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Nomenclature

a - thermal diffusivity, m?s; By - Spalding heat transfer
number; c, - specific heat, J/(kg K); Fo - Fourier number;
k - conductive heating; k+r - combine heating; L - latent
heat of evaporation, J/kg; m - vapour mass flux density,
kg/(sm?); n - number of the term in infinite sum; q - heat
flux density, W/m?; p - pressure, Pa; R - radius of droplet,
m; r-radial coordinate, m; T -temperature, K;
n - dimensionless coordinate; A -thermal conductivity,
W/(mK); p - density, kg/m?; 7 - time, s.

Subscript: e - equilibrium evaporation; g - gas; f- phase
change; k- conductive; m-mass average; r - radiative;
R - droplet surface; O - initial state.

Superscript: + - external side of a surface; - - internal side
of a surface.

1. Introduction

A wide range of thermal technologies based on
liquid dispersion are applied in different fields of modern
day civilization. Searching for articles in the ISI database
SIENCE DIRECT [1] by inputting the keywords "fuel
droplet evaporation” around eight thousand articles that
belong to this thematic group are found. In a variety of
sprayed evaporating droplets, pure hydrocarbons and their
mixtures can be highlighted. Numerous hydrocarbon drop-
let evaporation studies [1-5] indicate that the importance of
knowledge about these processes is indubitable. In [5] ad-
vanced methods for studying droplet evaporation are dis-
cussed in detail. In the aforementioned methods, it is at-
tempted to complexively evaluate the heat and mass trans-
fer in droplets and their surroundings. Great opportunities
for complex analysis are opened up due to the recent wide
application [6-9] of combined analytical and numerical
methods of heat and mass transfer in fluid systems model-
ling. In the methods mentioned above, numerical model-
ling schemes of unsteady evaporating droplets are con-
structed for the system of algebraic-integral equations.
These equations are the result of analytical restructuring of
a droplet’s heat and mass transfer differential equations
based on the initial assumption that composite heat transfer
by conduction and radiation takes place in the semi-
transparent droplet. The boundary conditions for combined
heat and mass transfer task in this case are described by the
as of yet unknown functions: droplet dimension R(z) and
it’s surface temperature Tg(z). lterative numerical solution

schemes should be applied to concretize these functions.
The stability and rapid convergence of numerical solutions
is essential to the operating of the numerical schemes. Spe-
cific peculiarities of numerical schemes depend on the
adopted initial assumptions based on the physical nature of
the solved problem. Some factors influencing the heat and
mass transfer processes should be either rated or denied.
Among the essential influencing factors, the following are
worth noting: nonstationarity of processes, Stefan hydro-
dynamic flow effects on the intensity of droplet heating
and evaporation rate, liquid temperature and vapour pres-
sure changes in the Knudsen layer, the spectral selective
absorption of radiation in semitransparent droplets. The
detailed evaluation of droplet heat and mass transfer condi-
tions allows us to receive the fundamental conclusions
about the combined processes of dispersed liquid heating
and evaporation while enabling us to highlight the essential
factors which determine the intensity of the aforemen-
tioned processes. The assessment of the influence of these
factors on droplets transfer processes is very important in a
variety of practical aspects [9-12].

By using a combined analytical and numerical it-
erative method for solving the liquid droplet evaporation
task, preconditions for the detailed exploration of com-
bined heat and mass transfer interactions were established.
Using this method, the essential influence of the heating
conditions impact on the thermal state of evaporating drop-
let was investigated in [9]; the peculiarities of phase transi-
tion parameter variation in the case of simple conductive
heating were highlighted in [12]. The unsteady temperature
field function Ty (y, Fo) is the same for all given liquid
droplets if the initial temperature of the droplets and their
surroundings is known. Characteristic curves may be noted
from the curves described by the function T, (Fo). This is
primarily the curves describing variation of the tempera-
ture on the droplet’s surface T;,_1 = T, -1(F0) and its cen-
tre T,,-o(F0). Peculiarity of equilibrium evaporation
regime  of  conductively  heated  droplet is:
Tk (7, Fo > Foe) =const. It is important to note that all heat
and mass transfer parameter changes can be described by
some characteristic curves when the droplets are heated
conductively. It is necessary to express the desired parame-
ter in normalized form in correspondence to the Fourier
criterion. Usually, for parameter normalization, the initial
state and equilibrium evaporation values are used [12]. To
compile specific parameter characteristic curves for the
conductively heated droplet it is sufficient to model the
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evaporation process of a freely chosen droplet. Because of
this, the extent of the initial numerical experiment can be
significantly reduced. After the characteristic curves are
calculated, all that remains is to model evaporation of the
droplet in randomly chosen boundary conditions of heat
exchange and to use the comparative method in order to
evaluate the influence of more complicated heat transfer
conditions in terms of their impact on the transfer process-
es interaction.

However, the factors affecting the unique condi-
tions of evaporation of the conductively heated droplets are
still not identified. In order to determine the aforemen-
tioned factors, a more detailed droplet heating and evapo-
ration process energy content interpretation is required. In
this article, the numerical investigation of the energy state
of the liquid n-decane evaporating droplet by modelling in
different cases of heating is presented.

2. Research methodology

In the first article of this series it was shown that
in the medium diameter spread of the hydrocarbon droplet
which is important in thermal engineering technologies,
the spontaneous liquid circulation inside the droplet can be
excluded. Therefore, a well-developed model of unsteady
temperature field Ty (r,z) water droplet evaporation
where the heat spread in semitransparent droplets is de-
scribed by radiation and conduction, was applied in order
to model n-decane droplet evaporation [8]
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In the partial case where g, (r, 7) =0, Ty (r, 7), the
function can be simplified into the function Ty (r, z) which
describes the conductive heat spread inside the droplet.

The local radiation flux in the droplet can be de-
scribed by the significantly nonlinear integral function
gr(2) [8]. Its numerical solution algorithm requires the
function Ty, (r, 7) to be predefined to be able to calculate
the spectral radiation intensity in the droplet and take into
account the peculiarities of the complex refractive index
N., = N, - ik, Of @ semitransparent liquid. The value of n,,
for n-decan is known [13]. Since the liquid n-decane ab-
sorption rate «,, in the radiation spectrum is of finite size, it
can be concluded that the radiation flux inside of the drop-

let is the same as outside of it: g, =q," . The balance of the

heat fluxes on the surface of the evaporating droplet can be
described by combining Ty, (r,7), q,(r,7) and the steam
flow-density function. When the droplet is heated by radia-
tion and conduction, the condition of balance is described
as
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In this equation: steam flow is considered to be
positive when the droplet is evaporating; the influence of
Stefan’s hydrodynamic flow on the convective heating of
the droplet is assessed by Spolding’s thermal parameter
logarithmic function; the temperature gradient in the drop-
let is determined by taking Eq. (1) into consideration; the
density of the vapour flux on the surface of the droplet is
described according to the recommendations of [14]; final-
ly, the influence of radiation can not be identified directly,
however, it practically affects the unsteady temperature
field function Ty (r, 7).

a, :
4 N
kW /I 4 q=q J
— | 5 B
500 | 1 q=0qy
[/
400
V %5 4
) ;
300 WA
200
5
100
0 Q.
0 003 006 009 012 55
a
J \ ]
25 4 ?E G / o i[
50=0; /0, /
2 6 0=0q, /0, /
15 | /
1-3,4 /
1
1-3,5
05 >< 1-3,6
\
0 —
0 0.1 02 03 04 Fo

Fig. 1 Heat fluxes on the surface of the conductively heat-
ed (k) n-decane droplet: a - time is expressed in se-
conds; b-Fourier number. R, m: 1-0.00005,
2 -0.0001, 3 - 0.00015; T, = 1000 K

Eq. (2) is solved numerically by the iterative
scheme [8] based on the fastest descent method. The heat
fluxes on the surface of the droplet are calculated in the
freely selected moments of time ;. The temperature on the
surface of the droplet Tg; is calculated from Eq. (2). The
end condition of the iterative process is defined as permis-



sible error 0.01% of the heat flux balance on the droplet
surface. After the function Tg(z) is determined, all desired
droplet heat and mass transfer parameters P(z) can be cal-
culated. Calculations are done in two cases: when droplets
are heated conductively (P=P,) or when they are heated
both conductively and by radiation (combined heating)
(P=Py.r). After the calculations are made, a parameter
comparative analysis (benchmarking) is carried out which
allows us to assess the effects of combined heating.

3. Comparative analysis of modelling results

The evaporation of mid-size and larger n-decane
droplets in temperature Ty and pressure of 0.1 MPa dry air
was modelled. The impact of the Knudsen layer on the
evaporation of the droplets was ignored. In the case of
conductive heating it was assumed that the droplets do not
move relative to the air around them. In the case of com-
bined heating, the outside air temperature Ty =T, black
radiation source was assumed. The variation of the heat
flux on the surface of the evaporating droplet in the cases
of conductive (Fig. 1) and combined heating (Fig. 2) is
very peculiar. When the initial n-decane droplet tempera-
ture and environmental parameters are the same, the heat

flux functions g*(Fo), @, (Fo) and §_(Fo) in no dimen-
sional form are identical (Fig. 2, b). This peculiarity of the
evaporation of the conductively heated droplet allows ob-
taining the characteristic curves P, (Fo) of other parame-
ters P that define the evaporation process [12]. In the initial
stage of evaporation, the droplet is warming up intensively

and the temperature difference between the droplet surface
and its surrounding gases decreases, therefore, the heat

flux g slightly decreases. Then it starts to grow sequen-

tially as the warming of the droplet weakens and the evap-
oration accelerates. The heating intensity of the liquid in
the conductively heated droplet is defined by the density of
the heat conduction flux on the inner surface of the droplet:

d,, =9, . and in the case of combined heating — by the

total heat flux density: q . =q_+d_ .

The intensity of droplet evaporation can be de-
scribed based on the heat flux caused by phase transfor-
mation, expressed through the total heat flux on the droplet

surface. Assuming 9 =q" =

®)

Eq. (3) shows the substantial influence of the temperature
gradient on the droplet evaporation. When the gradient of
the temperature field is positive, the absorbed radiation
heat flux only warms the liquid of the droplet. When the
gradient of the temperature field is negative, the absorbed
radiation heat flux influences the evaporation of the drop-
let. Regardless of the heating method of the droplet, the

conduction heat flux density of the droplet g, decreases

consistently. When the droplets are conductively heated by
a gas of a higher temperature than the droplet itself, the

heat flux density q_ becomes zero at the moment of the
beginning of equilibrium evaporation and re-mains the
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same until the droplet evaporates [12]. In the case of com-
bined heating the density of the conductive heat flux in the
droplet becomes zero as the negative temperature field
gradient is formed, after which the density of the conduc-
tive heat flux in the droplet begins to increase again
(Fig. 2). Its vector direction is already changed as is the
nature of the heat flux energy origin: while previously the
vector matches the conductive part of the heat flux from
gas heating the liquid in the droplet, after the equilibrium
evaporation process starts, it reflects the involvement in
evaporation of the radiation flux absorbed in the droplet
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Fig. 2 The impact of radiation on the heat fluxes on the
surface of the n-decane droplets: a - whole process
of evaporation; b - final stage. R, m: 1 - 0.00005,

2-0.0001, 3-0.00015; QI:r,O , kW/m% 1 -593.04,
2-296.52, 3-197.38; T, = 1000 K
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Fig. 3 The influence of initial temperature of sprayed
n-decane on warming of evaporating droplets.
Ty =1000 K

In the case of combined heating, equilibrium
evaporation will only occur when the heat conduction flux
value on the inside surface of the droplet becomes equal to

the radiation flux absorbed by the droplet: q . = a,.- The

energy state of the conductively heated droplets is of the
same energy level and isothermal, so the temperature of
equilibrium evaporation can be defined by the temperature
of the droplet surface: Tex=Trex-

Equilibrium evaporation of the droplets in the
case of combined heating is possible when a negative gra-
dient of temperature field is formed, ensuring that the con-
ductive heat flux from the droplet will be able to remove
absorbed radiative heat flux. The temperature field is indi-
vidual for the droplets of different diameters, thus in the
case of combined heating the equilibrium evaporation tem-
perature can be defined only by the droplet average mass
temperature: Tey+r=Trek+r- The average mass temperature
will not only be higher than the temperature T, observed
in the case of conductive heating, but also individual for
the droplets of different sizes. Equilibrium evaporation
temperature T, does not depend on the sprayed liquid tem-
perature: a lower temperature droplets warm to a tempera-
ture of T, a higher temperature droplets cool to a tempera-
ture of T, (Fig. 3).

It is obvious that the droplets of n-decane usually
do not reach the temperature of equilibrium evaporation,
regardless of the initial temperature of the liquid in the
droplet. The evaporation of n-decane differs distinctively
from the well-known case of water droplet evaporation [8],
in which nonstationary evaporation only takes about 20
percent of total evaporation time. This figure is exceeded
by all n-decane droplets with initial temperature which
deviates significantly from the droplet equilibrium evapo-
ration temperature. In the modelled cases, internal layers of
the conductively heated droplets do not reach isothermal
conditions Tex(r) = Trex Which are necessary to begin equi-
librium evaporation. In the case of combined heating only
n-decane droplets with the diameter of 150 micrometres
and an initial 300 K temperature reach thermal conditions
needed to ensure equilibrium evaporation (Fig. 2, b).
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Fig. 4 The influence of the initial n-decane temperature on
the evaporation of the conductively heated droplet
mass: a-rate, b-flux. Ty K: 1-300, 2-350,
3-400, 4 - 425, 5 - 450; Ty=1000 K; Ry = 0.0001 m
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Fig. 5 The influence of the initial n-decane temperature on
the evaporation speed of the conductively heated
droplet. To, K: 1-300, 2-325, 3-350, 4-400,
5 - 425, 6 - 450; T, = 1000 K; Ry = 0.0001 m



The beginning of equilibrium evaporation is re-
flected by the intersection point between the curves that
show radiation flux absorbed by the droplet and the curves
that show heat conduction flux inside the droplet
(Fig. 2, a).

The thermal state of equilibrium evaporation of
the conductively heated n-decane droplet can be reflected
by the temperature Tg, . This temperature depends on the
temperature and pressure of the surrounding gas: This
function is very important for the energy assessment of the
temperature of sprayed liquid impact on the droplet evapo-
ration parameters.

When the pressure of the surrounding gas does
not change, temperature Tr.x depends only on the tem-
perature of the gas. Phase transformations on the surface of
the droplet are directly influenced by heat fluxes affected
by peculiarities of the warming of the n-decane droplets.

Influence of the initial temperature on the evapo-
ration rate of the sprayed liquid droplets is shown in Fig. 4.

m
+
2000 =My
1500
y
1000 4 7.
P
500
0
0 01 02 03 04 Fo
a
m
5\
2 1-5 k+r
6k 4
3
15
2 /
y
1 / %
6
05
0 0.05 0.1 015  Fo

Fig. 6 The influence of heat radiation on evaporation inten-
sity of the n-decane droplet: a - the case of “cold”

liquid, where To =300 K; my o, kg/m’s: 1-0.00305,
2-0.00153, 3-0.00101, 4-0.00076, 5-0.00061;
b - the case of “hot” liquid, where T = 425 K;; m\fyo ,

kg/m?: 1-3.681, 2-1.841, 3-1.227, 4-0.9204,
5-0.7363. T,=1000K; R,m: 1-0.00005,
2-0.0001, 3 - 0.00015, 4 - 0.0002, 5 - 0.00025
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When temperature of the droplet is below Tgey,
the intensity of evaporation grows consistently, but when
the temperature is higher - at the beginning the intensity of
evaporation rapidly decreases, and only after that it begins
to grow (Fig. 4, a). Meanwhile, the evaporation rate of
"hot" droplets steadily decreases, while the evaporation
rate of "cold" droplets grows in the beginning and only
afterwards it begins to decrease (Fig. 4, b).

These evaporation intensity variation peculiarities
together with the thermal expansion effect leads to volume
changes of the n-decane droplet (Fig. 5).

The volume of “hot” droplets of n-decane de-
creases consistently and sharply due to the intensive evap-
oration and cooling fluid shrinkage effects. The expansion
of liquid in the “cold” n-decane droplets in the phase of
intensive warming compensates slow droplet evaporation
and at the beginning of the process droplet volume grows
(Fig. 5). The volume of the droplet starts to decrease when
the evaporation of the droplet begins to dominate against
the expansion of the liquid. Peak point of curve R(Fo)

shows the moment of equilibrium between the warming
liquid expansion and the liquid droplet evaporation pro-
cesses.

In the final stage of phase transitions the intensity
of “cold” droplet evaporation increases several thousand
times compared to the initial intensity of evaporation
(Fig. 6, a). Meanwhile, the "hot" droplet evaporation inten-
sity decreases first and only after that increases just a few
times (Fig. 6, b). However, it should be noted that the ini-
tial evaporation of "hot" n-decane droplet is several thou-
sand times more intensive: for modelled droplet with the
initial diameter of 100 micrometers it is a 3.681 kg/m’s,
and for "cold" as low as 0.00305 kg/m’. The process of
droplet evaporation is also affected by heat radiation from
the surroundings of the droplet.

The heat radiation flux from the surroundings of
the droplet affects "cold" (Fig. 6, a) and "hot" (Fig. 6, b) n-
decane droplet evaporation differently: evaporation of
“cold” n-decane droplet is accelerates more intensively.

4. Conclusions

When temperature and pressure of the gas sur-
rounding the droplet and the initial temperature of the con-
ductively heated droplet is defined, the change of sprayed
liquid dispersion causes a proportional change of heat
fluxes of different nature on the surface of the droplet.
This, in turn, is the physical preconditions for similarity of
other parameters that are influenced by the heat flux and
independent from the size of the droplet. Therefore, the
variation of the aforementioned heat fluxes after normali-
zation is identical regardless of the diameter of the droplets
in the Fo time scale.

The influence of combined heating on the evapo-
ration of dispersed liquid can be assessed by evaluating the
deviation of the heat and mass transfer parameters relative
to the characteristic curves of conductive heating.

The research showed a substantial influence of the
initial temperature of the dispersed n-decane droplets on
the thermal state transitions and the rate of evaporation.

The significantly higher evaporation rate of "hot"
n-decane droplets can be explained by a significant contri-
bution of the internal energy to the droplet energy balance.
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G. Miliauskas, J. Talubinskas, A. Adomavicius, E. Puida

GARUOJANCIU ANGLIAVANDENILIO LASELIU
TERMINE BUSENA IR HIDRODINAMIKA.

2. ISPURKSTO N-DEKANO GARAVIMO PROCESO
ENERGINE INTERPRETACIJA

Reziumé

Straipsnyje pateikti i$purksto angliavandnenilio n-
dekano lasy garavimo procesy skaitinio tyrimo rezultatai.
Sildymo laidumu atveju i$nagrinéti garavimo metu pasi-
reiSkiantys Silumos srautai laSelio pavirSiuje. Juos sunor-
mavus ir atvaizdavus Furjé laiko koordinatése, gautos bti-
dingos kreivés, nepriklausandios nuo pradinio laselio
skersmens. Tiriant laselio pradinés temperatiiros, aplinkos
Siluminio spinduliavimo jtaka, nustatyta pusiausviro gara-
vimo biisenos galimybé, garavimo greicio, intensyvumo
kitimas garavimo proceso metu. Energiné analiz¢é i§rySkino
garavimo proceso ypatybes, salygojamas skirtingos pri-
gimties energijos srauty sgveikos.

G. Miliauskas, J. Talubinskas, A. Adomavicius, E. Puida

THE THERMAL STATE AND HYDRODYNAMICS OF
EVAPORATING HYDROCARBON DROPLETS.

2. ENERGY INTERPRETATION OF SPRAYED
N-DECANE EVAPORATION PROCESS

Summary

This paper presents the results of a numerical in-
vestigation of sprayed hydrocarbon n-decane droplets
evaporation processes. For the case of conductive heating
heat fluxes on the surface of the evaporating droplet were
examined. Characteristic curves unrelated to the initial
droplet diameter were obtained after the aforementioned
heat fluxes were normalized and displayed in Fourier time
coordinates. The influence of initial droplet temperature
and surrounding thermal radiation was investigated. As a
result of this investigation, the possibility of the equilibri-
um evaporation state, evaporation rate and intensity chang-
es during the process of evaporation were evaluated. In the
result of energy interpretation of interaction between heat
fluxes of different nature the characteristics of the process
of evaporation were highlighted.

Keywords: n-decane, evaporation, combined heating.
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