed for the numerical analysis of the ignition for
a gel fuel under heating conditions with the dominance of conductive, convective and
radiant heat fluxes. The developed model made it possible to establish the dependency
of the key process characteristic (i.e., the ignition delay time) on the following factors:
(i) temperature, under the conditions of a varying emissivity and energy heat transfer
coefficient; (ii) activation energy of the fuel vapor oxidation reaction, under the conditions
of a varying pre-exponential factor of the fuel vapor oxidation reaction. Radiant heating



Energies 2021, 14, 7083 14 of 16

corresponds to the maximum ignition delay times of the gel fuel observed in the range
of 2.3–4.7 s. For conductive heating, the ignition delay times are 1.5–3.7 s at the heating
temperature of 973–1273 K. The minimum ignition delay times correspond to the conditions
of convective heating, and they vary between 0.302 s and 2.108 s at similar temperatures.

It was shown that the critical heat flux densities at which the ignition of the gel fuel
with the initial temperature of 203 K occurred were as follows: 110 kW/m2 for radiant
heating, 149 kW/m2 for convective heating and 123 kW/m2 for conductive heating.

These values illustrate the critical thermal conditions necessary and sufficient to
initiate the combustion of promising gel fuels in power plants’ combustion chambers and
engines.
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Nomenclature

Greek letters
α Convection heat transfer coefficient, W/(m2·K)
Ψ Stream function, m2/s
ω Vorticity vector, s−1

β Coefficient of thermal expansion, K−1

ε Emissivity coefficient
ϕ Dimensionless combustible part of fuel
λ Thermal conductivity, W/(m·K)
ν Kinetic viscosity, m2/s
τ Ignition delay time, s
ρ Density, kg/m3

σ Stefan–Boltzmann constant, W/(m2·K4)
Latin letters
A Accommodation coefficient
a Temperature conductivity coefficient, m2/s
C Specific heat, J/(kg·K)
Co Dimensionless concentration of oxidant vapors
Cf Dimensionless concentration of fuel vapors
Cg Dimensionless inert gas concentration
D Diffusion coefficient, m2/s
d Diameter of fuel particle, m
Ea Activation energy of oxidizing reaction, J/mole
g Gravity acceleration, m/s2

k0 Oxidizing reaction pre-exponential factor, s−1

M Evaporating component molecular mass, kg/kmole
Nu Nusselt number
Pe Vapor pressure over the fuel surface, N/m2

Pe
n Equilibrium vapor pressure, Pa
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Pr Prandtl number
Re Reynolds number
Qef Thermal effect of fuel vaporization, J/kg
Qeo Thermal effect of oxidant evaporation, J/kg
Qmelt Thermal effect of melting of the “fuel–oxidizer” system, J/kg

qconv
Heat flux density removed from the heating source due to conductive heat transfer,
W/m2

qconv
Heat flux density removed from the heating source due to convective heat transfer,
W/m2

qrad
Heat flux density removed from the heating source due to radiative heat transfer,
W/m2

r, z Cylindrical system coordinates, m
rL, zL Dimensions of solution domain, m
Rp, Zp Cylinder dimensions, m
R The universal gas constant, J/(mole·K)
T Temperature, K
Uv Diffusion rate, m/s
Vmelt Linear melting rate, m/s
Wef Fuel evaporation mass rate, kg/(m2·s)
Weo Oxidant evaporation mass rate, kg/(m2·s)
Wmelt Mass melting rate of the “fuel–oxidizer” system, kg/(m2·s)
Indices
0 Initial moment of time
12 Fuel vapors
13 Oxidizer vapors
a Air
ef Fuel vaporization
eo Oxidant evaporation
f Fuel
h Surface
L Solution area
melt Melting
o Oxidizing agent
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