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Abstract

The change of thermal state and phase transformation intensity of sprayed water, n-hexane, n-heptane and n-decane is numerically
modelled in the case, as droplets are heated by conduction; the influence of the Knudsen layer is neglected; warming and evaporation of
the droplets has no influence on the state of the carrying air flow. The research results prove that a peculiar change of the thermal state of
sprayed liquid, irrespective of droplet’s dispersivity, exists in the time scale, expressed by Fourier number. The above-mentioned change
can be conveniently defined by the characteristic curves, representing the change of a droplet surface, centre, and mean mass tempera-
tures, which are sensibly influenced by temperature of gas mixture and partial pressure of liquid vapour in it. As these characteristic
curves were expressed in regards to the initial and equilibrium evaporation temperatures of liquid, the universal curves, representing
the change of thermal states of the examined liquids, were obtained in the time scale, expressed by Fourier number. It is shown that
liquid evaporation rate and the change of a droplet dimension can also be described by characteristic curves.
� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Many thermal technologies are in one or another way
related to liquid injection. Liquid fuel combustion in boil-
ers, internal combustion or jet engines; evaporation of
water in air conditioning systems; rapid gas cooling; ther-
mal process regulation; surface protection processes can
be good examples of such thermal technologies. Their effi-
ciency depends on heat and mass transfer between gas and
liquid droplets. Though the research of heat and mass
transfer in liquid droplets have more than 100 year old his-
tory [1], they are very important and actual in our days as
well. It is conditioned by the variety of boundary condi-
tions of heat and mass transfer, occurring in two-phase
flows and by deeper demand of cognition of transfer pro-
cess interaction. Process interaction is influenced by many
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factors: unsteadiness of heat and mass transfer, which actu-
ally restricts experimental research of ‘‘the droplet” prob-
lem and requires more complicated mathematical
approach; the influence of the Stefan’s hydrodynamic flow
on liquid evaporation rate, droplet motion dynamics and
their convective heating; selectivity of radiation in gas
and the peculiarities of radiant absorption in semitranspar-
ent liquid droplets, influencing temperature field’s gradient
in a droplet; the influence of the Knudsen layer on warming
of small droplets and phase transformations on their sur-
faces; droplet slip in gas, which conditions convective heat-
ing intensity and determines forced circulation of liquid
inside droplet; coalescence and decomposition of droplets,
which may change liquid dispersity of a two-phase flow;
gradual formation of a hard shell on the surface of a mul-
ticomponental liquid droplets, which conditions essential
changes of droplet’s thermal state and phase transforma-
tions; the mode of explosive evaporation, which makes
assumptions of formation of a monodisperse-like two-phase
flow, consisting of very small droplets; the peculiarities of
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Nomenclature

a thermal diffusivity
B Spalding transfer number
cp mass specific heat
D mass diffusivity
Fo Fourier number
g mass flow rate
I control time index
k�c effective conductivity parameter
L latent heat of evaporation
m vapour mass flux
M mass
n number of the term in infinite sum
N number of terms in infinite sum
Nu Nusselt number
p pressure
Pe Peclet number
Pr Prandtl number
q heat flux
r coordinate of a droplet
R radius of a droplet
Re Reynolds number
Rl universal gas constant
T temperature
w velocity

Greek symbols
g non-dimensional coordinate
k thermal conductivity
l molecular mass
q density

s time

Subscripts

c convective
C droplet centre
ch characteristic
e equilibrium evaporation
f evaporation
g gas
vg vapour–gas mixture
i time index in a digital scheme
I index of control time
j index of droplet cross-section
J index of droplet surface
k conductive, number of an iteration
K number of iterations
l liquid
m mass average
r radiation
R droplet surface
s condition of saturation
sor source
v vapour
0 initial state
1 far from a droplet

Superscripts

+ external side of a surface
� internal side of a surface
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two-phase flow geometry, etc. The above-mentioned ques-
tions are very important for modern research of the ‘‘drop-
let” problem.

The results of early research of the ‘‘droplet” problem,
when steady heat and mass transfer was examined, as drop-
let evaporates in low temperature surroundings, are gener-
alized in [1]. Introduction of the Spalding transfer number
[2] allowed evaluating the influence of the Stefan’s flow on
phase transformations of sprayed liquid and convective
heating of droplets by the methods of similarity theory.
Thorough research of the ‘‘droplet” problem is presented
in [3–5]. The achievements of the last decades in the field
of ‘‘droplet” problem are overviewed in [6]. The intensity
of heating of evaporating droplets is calculated according
to the empirical expressions, constructed for non-evaporat-
ing particles, though introducing the functions of the Spal-
ding transfer number: Nuf = Nu � f(BT). The models of
non-evaporating particle are thoroughly discussed in [7].
Various models, which evaluate the influence of the Ste-
fan’s hydrodynamic flow on convective heating intensity
of an evaporating droplet, are used. The most popular
models include the classical model [6]: f ðBT Þ ¼
B�1
T � lnð1þ BT Þ, the experimental correlation model [4]:

f(BT) = (1 + BT)�0.7, and the Abramzon–Sirignano model,
which connects the above – two models [3]: Nuf ¼ ½2þ F �1

T �
ðNu� 2Þ� � B�1

T � lnð1þ BT Þ; F T ¼ ð1þ BT Þ0:7B�1
T � lnð1þ

BT Þ.
Droplet evaporation rate is often calculated using the

classical model, which is based on heat and mass transfer
analogy [3]: gv = 2p � qvg � Dvg � R � Shf � ln(1 + BM), in
which a modified Sherwood number is used: Shf ¼ 2þ
F �1

M � ðSh� 2Þ; F M ¼ ð1þ BMÞ0:7B�1
M � lnð1þ BMÞ. The

Hertz–Knudsen–Langmiur Kinetical model [5] including
the ‘‘Universal” evaporation approximation [8] and the
Shorin–Kuzikovsky model, based on the Stefan logarithm
[9,10], are also used for determination of evaporation rate.

Connecting the classical evaporation model and the
Abramzon–Sirignano model according to the method [3]
and additionally evaluating the peculiarities of spectral
radiant absorption in semitransparent liquids, heat and
mass transfer of water droplets were thoroughly examined
in [11]; heating and evaporation of n-decane and diesel
droplets under conditions of their convective and radiant
heating were modelled in [12]. Heat and mass transfer
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during combustion of sprayed fuel were modelled in [13,14]
and other studies. When modelling phase transformation
under complicated conditions of droplet heating, it is very
important to evaluate close relationship between heat and
mass transfer processes in gas and in semitransparent
liquid and to take into account the peculiarities of variation
of unsteady temperature field, formed in rapidly warming
droplets. The methods of combined analytical and numer-
ical research of the ‘‘droplet” problem are being applied
more and more often [15–19]. The main point of those
methods is as follows: the schemes of numerical computa-
tion of an unsteady temperature field of a droplet are con-
structed not for the primary system of nonlinear differential
and integral equations, but for its solution – the system of
nonlinear algebraic and integral equations. The main
advantages of this method are avoidance of the indetermi-
nacies, related to selection of time and coordinate steps and
reliable control of numerical research convergence. Two
trends of research can be outlined here. In the first case,
when modelling heating and evaporation of liquid fuel
droplets [16,18], influence of radiation on unsteady temper-
ature field of the droplet is neglected and the asymptotical
solutions are used, the numerical schemes of which would
not require the algorithm of iterative calculation of the
droplet surface temperature. In such case significant sav-
ings of computational time are achieved, which is extremely
important in CFD (Computational fluid dynamic) codes.
In other case the goal is to evaluate the interaction of
unsteady transfer processes as thoroughly as possible
[15,17,19] and the algorithm of iterative calculation of the
droplet surface temperature is necessary. The scheme of
surface temperature’s calculation is constructed on the
basis of the condition of energy flow’s balance on the drop-
let surface:~qþR ðsÞ þ~q�R ðsÞ þ~qþf ðsÞ ¼ 0. Temperature, which
satisfies the above-mentioned condition, is selected using
the method of the fastest descent, and then the function
TR(s), which defines the change of this temperature, is
determined. This function also defines phase transforma-
tions: while its value is less than the dew point, liquid
vapour (which is present in gas) condenses on the droplet
surface; when it is higher, evaporation of liquid occurs.
As the function TR (s) is determined, the parameters of
droplet heat and mass transfer intensity: qRðr; sÞ; q�R ðsÞ;
qþR ðsÞ; qþf ðsÞ;mþv ðsÞ;RðsÞ; T ðr; sÞ are calculated unambi-
guously.

In order to evaluate the particular influence of the above
factors on heat and mass transfer intensity in sprayed
liquid systems, it is necessary to perform a consistent and
systematic comparative analysis of heat and mass transfer
interaction. For that it is necessary to have a thoroughly
researched the simplest case of heat and mass transfer of
a droplet. Then it is possible to consequently expand
boundary conditions of heat and mass transfer towards
more complicated, evaluating more and more factors,
simultaneously taking into account individual impact of
each case. It is possible to guess that the case, in which a
single droplet moving along with a gas flow in the same
speed, as it is heated only by conduction, could be the basic
case for research of the regularities of the droplet’s thermal
state change and heat and mass transfer. When modelling
heating of large water droplets with initial temperature
Tl,0 in dry air with temperature Tg [19], the change of ther-
mal state of the droplets during unsteady evaporation
mode is presented by the characteristic curves
TR,ch(Fo) � fFo(TR,0, Tg), showing the change of surface
temperatures of an infinitesimal set of various size droplets,
as time scale, expressed by Fourier number, is used. It is
verified that it is very efficient to norm the functions of
the droplet surface temperature TR,ch(Fo) according to
sprayed water temperature and equilibrium evaporation
temperature, as heat supplied to the droplet, evaporates
it. In such case the change of non-dimensional temperature

T R ¼
T R � T R;0

T R;e;k � T R;0
ð1Þ

in the time scale, expressed by the ratio of Fourier numbers
Fo/Foch, can be presented using the universal curve
T R;nðFoÞ ¼ fT RðFo=FochÞ [19], which actually joins together
all the characteristic curves representing the change of ther-
mal states of droplets, evaporating in air with temperature
Tg. The values of Fourier numbers, showing unsteady
evaporation duration Fo � Foch = Foe,k and phase trans-
formation duration Fo � Foch = Fof,k can be called as the
characteristic Fourier number (in the case of conductive
heating of droplets).

In the case of conductive heating of droplets, equilib-
rium evaporation temperature of water is defined by the
function of gas temperature and partial water pressure in
gas T R;e;k � fT R;e;k ðT g; pv;1Þ. The influence of the change of
gas temperature and liquid partial pressure in gas on char-
acteristic curves, which represent surface temperatures of
evaporating droplets, is not evaluated in the study [19].
The influence of liquid nature is not clear as well. Present
study will try to answer these questions.
2. Research method

The change of a droplet mass is defined by liquid evap-
oration or liquid vapour condensation on its surface

oM lðsÞ
os

¼ �gvðsÞ: ð2Þ

The rate of phase transformations gv ¼ 4p � R2 � mþv is de-
fined by the flow rate of liquid vapour on a droplet surface.
It can be characterized by the expression, using the Shorin–
Kuzikovsky model [10]

mþv ðsÞ ¼
DvgðsÞlv

T R;vgðsÞRlRðsÞ pv;RðsÞ � pv;1ðsÞ þ
lv

lvgðsÞ

(

� p � ln
p � pv;1ðsÞ
p � pv;RðsÞ

� pv;RðsÞ þ pv;1ðsÞ
" #)

: ð3Þ
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In the case of large droplets temperature and pressure
drops in the Knudsen layer can be neglected; hence temper-
ature of vapour and gas mixture in the vicinity of a droplet
is close to the droplet surface temperature: TR,vg(s) � TR(s)
and liquid vapour pressure on the droplet surface corre-
sponds to pressure of saturated vapour, selected according
to the droplet surface temperature: pv,R(s) � ps[TR(s)].

In the case, when a droplet moves together with a non-
radiating gas flow at the same velocities, its surface temper-
ature fulfils the following condition of energy flow’s instant
balance on the droplet surface

qþc ðsÞ þ q�c ðsÞ � qþf ðsÞ ¼ 0: ð4Þ

Energy flux for phase transformations depends on liquid
nature and on vapour flux on a droplet surface

qþf ðsÞ ¼ mþv ðsÞ � LðsÞ: ð5Þ

The direction of vapour flow depends on the ratio of
partial pressures of liquid vapour in the gas flow and in
the vicinity of a droplet pv,1/pv,R. As pv,1/pv,R > 1, liquid
vapour, present in gas, condenses on the droplet surface.
As pv,1/pv, R < 1, liquid evaporates. These peculiarities of
phase transformations are perfectly evaluated by the Stefan
logarithm in the Shorin–Kuzikovsky model: when pv,1/
pv,R > 1, it is negative, when pv,1/pv,R < 1 – positive and
gains zero value, as pv,1/pv,R � 1.

The direction of an external convective flow between gas
and a droplet is unambiguously influenced by the tempera-
ture difference between gas and the droplet; the intensity of
the convective flow corresponds to the conductive heat flux

qþc ðsÞ � qþk ðsÞ ¼
kvgðsÞ
RðsÞ � ½T g � T RðsÞ� � f ½BT ðsÞ�: ð6Þ

Thermal conductivity of saturated vapour and gas
mixture is selected according to temperature Tvg �
TR + x � (Tg + TR). The rules x � ‘‘1/2” and x � ‘‘1/3”

are most popular in this case. The Spalding transfer
number is defined by the following expression [15]:

BT ðsÞ ¼
cp;vgðsÞ � ½T g � T RðsÞ�

LðsÞ � 1þ q�c ðsÞ
qþc ðsÞ

� �
: ð7Þ

During unsteady evaporation the ratio of heat fluxes
q�c =qþc < 0 shows that part of heat, supplied to the droplet
from outside, heats it. Under equilibrium evaporation con-
ditions we have q�c =qþc � 0, provided that internal energy of
a cooling droplet does not participate in phase transforma-
tions and the influence of radiant flow is neglected.

Convective heat flux inside a droplet is calculated using
a modified Fourier law

q�c ðsÞ ¼ �kefðsÞ �
oT ðr; sÞ

or

����
r�R�

; ð8Þ

in which effective thermal conductivity kef � kl � k�c evalu-
ates the influence of liquid circulation on heat transfer in-
side a droplet. If droplets do not slip in gas, forced
circulation is not present [3]. A numerical research of com-
bined heat transfer in warming water droplets [17] shows
that the Archimedean forces, arising in droplets due to
their non-isothermality, are insufficient to cause natural cir-
culation of liquid inside a droplet. A premise is made that
k�c ffi 1, therefore q�c ðsÞ � q�k ðsÞ. A temperature field in a
spherically symmetrical droplet is defined by the model of
combined heat transfer in it [15], stating that qr(r,s) � 0
in a droplet:

T ðr; sÞ ¼ T RðsÞ þ
2

r

X1
n¼1

ð�1Þn

np
sin np

r
RðsÞ

� ��

�
Z s

0

Rðs0Þ dT Rðs0Þ
ds0

� exp �alðs0Þ
np
R

� �2

ðs� s0Þ
� �

ds0
�
:

ð9Þ

Then the gradient of unsteady temperature field in the
Eq. (8) is defined by the infinite sum of integral equations

oT ðr; sÞ
or

����
r�R�
¼
X1
n¼1

ð�1Þn � 2pn
RðsÞ �

Z s

0

Rðs0Þ dT Rðs0Þ
ds0

�

� exp �alðs0Þ
np
R

� �2

ðs� s0Þ
� �

ds0
�
; ð10Þ

in which the rate of the droplet temperature change is
unambiguously defined, as Eq. (4) is being solved accord-
ing to an iterative algorithm. The gradient of unsteady tem-
perature field unambiguously defines the direction of
thermal conductive flow in a droplet. As the droplet evap-
orates in a flow of non-radiating gas, liquid will be heated
only by the convective flow, supplied to the droplet. There-
fore only a temperature field with positive gradient can be
formed in the droplet and q�c , calculated by Eq. (8), will be
negative during entire duration of phase transformations of
the droplet.

The formal equation of the energy flow balance (4) is
specified according to the system of Eqs. (3), (5)–(10). In
order to make its numerical solution scheme, a droplet is
divided into J number of control cross-sections, defined
by the universal droplet coordinate g = r/R in such a
way, that

rj

R

���
j�J
� gJ ¼

XJ

j¼2

Dgj ¼
XJ

j¼2

ðgj � gj�1Þ ¼ 1: ð11Þ

Speculative duration of a droplet Fof is divided into I num-
ber of control time instants to fulfil the condition:

Foi

�F f

����
i�I

� �F oI ¼
XI

i¼2

D�F oi ¼
XI

i¼2

ð�F oi � �F oi�1Þ ¼ 1: ð12Þ

The advantages of iterative calculation of the function
TR(Fo) are used: in the kth iteration for required, but yet
unknown values of heat and mass transfer parameters
HMT the values, calculated in earlier iterations, are de-
noted: HMTi,k � HMTi,k�1, then the parameters HMTi,k

are specified according to calculated temperature TR,i,k.
To ensure the stability of the numerical scheme for temper-
ature TR,i an exclusion is made for a droplet radius:
Ri,k � Ri�1.
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For a spherically symmetrical volume of liquid Eq. (2) is
presented as follows:

qlðsÞ
oR3ðsÞ

os
¼ R3ðsÞ oqlðsÞ

os
� 3R2ðsÞ � mþv ðsÞ: ð13Þ

Then, evaluating vapour flow density on the droplet sur-
face and volumetric expansion of a warming droplet, the
change of its volume is calculated by this scheme

R3
i;k¼R3

i�1�3

"
mþv;i;kþmþv;i�1

ql;i;kþql;i�1

R2
i;k

þ
R3

i;k

1:5ðql;m;i;kþql;m;i�1Þ
ql;m;i;k�ql;m;i�1

si�si�1

#
�ðsi�si�1Þ; ð14Þ

as the control time index of phase transformation duration
If � i is being consistently changed in the interval i � 2�I,
until the droplet evaporates out completely. In the expres-
sion (14): Ri;k � ðRi�1 þ Ri;k�1Þ=2.

Temperature of a warming droplet surface is selected
using the method of the fastest descent, requiring accuracy
of the balance (4) to be not less than 0.01%. Proper
control of time step ensures the change of mean mass tem-
perature of a warming droplet to be not higher than 1 K.

3. Results and discussion

The change of thermal state and phase transformation
intensity of water, n-hexane, n-decane and n-heptane drop-
lets is numerically modelled, as the droplets are carried
without slipping by air flow with temperature Tg. It is sta-
ted that small amount of liquid is sprayed, therefore air
temperature and composition of gas mixture does not
change due to warming and evaporation of droplets:
Tg(s) = const and pv,1(s) = const. Droplets do not slip in
-0.01
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Fig. 1. Control of disbalance of energy flows on a droplet surface
d ¼ f1� ½qþc =ðqþf � q�c Þ�g � 100%. Liquid: (1–5) water, (6) n-hexane, (7) n-
heptane, (8) n-decane; Tg, K: (1–3,8) 750, (4–6) 500, (7) 1000; Tl,0, K: (1–3,
7, 8) 300, (4–6) 275; pv,1/p: (1, 6–8) 0, (2, 4) .2, (3, 5) .4; R = .00005 m.
gas, therefore Re(s) = 0 and they are heated only by con-
duction. The Gerry empirical equation was applied for def-
inition of water saturated vapour on the droplet surface
[20]; in the case of liquid hydrocarbons the Antoine’s
approximation was used [21].

According to [22–24], disbalance of energy flows on a
droplet surface was strictly controlled during the entire
numerical experiment (Fig. 1). Huge influence of droplet
surface temperature on energy flows showed up (Fig. 2).
When selecting the instant value of droplet surface temper-
ature by the method of the fastest descent, it is necessary to
evaluate the change of this temperature by 0.001� (Fig. 2a).
Then high reliability of energy flow balance is ensured
(Fig. 2b). Actually it is reached after making 13 iterations.
That shows a reliable operation of the iterative scheme.
Requirement of the condition (4) was well ensured during
entire lifetime of the droplet. A bit higher variation of dis-
balance was detected only during the initial stage of
unsteady phase transformations (Fig. 1). It is probably
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ig. 2. Selection of a droplet surface temperature by the method of the
astest descent (a) and its influence on disbalance of energy flows on a
roplet surface (b). Duration of droplet heating Fo: (1) .013, (2) .052, (3)
5, (4) .18, (5) .28; DT � jTR,K � TR,kj + 0.001; pv,1/p = .3; Tg = 750 K;

l,0 = 300 K.
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connected to rapid growth of droplet surface temperature
and existence of liquid vapour in gas. As the mode of liquid
vapour condensation on the droplet surface comes to end,
the moment of change of phase transformation nature
approaches, when the vector of vapour flow density
changes its direction and its module gains zero value. All
modelled cases of heat and mass transfer passed control,
similar to Fig. 1.

3.1. Thermal state of conductively heated evaporating

droplets

Thermal state of droplet varies during unsteady phase
transformation process. The unsteady temperature field
has characteristic dynamics in the droplets of different
liquids (Fig. 3). Different liquid droplets with similar initial
temperature Tl,0, heated conductively, during unsteady
evaporation mode warm up to equilibrium evaporation
temperature Tl,e,k, which significantly depends on liquid
nature. As mentioned earlier, this temperature also
depends on the parameters of the gas flow. The influences
of gas temperature Tg and partial pressure of liquid in
gas pm,1 are essential.

One can notice qualitatively common tendencies of ther-
mal state change of evaporating droplets. When they are
heated by conduction, the sign of unsteady temperature
field’s gradient can be only positive T(r,s). Variation of this
temperature field is very active during the mode of
unsteady phase transformations, though during equilib-
rium evaporation it is close to isothermal and independent
of size of the droplets. At the beginning surface layers of
the droplets warm rapidly, later the rate of their warming
decreases and, as central layers of the droplets warm
rapidly, non-isothermality of the droplets decreases.
During equilibrium evaporation, as Fo P Foe, we have
T(r,Fo) � TR,e,k.

When defining thermal state of a warming droplet, the
following functions of characteristic temperature variation
are important: surface temperature TR(Fo), centre temper-
ature TC(Fo) and mean mass temperature of the droplet
Tl,m(Fo). The rate of change of the latter temperature indi-
cates the intensity of heat flow, which warms the droplet

qlðsÞ � �
1

3
qlðsÞcp;lðsÞRðsÞ

oT l;mðsÞ
os

: ð15Þ

Surface temperature of droplets is important for heat
and mass transfer between droplets and gas flow; tempera-
ture difference between droplet centre and surface defines
non-isothermality of the droplet, which can cause natural
circulation inside it.

If gas contains liquid vapour, it can condense on cold
surface of the droplets for a while. The duration of conden-
sation is defined by time instant Fo � Fok0, when change of
phase transformations occurs from condensation mode to
evaporation mode. More liquid vapour is in gas, smaller
temperature difference is between saturation temperature
and temperature of evaporating sprayed liquid (Fig. 4).
Hence, it is possible to construct a consistent scheme of
phase transformation on a droplet surface, which contains
condensation mode, as well as unsteady and equilibrium
evaporation modes
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Fo � 0� Fok0 � Foe � Fof : ð16Þ
If droplets evaporate in dry gas or if temperature of

sprayed liquid is higher than dew point, Fok0 = 0. The
end of the condensation mode is unambiguously defined
by time instant, when vapour flow density passes through
its zero value mþv ðFo � Fok0Þ � 0 (Fig. 5). It is quite difficult
to predict the time instant, when equilibrium evaporation
begins. It is a matter of agreement. In this study we state,
that liquid evaporation is equilibrium from the moment,
as Fo � Foe meets the following requirement:

jT l;m;e � T l;mðFo > FoeÞj < 0:01 K: ð17Þ
In the case of a single droplet: Tg(s) = const and

pv,1(s) = const, therefore droplet temperature remains
constant during equilibrium evaporation: Tl,e,k(s) = const.
All droplets warm up to this temperature, independently
of their size.
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warm in humid air. pv,1/p: (1) 0, (2) .1, (3) .3, (4) .5; Tg = 1000 K;
Tl,0 = 275 K; R = .0001 m.
Fig. 6a shows the temperature field of n-decane droplets
of various diameters after the same warming time; while
Fig. 6b indicates various warming durations, correspond-
ing to similar values of Fourier number.

Smaller droplets have already reached equilibrium evap-
oration conditions (Fig. 6a, curves 4 and 5); bigger droplets
are still warming intensively (Fig. 6a, curves 10 and 15).
Though the change of temperature field in droplets and
the duration of unsteady phase transformations signifi-
cantly depend on size of droplets (Fig. 6a), dynamics of
warming of droplets of various diameters is identical in
the time scale, expressed by Fourier number (Fig. 6b). This
conclusion is confirmed in all modelled cases of thermal
state change of different – size droplets, as boundary condi-
tions regarding sprayed liquid temperature and gas param-
eters are identical for droplets of various sizes, but of the
same liquid. The change of characteristic centre, surface
and mean mass temperatures of the unsteady temperature
field is distinctive for water (Fig. 7a) and n-heptane
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droplets (Fig. 8a) of different size. Though variation of the
curves in Fourier number based scale is independent of
droplet size (Figs. 7b and 8b). Hence, in Fourier number
based scale the characteristic curves indicate warming
dynamics of infinite set of large droplets. This important
conclusion allowed optimizing the whole numerical
research.

The peculiarities of boundary conditions of heat and
mass transfer can influence dynamics of the characteristic
curves, which show the change of evaporating and warm-
ing droplet’s thermal state. Temperature of sprayed liquid,
gas temperature and partial pressure of liquid in gas are the
essential factors. In order to evaluate the change of the
thermal state of sprayed liquid from the same position, it
is purposeful to norm the characteristic curves, which
describe dynamics of mean mass temperature (Fig. 9a) in
regards to the initial and equilibrium evaporation temper-
atures of sprayed liquid (Fig. 9b)

T mðFoÞ ¼ T l;mðFoÞ � T R;0

T l;e;k � T R;0
ð18Þ
and to present them in the universal scale of evaporation
time 0�1, expressed by the ratio of Fourier numbers
Foe ¼ Fo=Foe;k. The results of the performed numerical re-
search prove that the characteristic curves T mðFoeÞ do not
depend on temperature of sprayed liquid (Fig. 9c). That of-
fers an idea, that maybe it is possible to obtain the univer-
sal curve of the change of droplet’s state change, which
could unite all characteristic curves into one with allowable
accuracy. For that it is necessary to evaluate not only li-
quid temperature’s influence, but also influence of gas tem-
perature and vapour pressure in it. According to the
research results (Fig. 10) of n-hexane droplet warming
and evaporation in gas at various temperatures it is possi-
ble to state that the characteristic curves T mðFoeÞ are not
sensible to gas temperature (Fig. 10b), though one can de-
tect stratification of the curves T mðFoÞ according to temper-
ature Tg (Fig. 10a).

Presence of liquid vapour in gas is an important factor
in the case of phase transformations of sprayed water. In
the case of liquid fuel evaporation chemical reactions
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occur, therefore it is possible to neglect existence of liquid
vapour in gas. Though equilibrium evaporation tempera-
ture of sprayed liquid significantly depends on air humidity
(Fig. 11a) and the curves T mðFoÞ are also sensible to it
(Fig. 11b), air humidity practically has no influence on
the characteristic curves T mðFoeÞ (Fig. 11c).

The influence of liquid nature on the characteristic
curves T mðFoeÞ was also examined (Fig. 12). The character-
istic curves of thermal state change of hydrocarbon drop-
lets under various conditions of heat and mass transfer
well enough correlate with the experimental research
results (Fig. 13). The correlation of numerical research
results of water droplets with experimental research results
is presented in [17,19].

Liquid nature influences droplet warming rate and its
equilibrium evaporation temperature (Fig. 13a). The
change of its mean mass temperature’s curves T mðFoÞ is
also distinctive, but liquid nature does not cause essential
change of the characteristic curves T mðFoeÞ, though they
have negligible differences (Fig. 12c).

The performed analysis of warming and evaporation
process of various liquids allows stating that the thermal
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state of sprayed liquid droplets, as they are heated by con-
duction, changes in qualitatively similar way. All modelled
cases of heat and mass transfer gave the result, that the
change of the thermal state of sprayed liquid droplets can
be described by a universal normalized droplet mean mass
temperature (Fig. 14). During unsteady phase transforma-
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tion mode the latter temperature can be defined by the
empirical expression of the universal curve T mðFoeÞ

T m;1–18ðFoeÞ ¼ 4:78Foe � 8:725Fo2
e þ 7:126Fo3

e

� 2:184Fo4
e : ð19Þ

This expression ensures calculation of mean mass tempera-
ture of sprayed liquid by the accuracy not less than ±1%
(Fig. 15), as the droplets are heated by conduction. Mean
mass temperature of warming droplets are calculated with
accuracy of ±0.3% in most cases of boundary conditions of
the numerical research. The accuracy of the expression (19)
is a bit lower only under the conditions of significantly un-
steady evaporation of n-decane droplets.

It is obvious that in order to express dynamics of ther-
mal state change of warming droplets, described by the
expression (19), using the change of the droplet mean mass
temperature, it is necessary have the functions Foe;k �
fl;FoðT l;0; T g; �pvÞ and T l;e;k � fl;T ðT g; �pvÞ, which describe
duration of unsteady phase transformation Foe,k and equi-
librium evaporation temperature Tl,e,k, respectively. Actu-
ally, the above-mentioned functions can be specified only
by complex research of the ‘‘droplet” problem, using
numerical modelling methods. A dilemma of methodology
selection appears in this situation. It is necessary to evalu-
ate the peculiarities of the task, take into account all the
premises and accuracy of the obtained research results.
Convective heating intensity of motionless evaporating
droplets and unsteady temperature field can be regarded
as the essential. Under more complicated boundary condi-
tions of the ‘‘droplet” problem droplet slip in gas, radiant
absorption in semitransparent liquid and quantity of drop-
lets are the factors that become important. Their influence
can be evaluated according to deviation of the functions
Foe, Tl,e and Tl(Fo) from Fol,e,k, Tl,e,k and Tl,k(Fo). Despite
of the variety of the methods to solve the ‘‘droplet”
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problem, convective heating intensity of an evaporating
droplet is mostly often calculated by the methods, based
on the similarity theory. In this case one can find some
uncertainties related to selection of a characteristic temper-
ature (‘‘1/2” or ‘‘1/3” rules), various expressions of the
Spalding heat transfer number’s f(BT) correction in the
empirical expressions of convective heat flow and various
evaporation models. The rule ‘‘1/2” or ‘‘1/3”, according
to which characteristic temperature of gas and vapour mix-
ture is selected, becomes more and more important for
determination of the value of equilibrium evaporation tem-
perature, as gas temperature grows (Fig. 13a) and makes
sensible influence on the change of thermal state of droplet
(Fig. 16), independently of the applied method of convec-
tive heating intensity calculation (Fig. 16b) and which
evaporation model is used (Fig. 16a). During the examined
cases of the combinations of convective heating and evap-
oration models universality of the expression (19) was ver-
ified (Fig. 16c), though peculiar values of Fol,e,k and Tl,e,k

were obtained.
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3.2. Phase transformations of droplets

Number of factors influences the changes of droplet
geometry. During the stage of unsteady phase transforma-
tions droplets expand, as liquid intensively warms. This
volumetric expansion can be intensified by liquid vapour
condensation on droplet surface or weakened by liquid
evaporation. Hence, it is quite difficult to predict the
changes of droplet geometry at the initial stage of unsteady
evaporation. The boundary conditions of heat and mass
transfer and nature of sprayed liquid decide which effect
actually prevails. Presumable influence of volumetric
expansion can be evaluated by use of a hypothetical droplet
model, which predicts existence of a mass source, equiva-
lent to phase transformation rate: gsorðFoÞ �
4pR2ðFoÞ � mþv ðFoÞ. Then phase transformation on a warm-
ing droplet surface has no influence on its mass, therefore
during unsteady evaporation process the change of the
droplet volume depends on the change of liquid thermal
state

R3
e

R3
0

�
ql;0ðT R;0Þ
ql;eðT l;e;kÞ

: ð20Þ

The curves, which show dynamics of a hypothetical
droplet volume, calculated in different cases of heat and
mass transfer, suitably satisfy the condition (20) (Fig. 17).

Volumetric expansion for different liquids is different,
because each liquid has characteristic thermal state of
droplet equilibrium evaporation, though initial tempera-
tures are the same. Higher is equilibrium evaporation tem-
perature of liquid, more intense is the effect of volumetric
expansion process. In the case of examined liquids this
effect is mostly vivid for n-decane (Fig. 17, curve 12).

Temperature change of warming liquids depends not
only on liquid volumetric expansion, but also on the rate
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of liquid evaporation (Fig. 18). Liquid vapour condensa-
tion on droplet surface is also important (Fig. 19).

The main factors, which decide phase transformations
of sprayed liquid during unsteady evaporation mode, are
(a) liquid nature and spraying dispersity – they decide evap-
oration rate and volumetric expansion during warming
process; (b) initial temperature of liquid – makes precondi-
tions for condensation mode to appear; (c) gas parameters
– decide the intensity of external energetic influence on
droplets. Therefore the change of phase transformation’s
intensity (Fig. 18) and volume (Fig. 19) are characteristic
in different boundary conditions of heat and mass transfer.
Despite of that, the change of a droplet dimension R and
intensity of phase transformations �m, expressed in Fourier
number based time scale are defined by the characteristic
curves, identical for all large droplets of the same liquid
(Figs. 20–22).

Equilibrium evaporation temperature of n-hexane is the
lowest, comparing with other examined liquids, but evapo-
ration rate of n-hexane droplets is the highest, therefore
volumetric expansion of n-hexane droplets does not evoke
any peak in the curve that represents droplet volume vari-
ation (Fig. 19, curve 1). The curve, which shows variation
of volume of water droplets, evaporating in dry air, also
has no extreme point. A slight increment of volume is pres-
ent for n-heptane droplets, while volume of n-decane drop-
lets increases more than in 3% due to volumetric
expansion. As air humidity increases, the period of conden-
sation occupies bigger and bigger part of unsteady phase
transformation mode; condensation of liquid vapour on
droplet surface intensifies; the droplets warm quicker and
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quicker; their volumetric expansion becomes more and
more vivid. When pv,1/p > .3, the size of droplets, which
reach equilibrium evaporation mode, is close to their initial
size (Fig. 19, curve 6). The evaporation rate of warming
hydrocarbons is higher, comparing to water. Unsteady
phase transformation covers perceptible part of a droplet
lifetime cycle. Hydrocarbon droplets loose more than
80% of their mass during unsteady phase transformation
mode. n-Decane droplets during this phase loose more than
90%. Obviously, when temperature of sprayed liquid is clo-
ser to equilibrium evaporation temperature, the influence
of unsteady phase transformation will be smaller. In this
case the ratio of sprayed liquid temperature on equilibrium
evaporation temperature is an important parameter: closer
the ratio Tm,0/Tm,e,k is to one, weaker is the influence of the
unsteady phase transformation mode. Nature of liquid has
a crucial influence on the characteristic curves, which rep-
resent variation of phase transformation parameters of
droplets (Fig. 23).

The characteristic curves are very distinctive during the
unsteady phase transformation mode. Relative surface area
of droplets varies linearly during the equilibrium evapora-
tion mode and then the universal curves, which represent
the physical transformation parameters of all liquids, are
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similar (Fig. 24). Taking into account plenty of the factors
that influence the peculiarities of unsteady phase transfor-
mation, it quite complicated to construct one universal
curve of droplet dimension change for all liquids. As dis-
tinct from the case of the universal curve of thermal state
change, search for this curve can be stimulated not by prac-
tical, but more by scientific interest, because for each liquid
it would be necessary to know the functions
mþv;e;k � fmþv

ðT m;e;Rm;e; T g; pv;1Þ, which are distinctive and
complicated. The main indeterminacy is related to a very
specific effect of droplet volumetric expansion, as liquid
warms and simultaneously unsteady phase transformation
occurs on its surface. Here it is possible to conditionally
group liquid droplets into sensitive and insensitive to volu-
metric expansion and also to exclude the case of possible
liquid vapour condensation on droplet surface. Insensibil-
ity of a droplet dimension change to liquid volumetric
expansion is ensured by the effects of liquid expansion
and evaporation, which are equal and therefore compen-
sate each other. Domination of volumetric expansion effect
for a while or presence of liquid vapour condensation
causes the extreme point in the curves of droplet dimension
change. Talking about examined liquids, n-decane can rep-
resent sensitive liquids; n-hexane – insensitive; water,
sprayed to humid air, well represents the case, sensitive
to liquid vapour condensation (Fig. 19). The ratio of tem-
peratures Tm,0/Tm,e,k is important to this aspect as well. As
Tm,0/Tm,e,k ? 1, droplets of all liquids can be assigned to
the group of insensitive to volumetric expansion.
4. Conclusion

The results of the performed numerical research can be
handled in two important aspects. The first is related to the
development of the methods, which allow evaluating
unsteady heat and mass transfer parameters of sprayed
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liquid systems in relatively simply way. The second aspect
is related to a systematic estimation of transfer process
interaction in two-phase droplet and gas flows. The offered
simple interpretation (19) of the universal curve, represent-
ing thermal state change of sprayed liquid allows not only
to evaluate warming of droplets during the mode of
unsteady phase transformations, but also to avoid the solu-
tion of the internal ‘‘droplet” problem in engineering calcu-
lations, as the change of a droplet volume is calculated
according to the scheme (14). It is worth noticing, that
the approximation (19) is completely enough in order to
evaluate volumetric expansion in the scheme (14), though
it is necessary to take into account the change of droplet
surface temperature, when estimating the influence of
phase transformation. The approximation of the universal
curve of the droplet surface temperature would usefully
serve for that. The emphasis of the latter approximation
did not go into the scope of this work.

If heat and mass transfer conditions are more compli-
cated than the case of large droplet heating, which was
modelled in this study, heat and mass regularities in the
systems of sprayed liquid will be influenced by a number
of additional factors: slipping of droplets in gas, reciprocity
of droplets, radiant absorption in semitransparent liquid,
influence of the Knudsen layer on heating and evaporation
of small droplets, etc. The performed research makes pre-
mises for systematic evaluation of those factors.
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