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Featured Application

The proposed methodology for the assessment of evaporation and ignition of the hydrocar-
bon fuel droplets is essential, not only for improving combustion efficiency and reducing
the process-generated pollution levels but also for controlling the fire hazard when handling
these fuels.

Abstract

Varshavskii’s ‘Diffusion Theory’, less investigated due to its limited international visibility,
can offer one of the simplest and, on the other hand, high-accuracy methods for evaluating
the ignition delay of fossil fuel and biofuel droplets, including their blend. In this study,
experimental pre-tests were conducted to determine pre-existing subject knowledge on
stationary droplet combustion at ambient pressure and temperatures varying from 935
to 1010 K followed by simulation of droplet ignition times. The test fuels were mineral
diesel (DF), RME and a 20% RME blend with DF. Simulations were performed for isobaric
conditions. Using the detailed transport model and detailed chemical kinetics, the necessary
rearrangements were made for the governing equations to meet the criteria for modern
fuels (biodiesel, diesel, and blend). The influence of different physical parameters, such as
droplet radius, or initial conditions, on the ignition delay time was investigated. The high
sensitivity of the proposed methodology to experimental results was substantiated.

Keywords: ignition delay; fuel droplet; quasi—stationary combustion; combustion modelling;
diffusion theory; Varshavskii

1. Introduction

The foundation for a broader understanding of the combustion phenomena was laid
down by Antoine Lavoisier early between 1772 and 1782. He investigated the products
of the burned fraction of sulphur and noticed that their ashes outweighed the initial
substances, which led him to the conclusion that it was due to their combined with air.
A scientific explanation was given that the ‘fixed” air (that is, carbon dioxide) that had
combined with sulphur as an active fraction of O, that sustained combustion [1,2]. Lavoisier
called the gas ‘oxygen’. The scientist discovered the composition of air and propounded
the new doctrine of oxidation, which was based on scientific principles, the most important
of which was the law of matter conservation [1,2].

The second decade of the 20th century may be taken as a starting point for modern
understanding of the mechanism of chemical chain reactions, discovery of the chain branch-
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ing reactions whose active site generates the appearance of two or more active centers, and
in-depth and detailed examination of explosions and combustion. After the 1930s extensive
studies in the field of reaction kinetics became an indispensable part of flame propagation
theory. The lack of experimental data at this time gave momentum to the formation of
theoretical knowledge in the scientific works of Semionov [3,4], Zeldovich [4,5], Frank-
Kameneckii [5] and Varshavskii [6]. Among the very first experimental works carried out
to investigate the combustion of an isolated fuel droplet belong to Godsave [7-9], Kumagai
and Isoda [10] and Spalding [11], which were later reviewed in refs [12-17] and became
what we call today ‘the classical theory of droplet combustion’ [13,18]. Two typical cases
of droplet combustion are distinguished. The first is the combustion of liquid fuels in
a high-pressure oxidizing medium (near critical conditions), the so-called bipropellant
droplet combustion [19]. Being the subject of a variety of research works, this form of com-
bustion is used extensively in practical applications [20,21]. The second is the combustion
of monopropellants, such as nitromethane, which has its own oxygen supply [22].

This study focuses specifically on the combustion of spherically symmetric droplet
combustion under normal gravity conditions, since the real combustion of diesel fuel,
rapeseed oil methyl ester (RME) and their binary blends usually takes place under normal,
rather than reduced (or zero) gravity environments. As discussed in [13], there are various
types of research done under prescribed conditions, including, but not limited to, the D?-law
of droplet evaporation [23-26], the D"-law of droplet evaporation (where n = 8/3) [26],
droplet evaporation in a finite domain [27], droplet ignition [28,29], burning rate [30,31] of
different single component [32] and multicomponent [33-35] fuels. Having analyzed typical
cases of mathematical modelling of the droplet burning process described in the classical
combustion theory, it was established that those methods had two main shortcomings:

e  Many mathematical calculations were performed using pure hydrocarbons: n-heptane,
n-pentane, and n-hexane, motivating the fact that those fuel types were best investi-
gated [6,9-11,14,17]. Thus, the flammability features of certain investigated fuels of
fossil origin are often established by approximation, taking numerical values of the
required parameter of a hydrocarbon compound closest to its chemical composition.
Such an attitude introduces calculation errors and aggravates the establishment of
flammability features of blended fuels.

e  Some of the so-called advanced models presented by the authors who investigated
droplet burning theory are very complicated [16,36-39]. However, the authors admit
that most of these models are still rather complicated, which limits their wide appli-
cation [16]. To apply them to establish flammability characteristics of combustible
mixtures, experiments determining calorific and physical features that require a lot of
time and resources are needed; moreover, they would level the advantage of mathe-
matical modelling against experimental trials.

Liquid fossil fuels and biofuels cannot be consumed in a bulky form, but rather mixed
with an oxidizing agent and burned in the form of sprays of small droplets. This form
of combustion is relevant to a variety of systems that use low-, high-, and atmospheric-
pressure combustion. By providing an overview of what has already been said about
the above topic, we found that Varshavskii’s ‘Diffusion Theory’ [6,15], due to its limited
international visibility, can offer one of the simplest and, on the other hand, most accurate
methods for the evaluation of ignition delay of fossil fuel and biofuel droplets, including
their blend. Considering new types of liquid biofuel as a fully-fledged alternative in its
own capacity to replace DF, the focus of researchers must be on improving the combustion
process itself (which is primarily affected by the breakup of droplets and their distribution
during spray penetration), especially during the ignition delay period [40]. At a shorter
ignition delay time, the fuel burns near the injector and new portions of the fuel enter the
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mixture of air with the combustion products rather than the hot air zone [40]. Evaluation
of the ignition delay of alternative fuel through a global mechanism approach, which
accounts for the physical and chemical contributions separately (both usually overlap in
time), has shown that in considering the case of uniform duration of the induction phase
for fossil fuels and alternative fuels, the chemical delay for the injection of biofuel has an
advantage over DF to a great extent due to the higher Cetane number, density, and chemical
composition [40]. These assumptions have vital roles in accelerating fundamental research
and reimagining its role in providing a more effective way to predict and understand the
core systematic processes without the need to perform costly experimental tests or the use
of sophisticated analysis techniques (such as CFD), which still require the establishment of
some physico-chemical characteristics for the investigated type of fuel [41].

2. Materials and Methods
2.1. Description of the Experimental Test

Laboratory equipment for single suspended droplet research, developed by the Odessa
National University (Ukraine), was used as shown in Figure 1. Experiments were conducted
in an optically accessible constant-volume combustion furnace. The radiation-supported
heating conditions of a suspended droplet in a tubular furnace were used for the experiment.
If too many experiments were carried out, the vapor pressure of the fuel in the furnace
increased and had a negative effect on combustion. To avoid this effect, the air in the
furnace was properly changed after every second experiment.

Figure 1. Droplet combustion stand: 1—furnace, 2—thermocouple head assembly equipped with
transmitter, 3—integrated computer imaging system, 4—compressed air unit, 5—temperature moni-
toring unit, 6—suspended droplet.

As documented in Ref. [40], during the ignition delay phase, diesel fuel is subjected
to an in-cylinder temperature ranging from 960 to 1000 K. The upper limit of this interval
for biofuel may reach 1017 K. During the period of physical ignition delay at the afore-
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mentioned in-cylinder temperature values, the fuel is atomized to form smaller droplets,
then vaporized and mixed with the atmospheric air [40]. For carrying out an experiment,
droplets with 2.2 mm diameter of pure and blended fuels were used. The alteration of a
droplet radius over time was monitored using the integrated computer imaging system (see
Figure 2). Depending on the surface tension characteristics of the tested fuel and the unique
in-cylinder temperature range of the diesel engine, the most suitable temperature range
for diesel fuel and RME drops was 930-1100 K. The surrounding conditions used in the
laboratory during droplet combustion experiments were atmospheric pressure 1005 hPa,
ambient temperature 20 °C and relative air humidity 47%.
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Figure 2. Screenshots of the tracking results on the alteration radius of the DF droplet (dy = 2.2 mm)

in a two-dimensional space over time.

Test fuels (see Table 1):

e  Diesel fuel (DF) not containing a required 5% biodiesel additive, produced by SC ‘Orlen
Lietuva’ refinery (EN 590:2014 [42], KN 27101943, see Supplementary Materials).

e  Rapeseed oil methyl ester (RME) produced by the JSC ‘Rapsoila’, Lithuania.

e  One binary blend: DF80/RME20 (Kaunas University of Technology (Lithuania), Kau-
nas, Lithuania).

Table 1. Properties of test fuels [28].

Parameter Diesel Fuel RME
Density at 15 °C, kg/m? 835 884.3
Viscosity at 40 °C, mm?2/s 4.2 4.7
Cetane number 51.0 55.0
Water content, mg/kg 200 223
Methanol content, % mass - 0.05
Total glycerol, % mass - 0.51
Sulphur content, mg/kg 6.9 (negligible) negligible

The compound of the B20 blend provided for laboratory droplet combustion experi-
ments was prepared by applying graduated Blaubrand 5.0 mL pipettes (subdivision 0.05
mL, error limit 0.03 mL, Class AS) [28].
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The composition of the diesel and biodiesel fuels was determined at the Lithuanian
Energy Institute using the standardized gas chromatography technique. The fatty acid
composition in % of the tested samples was determined using Clarus 500 (Perkin Elmer,
Waltham, MA, USA) gas chromatography (ISO 12966-4:2015 [43]). For chromatographic sep-
aration of compounds, capillary column Alltech AT-FAME (30 m long, 0.25 mm-0.25 um)
was used.

2.2. Mathematical Model and Governing Equations

To develop and reorganize the classical 'Diffusion Theory’ originally derived by
Varshavskii [6,15], the following assumptions have been considered:

1.  The model of the gas phase in the droplet vaporization and combustion is quasi-steady.

2. The droplet hanging on a thermocouple is spherically symmetrical in shape (see
Figure 2). A spherical drop of radius r is surrounded by a flame zone of radius r.
Concentric to the drop, beyond the flame zone, there exists another boundary space.
It consists of the ambient atmosphere.

3. During evaporation of the fuel drop (surface), the flame front does not act as a
complete separation interface between fuel vapor and air, so that air may penetrate
the flame zone. Thus, a hidden energy, namely latent heat, is supplied to change the
state of a substance without changing its temperature (this condition does not apply
in cases where combustion under critical conditions is considered).

4. Thermal diffusion effects are neglected. The effect of radiation heat transfer from the
gas phase or neighboring particles is not considered.

5. The reaction between the fuel and the oxidizer at the flame front is considered stoichiometric.

6. The Lewis number is equal to unity, i.e., the temperature and concentration fields
are similar, the thermal physical properties are independent of temperature, and the
temperature of the drop over the entire radius is constant at any time.

7. The Nusselt number is equal to 2, i.e., thermal and concentration relaxation times
around the drop are very short. Soret and Dufour effects are neglected.

8. Any internal flows in any dimension within the droplet are neglected.

3. Results
3.1. Experimental Tests

One of the main characteristics of any motor fuel, which characterizes the duration
of all processes that precede ignition and then accompany combustion, is the lifetime
of the droplet. This period, in turn, consists of the chemical ignition delay time of a
droplet coupled with its combustion duration. The duration of the main phases of the
chemical reaction kinetics for fuel droplets of dy = 2.2 mm exposed to a high-temperature
environment is presented in Figure 3. It is seen that diesel evaporation has the longest
ignition delay times (Figure 3a). As biodiesel is used, not only a 16.4% shorter ignition
delay was registered at T = 935 K, but at the highest temperature ranges the reduction
becomes drastic. The same tendency is distinctive to the S0DF20RME blend. This abrupt
event indicates the transition from more volatile diesel-dominated evaporating to one
involving less volatile biodiesel. This is the most nonlinear phase of the chemical kinetics
reaction. This is because intense flame heating drives the droplet surface temperature close
to the boiling point of the surface components, at which the volatility of the fuel loses its
sensitivity to the vapor concentration of the fuel at the surface and thereby the gasification
rate of the fuel [34].

Figure 3b shows the combustion times for diesel, biodiesel, and their blend. It is
clear that the combustion times of biodiesel droplets are slightly higher than those of
diesel because of its lower heat content and higher boiling point. The combustion times
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of the blend are close to those of diesel fuel, with a slight increasing trend as RME is
added. It is interesting to note that although the lifetimes of DF and RME droplets are
highly comparable, the ignition delay time and combustion duration for these substances
are related differently. If the ignition delay times for the RME droplets are shorter than
those of the DF droplets, then the times of combustion for the RME droplets are longer
than those of DT. In other words, the RME droplet ignites earlier than a DF droplet, but
its burning time is longer. The state transition is classified in our study into transitions
between non-combustion (evaporation) to combustion states, i.e., ignition and extinction
(see Figure 3c).
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Figure 3. Duration of the main phases of the chemical reaction kinetics for fossil fuel and biofuel
droplets (dy = 2.2 mm), including their blend over time: ignition delay (a), combustion (b), and
ignition delay + combustion (extinction) (c).

3.2. Mathematical Model

A droplet of liquid fuel with radius ry was analyzed in a stationary heated stationary
oxidizing environment with its gas temperature Too (Figure 4).

The ignition process of a spherically symmetric droplet begins at the point » = 7;
(see Figure 4b) where the speed of a chemical reaction exceeds its maximum W(T). A
second—order chemical reaction of fuel oxidation can be written as follows [6,15]:

W—ko~C1-C2€Xp<—R].-:T) (1)
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It was assumed that until the ignition vapor of the droplet and the oxidizer mix in the
correct stoichiometric ratio. The flame separates the fuel and the oxidizer (which is usually
air) and occurs at the ¢ = 1 (stoichiometric condition). The reaction rate is controlled by the
molecular diffusion of the reactants toward the reaction zone. For the case of hydrocarbon
fuel droplet combustion in air, the reaction is respectively described by

C.H, + (x n %) (02 +3.76N,) — xCO5 + (%) H,0 +3.76 (x + %)Ng @)

In this situation, the air properties are obtained from the databases listed in Ref. [44].
The mole fractions can be estimated from the reactants. The coordinates of the ignition
point of the evaporating droplet could be established from the common solution of a
two-equation system [6,15]:
W 0 = 3
» s p1=¢ P2 ©)
Differentiating Equation (1) and taking an expression of the stoichiometric ratio (Equa-
tion (3)), we derive a sum of two components. The first could be established from the
partial pressure around the droplet and the second from the distribution of the vapor
temperature [6,15].

R-T?

R-T) or R-T

E \o E &k E \oT 2.9 E.oT
—)?714-}7%- ~4§)~exp<—>ar—00r P1 + 0 4)

pi-or  R-T2-9r

-

(b)

Figure 4. Hydrocarbon fuel droplet. (a) Diagram of all phenomena involved in the evaporation and
combustion processes: 1—surface of a droplet; 2—vapor; 3—heat; 4—oxygen; 5—chemical reaction
zone; 6—products formed from chemical reaction. (b) Diagram of relationships between process
parameters: 1—temperature distribution in space T(r); 2—distribution of vapor concentration around
droplet ¢1(r). The dotted line indicates the zone where the chemical reaction starts (separating fuel
vapor from the oxidizer).

In this model, because of the infinite rate assumption, the flame zone is of infinitesimal
thickness and would thus be represented by a surface rather than an extended reaction zone.
Generally, it is necessary to ensure that the fuel and oxidant diffuse to the reaction zone
in stoichiometric proportions, and again, because of the infinite reaction rate assumption,
their concentrations become zero at the reaction interface. When these approximations are
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made, an analytic solution may be obtained. The forms of the final equations depend on
the exact method of solution [6,15]:

3-A8%.;
_ TL .exp _ Zlq lfﬂ
r o Cp T,
1= s (5)

r .R.
" (V15 )

Before further algebraic modifications, interim steps were undertaken to assess (i) gas

thermal conductivity of the vapor phase for fossil fuel and biofuel, including their blend,
(ii) critical temperature and pressure of hydrocarbon fuels, (iii) viscosity of the hydrocarbon
fuels, and (iv) specific heat capacities of hydrocarbon fuel vapors.

3.2.1. Determination of Thermal Conductivity of the Vapor Phase

Diesel fuel is made up of a mixture of several different hydrocarbons, such as paraffins,
aromatics, and naphthene, and biodiesel is composed of mono-alkyl esters of long-chain
fatty acids. It is possible to determine the thermal conductivity of a gas from the process in
which the excited state of a molecule transfers energy to another molecule, or alternatively,
from the internal friction values or from the heat diffusivity. At low pressures and con-
stant volume, it depends on the distance molecules travel between collisions, the average
molecular speed, the gas density, and the specific heat capacity of a substance:

)\g%:%.cv.p.w.[ (6)

The dynamic viscosity of the gas was determined with the following formula:

Dividing Equation (6) by Equation (7), the following expression was obtained:
AT =qycy— AS¥ =K-pu-cy 8)

The formula derived by Misic and Thodos [44], which was used to determine the
thermal conductivity of methane, petroleum and aromatic hydrocarbons at low pressures
(0.2 < p < 5at) and temperatures below its critical values, can be written as

Cgus T
2895 — 04451070 P . —
0.445-10 AT, )

For all other hydrocarbons with temperatures exceeding 0.6 - T, thermal conductivity
was calculated using the formula

)8
A8% = (1452 — —514 ) -—-—-10" 10
(1452 7 —s514) -5 10

According to the authors, the average error in calculating the thermal conductivity
using Formula (10) varies from 1.8% to 2.6%. Furthermore, the method proposed by Misic
and Thodos [44] was also used to establish the thermal conductivity value of diesel fuel
gases at T = 293 K, whose value was equal to A8% = 95.72 - 10~* W/(m-K). In practice,
the thermal conductivity of gases is often determined from the expression of the Prandtl
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criterion Pr = cgas - u/A8%. Alternatively, this criterion can be determined using the

formula given in [15]:
378
P

Pr (11)

T S5 1246
When the molecular weight of the gas is relatively small (M < 15), the values calculated

using this formula agree quite accurately with the results of the experimental studies.

Vargaftik [45] derived an analogous relationship that allows one to calculate the thermal

conductivity of materials of high molecular weight:

gas

“p

Pr =
1.204 - 3" +1.47

(12)

The average error in calculating the molecular weight using Formulas (11) and (12)

does not exceed 15% [15]. The result of the calculation using Equation (12) obtained for
gas

RME was Pr = 0.819. The mathematical expression A$" = C’jpr” used for the assess-

ment of the thermal conductivity of RME at T = 293 K shows the calculated result of

A8% = 64.35-10~* W/ (m-K), whose numerical value is very similar to that obtained using

the equation proposed in [15]. Refs. [15,45] propose an empirical equation for the evalua-
tion of fuel mixtures if their components have only slightly different molecular weights
(% < 4):

Apix = A3 21 + 25" xp (13)

The inverse of thermal conductance can be obtained by employing Equation (14):

1 X1 X
= + 14
)\mix )\fas Agas ( )

Brokaw and O’Neal [46] have noticed that when calculating a mixture composed of
two fuels according to the Equation (13), higher values Ay; = Y x; - /\?as are obtained
compared to those determined experimentally, and Equation (14), in contrast, leads to
lower A7 . =Y % values. Thus, the authors proposed an empirical formula that allows

for obtaining values close to experimental results:

1
Amix = Qi - 2 Xi Algus + (1 — dpix) y 4 (15)
A?’HS

For blended fuels, Brokaw and O’Neal [46] recommend the coefficient a,,;, = 0.5.
According to their estimates, the average error for gaseous mixtures containing H, or He
varies from 2.6 to 11.4%. For the assessment of the thermal diffusivity of fuel mixtures,
Cape and Lehman propose relying on the diagrams published in [47]. In the case where the
molecular weights of the components are similar (% < 4), the choice of the right formula
for precise calculations depends on the possibility of assessing the molecular polarity that
makes up a particular mixture. If the degrees of molecular polarity of the components
are similar, the Additivity Rule can be applied (5.8). For mixtures containing polar and
nonpolar molecules, Cape and Lehman [47] suggest the following equation:

2
Xpol — X
po !
/\mix = in')‘i <1+35 " ) (16)

As indicated in Ref. [47], the maximum calculation error according to Equation (16)
does not exceed 5.1%. Considering that the dipole moment values of diesel fuel and RME
molecules are similar, and the ratio of their molecular weights is % < 4, then, according
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to [47] recommendations, the Additivity Rule can be applied to calculate the thermal
conductivity of fuels (gas phase) comprising a mixture (4.8). For a fuel mixture of 80% MD
+ 20%RME (x1 = 0.8;x2 = 0.2), at T = 293 K, when the thermal conductivity for diesel fuel
is A{" = 95.72 W/(mK), and for RME is A" = 66.46 W/(mK), A = 92.78 W/(mK).

3.2.2. Determination of the Critical Temperature and Pressure of Hydrocarbon Fuels

Methods for calculating the thermophysical properties of liquids and gases are often
described in the works of scientists [45,48]. For these calculations, it is necessary to know
their critical parameters. The critical temperatures for hydrocarbon fuels are usually found
using the Thomas and Smith method [48]. The formula derived by the authors is often
used for viscosity assessment when the liquid temperature Tj;; < 0.7 - Tcy. Knowing the
viscosity of the liquid when the temperature values satisfy the conditions mentioned above,
we calculate the critical temperature by solving the inverse problem (Table 2):

1 . /8569
To = Tyy - [9 -lg( N ”) +1] (17)

Table 2. Data to calculate the coefficient § according to Formula (17).

Atoms, Groups, Bonds Parts A0 Number of Parts Y A6
C —0.462 18 —8.316
H +0.249 36 +8.964
(@) +0.054 1 +0.054
Double bonds +0.478 1 +0.478
CO (ketones, ethers) +0.105 1 +0.105

Using this method, Sherwood and Reed [49] have found that there was a £15%
probability of calculation error for large molecular compounds such as polycyclic aromatic
hydrocarbon molecules and ethers. The critical temperature T, = 716.5 K for RME was
calculated according to the method proposed by Thomas and Smith [48]. Other input
parameters were it = 5 cP, p = 0.9 g/cm3, T = 313.2 K and 6 = 1.285. The boiling point of
a substance can also be calculated using the Law of Additivity (¢ = %), so it is easy to find
the value of the critical temperature of a liquid, knowing its boiling point and structural
formula. When applying this method, the coefficient 6 was calculated using empirical
formulas. In the present work, the Lydersen method [50] was used to determine the boiling

point of the RME, as this method is highly accurate (Table 3):

6 =0.567 +Y_ A0+ (Y A6)° (18)

Table 3. Data to calculate the coefficient 6 according to Formula (18).

Atoms, Groups, Bonds PartsA©O Number of Parts Y A6
-CHj; 0.020 2 0.040

—CHy— 0.020 14 0.280

-O- 0.021 1 0.021

=CO 0.040 1 0.040

-CH 0.012 2 0.024
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T,, = 189.83 +450.6 - pi2 + (0.4244 101174 - p%g) Tso +

Considering that the boiling point of RME is Tj, = 610 K and 6 = 0.8080, the critical
temperature T,, = 755 K was determined from the relationship 6 = T% The value
Ter = 785.7 K was determined according to the recommendations provided in [48,50].
It has close analogies to the results obtained by other researchers who also investigated
different types of fuel, which consisted of molecules of the same chemical composition, but

different molecular structure [51]:
T,y = 355+ 0.97 - a — 0.00049 - a? (19)

where a = (1.8 - Tsop — 359) - p%g Equation (19) was used to determine the critical temper-
ature of a diesel fuel fraction that led to the result of T,, = 739.4 K. In the calculation,
the evaporation temperature of the 50% mineral diesel fraction was chosen. The evapora-
tion temperature of the 50% diesel fuel fraction was assumed to be equal to Tsy = 553 K
and p%g = 0.8607. A value of T;, = 737.6 K, which is very close to that calculated using
Equation (19) was obtained using the nomogram approximation method [52]:

(0.1441 — 1.0069 - p12) - 10°
Tso

The critical pressure of the RME was calculated using the Lydersen method [50] and

(20)

the data presented in Table 4:
M

= 21
Per = (@ +0.34)2 @)
where ® =) AD.
Table 4. Data to calculate the coefficient 6 according to Formula (21).
Atoms, Groups, Bonds PartsA©O Number of Parts Y A6
—CHj3 0.227 2 0.454
—CH,- 0.227 14 3.178
-O- 0.16 1 0.16
=CO 0.29 1 0.29
-CH= 0.198 2 0.396

According to Equation (21), the pressure required to liquify an RME vapor at its critical
temperature is p.r = 1.236 MPa (12.6 at). Alternatively, a critical pressure for oil fractions,
measured in MPa, can also be obtained using the equation [45]:

peor =01 -k-Top - M1 (22)

where k = 5.53 + 0.855 - % K. The distinctive temperatures Ty ir Ty for diesel fuel at
M =22643; T, =7394K, k =7.05, and p;, = 2.3 MPa were 473 K and 580 K, respectively.
A slightly lower value of the critical pressure for diesel fuel p,, = 1.9 MPa (19.37 at) was
obtained by approximating calculations according to nomograms:

Inper = 3.3864 — 166 — {0.43639 + 4156 4 02}53423} 1073 - Tso+
15 pie (p13)

47579 + 482 18051 1077 T2) — 12,4505 4+ 2200, | . 10710 T3,
* TRl T (o)’ 0 TRy ¥

As the Ref. [52] states, when calculating the critical pressures according to Equation (23),

(23)

deviations of 3 to 4%, sometimes reaching 10%, are possible.
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3.2.3. Determination of the Dynamic Viscosity of Hydrocarbon Fuels

The kinetic theory developed by Chapman and Enskog [53] can be widely used to
estimate the critical viscosity of liquids:

§=0499-p-w-I (24)

Based on the reference equation, Falkovskii [54] proposed an expression which is more
precise for the assessment of the dynamic viscosity of the fuel at lower pressure values:

13
M2 - pg

=1.286-10"*%.
. Tor

-T (25)

According to some sources in the literature [48], the calculation error using this formula
does not exceed 5%. At T = 288 K, dynamic viscosity of RME vapor u = 4.54 - 107° Pa-s
(0.00454 cP). This value was obtained for p., = 12.6 at, T, = 755 Kand M = 292 and is in
good agreement with the physical and thermochemical properties of vegetable oil biodiesel
fuel (u = 4.4-107° Pa-s at T = 298 K) estimated in ref. [55]. A similar result was obtained
during the assessment of the dynamic vapor viscosity for RME using the formula proposed
by Flynn and Thodos [55], which was adopted to meet a precondition of T < 1.5 - T, and
demonstrated the calculation outcome of y = 4.21 - 10~ Pa-s (0.00421 cP):

1 2 0.94

= M2-pg T

1=234-10 5.1p”.<T> (26)
s e

The dynamic viscosity usually varies slightly with pressure, but more with tempera-
ture. Dynamic viscosity value for diesel fuel = 2.44 - 107° Pa-s at T = 313 K was adopted
from ref. [56].

3.2.4. Determination of the Specific Heat Capacities of Hydrocarbon Fuel Vapors

Determining the specific heat capacities of the hydrocarbon fuel vapors at constant
pressure does not cause any major difficulties if the dependence of enthalpy on temperature

H(T) is known. Then
oH
8as _
¢ = (aT ) ,, 27)

The variables required to build the dependence of H(T') in the temperature range of 323
K to 823 K and having different values of relative density p{2 can be found in [56,57]. After
performing H(T) calculations for RME vapors having a relative density value (p{2 = 0.91),
an outcome of c%as = 1.630 J/(g-K) was obtained for a temperature of 323 K. For the
assessment of the specific heat capacities of paraffinic combustible hydrocarbon liquids that
are derived from petroleum and have relative densities p12 = 0.68 -+ 0.90, the following
equation can be used [57,58]:

808 _ 4-pi3
P 1541

(18- T +211) (28)

According to the proposed expression, the specific heat capacity values of
c%as =2.12]/(gK) were obtained for diesel fuel at T = 323 K. Very good correspon-
dence between the obtained value and the calculation output presented in ref. [56] is more
than evident.
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3.2.5. Derivation of the Simplified Equation for the Assessment of the Ignition Delay

Assuming that +—0, the distance from the ignition point (r1/rg) could be written as
follows [28]:
_ I
n_ (-2)

(29)
o 8R-Two
1- gxrs (\/1+E—1)
Based on Equations (5) and (29):
" L L\ 1
aerlenwn) 5 o

It is evident that the ignition delay depends on both the distance from the ignition
point (r1 /rp) and the temperature of the droplet surface at the moment of ignition (T7):

lig o

3. A8 .,
Ti = Teo — (Too — Tp) ~exp<—lgn> (31)
p-Cp 7o

Appreciating this, the fact that 7jg, serves as the basis of the Equation (31) could be
maintained [28]:

L Y 1 L
R~Too-(1—Y)+ln(1_T¥1))_ln<¢+1)+R~Tb (32)
38057,
where Y = ( —TT—i) ~exp<—M>.

Taking advantage of comparable occasions of the classical theory of combustion-based
Q-S droplet ignition models [6,15], we have derived a basic expression for calculations of
ignition delay of proposed types of fuel and their blends:

li Ty RTy; ¢-ED
ey (1 (1o g - Tty (33)
gn 3. )\8as 6o 1_ %ln%%i‘)
Assuming that %ln %ETZO << 1, Equation (33) can be rewritten as
i
4 e (T - Ty 34
Tign = 37 xs \ T = T (34)

Calculation can be simplified by leaving out the exponential dependence Y(Tig,) out:

g o /1D
_ P % Ty Too
Tign - 3. )8 In <1 _ Tb) (35)
ATy
_To
wherefle—%ln s R

LT @+9)
T

It was established by calculations of the n-octane droplet that A* depended little on
the temperature and in the case of droplet ignition its value was close to one (Figure 5).
Now we put the final expression of the equation to calculate the ignition delay as follows:

lig o
P 1y, (T —To
Tign = 737 \gas ln(Too—Tb (36)




Appl. Sci. 2025, 15, 7488

14 of 19

0.934 -

0.932 4

0.93 -

0.928 -

Dimensionless coefficient

0.926 T T T )
900 950 1000 1050 1100
Ambient temperature (K)

Figure 5. Dependence of the dimensionless coefficient A* on ambient temperature To, (n—0ctane drop
radius ry = 2 mm).
4. Discussion

Figure 6 shows the comparison of the experimental vs. simulation outcomes of the
droplet ignition delay assessment.

5
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Figure 6. Comparison of experimental vs. simulation outcomes of droplet ignition delay assessment.

As can be seen from the juxtaposition of the experimental and simulation outcomes
(Equation (36)), very good agreement was obtained between the ignition delay values for
both DF and RME, including their blend. The greatest difference between the experimental
and simulated values was obtained in a range of ambient temperature between 980 and 990
K for diesel fuel. This may be associated with the strong nonlinear character of the kinetic
factor for diesel fuel and RME before reaching the inflammation temperature. Apparently,
in the case of DF, the degree of influence of the kinetic factor on the process of ignition of
the vapors surrounding the droplet is greater than that of RME (the process of combustion
of the droplet occurs in a relatively slow diffusion mode). This work also provides the
methodology for developing realistic droplet vaporization/ignition model with a simplified
approach, which is not too complicated or oversimplified. The main physico-chemical
characteristics of the test fuels, which were established in this study, are presented in Table 5.
In this case, the disparity in values reaches 10-11%. For the remaining temperatures, the
difference between the experimentally established values and the simulation result varies
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in the range of 1-13%. The error range in single droplet combustion modelling can vary
significantly, but, according to an overview of previously published works on a particular
topic, a common range for deviations between model predictions and experimental results
is within 15%. However, some studies report errors as high as 21% under specific conditions.
The sensitivity of the simulation results for DF80/RME20 vis-a-vis experimentally obtained
values for the same blend has shown the highest level of correspondence of r = 0.91-0.98
throughout the temperature range, as presented in Figure 6. It should be mentioned that all
the data points generated by a model for T = 990 K demonstrated the highest discrepancy
in values (r = 0.87-0.91) if compared to the experimental results. This phenomenon can be
associated with a prolonged time of evaporation for DF and a slightly higher mass of the
RME droplet due to its higher density. In terms of simulation accuracy evaluated for six
different temperatures, the ignition delay values for different fuels arranged in decreasing
order DF80/RME20 (r = 0.98 (2), r = 0.96 (2), r = 0.92 (1), r = 0.91 (1)) > DF (r = 0.99 (1),
r=0.96(2),r=0.95(1),r =092 (1), r=0.90 (1)) > RME (r = 0.95 (2), r = 0.92 (1), r = 0.91 (2),
r=0.87(1)).

Table 5. Physico-chemical characteristics of test fuels.

Atoms, Groups, Bonds Diesel Fuel RME
Chemical formula CiHszg C19H3607
Molecular weight 226.43 292.00
Density at T =293 K, kg/m? 860 900
Thermal conductivity, W/m-K 95.72 66.46
Heat capacity (liquid phase) at T =293 K, ] /(g-K) 1.85 2.12
Dynamic viscosity at T = 288 K, Pa-s 2441076 [55] i:;ﬂg:g
Specific heat capacity at T = 323 K, J/(gK) 1.63 212

Based on the quasi-stationary model of the inertial heating of a hydrocarbon fuel
droplet, an equation has been derived for calculating the ignition delay, which is applied to
assess the ignition characteristics of combustible mixtures and predicting the possibilities of
their use in the conventional industrial burners designed for premixed flames. It has been
established that the calculations of the ignition delay period of diesel fuel and rapeseed
methyl ester droplets using the quasi-stationary combustion model agree well with the
results of experimental studies within the selected range of temperatures, up to 1010 K. This
value exceeds the critical ignition temperature of the RME by 294 K. The described model
can be applied to calculations in the case where the temperature values of the oxidizer
surrounding the drop are equal to the ambient temperature and significantly exceed its
critical ignition temperature, both.

5. Conclusions

Simplified solutions are derived and have been shown to closely approximate the bulk
vaporization behavior described by the more detailed theory, particularly for the prediction
of the total vaporization time [15]. It is also demonstrated that the behavior of hydrocarbon
droplets of modern fuels and their blends during vaporization and ignition processes can be
adequately estimated by using the simplified solutions of Varshavskii’s ‘Diffusion Theory’
offered by this model. These results qualitatively agree with experimental observations,
implying that the various assumptions of the model that the influence of the kinetic factor
exists are realistic. Finally, the model proposes a modified and accurate approach to
ignition delay studies considering the difference in the gas phase diffusivity of diesel fuel
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and RME vapors. Comparison with experimental data shows that the proposed equation
can accurately predict the ignition delay of a binary droplet. With the assumption that
droplets can serve as moving flameholders within the injected spray, some insights about
droplet vaporization during the ignition delay can also be formulated. From the present
study, it is evident that the blend vaporizing time can be reduced by either increasing the
ambient temperature or decreasing the droplet size. Along with the above, the following
conclusions can be drawn:

e  Single droplets of biodiesel, diesel and their 20% blend were suspended in a relatively
static environment with an ambient temperature of 935 K to 1010 K to validate the
model proposed in this paper. The semi-theoretical model can well describe the droplet
ignition delay and the error between the predicted results, and the experimental data
are within 1-13%.

e  The upper limit of the temperature range for this experiment exceeds the critical
ignition temperature of the RME by 294 K.

e The longest ignition delay was established for diesel fuel and the shortest for RME,
while blended fuel exhibited intermediate values. The time of combustion followed
the opposite trend: fuels that exhibit longer ignition delays had shorter periods of
combustion. This can be explained by the fact that the initial fuel mass per droplet
from the thermocouple correlates with the fuel density and viscosity (see Table 2), i.e.,
biodiesel mass > diesel mass.

e Interms of simulation accuracy assessed for six different temperatures, the average
level of correspondence of the ignition delay values with the ones experimentally ob-
tained for different types of fuel arranged in decreasing order: DF80/RME20 (average
r=0.95) > DF (average r = 0.95) > RME (average r = 0.92).

The data presented here can be used to predict or verify the ignition characteristics of
yet less-investigated alternative fuels, such as microalgal oil blended with diesel fuel. The
future scope of this study is primarily focused on the integration of the obtained findings to
analyze the liquid jet atomization and the breakup of droplets of different alternative fuels.
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Abbreviations

Latin symbols

A* dimensionless coefficient

a coefficient

Amix coefficient, the size of which depends on the molar fraction of the lighter component
in the mixture

c1 fuel-vapour molar concentration

1653 oxidizer’s molar concentration

c10 fuel-vapor molar concentration of the drop surface (at the moment of ignition)

gas

p specific heat capacity of vapor


https://www.mdpi.com/article/10.3390/app15137488/s1
https://www.mdpi.com/article/10.3390/app15137488/s1

Appl. Sci. 2025, 15, 7488

17 of 19

XM (1,2,3...0)
XMpol

y

Y

Greek symbols
fo

A

Amix

)8as

M

P

P12

Tign

¢

03]

DF

RME

specific heat capacity of liquid fuel

constant-volume specific heat

initial drop diameter

activation energy

enthalpy

dynamic modulus (Maxwell)

coefficient

temperature independent rate constant

latent heat of vaporization

average distance between collisions for a molecule
Lewis number

molecular weights of the components in a gaseous mixture
Nusselt number

partial pressure of the fuel-vapor

partial pressure of the oxidizer

Prandtl criterion

radius

universal gas constant

initial drop radius

distance to the zone, where chemical reaction begins
radius of a flame zone

time

temperature

temperature at which 10% of the oil fraction evaporates
temperature at which 50% of the oil fraction evaporates
temperature at which 70% of the oil fraction evaporates
critical temperature

temperature (K)

droplet temperature at initial time moment
temperature of the drop surface at the moment of ignition
ambient temperature

temperature of a liquid

boiling temperature

rate of a chemical reaction

average molecular speed

number of carbon atoms in fuel molecule

molar fractions of the components of a gaseous mixture
sum of the mole fractions of the polar components in a mixture
number of hydrogen atoms in fuel molecule
dimensionless constant

temperature tensions between droplet surface and environment summative coefficient
dimensionless coefficient

thermal conductivity of gaseous mixture
thermal conductivity of fuel-vapor

dynamic viscosity

density

relative density of a liquid (at T = 15 K)
ignition delay time

stoichiometric coefficient

sum of the parts of atoms, groups, and bonds
diesel fuel

rapeseed methyl ester
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