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Nomenclature

a - thermal diffusivity, m*/s; B - Spalding transfer number;
¢, - mass specific heat, kJ/(kg K); C; - droplet drag coeffi-
cient; D - mass diffusivity, m’/s; Fo - Fourier number;
I - control time index; Kn - Knudsen number; / - Knudsen
layer thickness, m; L - latent heat of evaporation, J/kg;
m - vapour mass flux density, kg/(sm®); M - molecular
mass, kg/mol; n-number of the term in infinite sum;
Nu - Nusselt number; p - pressure, Pa; Pr- Prandtl num-
ber; g - heat flux density, W/m?; r - coordinate of a droplet,
m; R -radius of a droplet, m; Re- Reynolds number;
Ry -universal gas constant, J/(kmol K); T - temperature, K.
Greek symbols

oy - condensation coefficients; a, - evaporations coeffi-
cients; 77 - dimensionless coordinate; A - thermal conduc-
tivity, W/(K'm); x - dynamic viscosity, kg/m s; p - density,
kg/m’; 7 - time, s.

Subscripts

e - stabilized evaporation; f- evaporation; g - gas; i - time
index in a digital scheme; [-index of control time;
j - index of droplet cross-section; J - index of droplet sur-
face; k - iteration index in a digital scheme; Kn - Knudsen
layer limit; /- conductive; L - liquid; R - droplet surface;
v - vapour; vg - vapour-gas mixture; 0 - initial state; oo - far
from a droplet.

Superscripts
+ - external side of a surface; - - internal side of a surface.

1. Introduction

Liquid injection is used in liquid fuel combustion,
gas purification, evaporation of liquid solutions, protection
of various surfaces from direct energetic influence of high
temperatures and many other thermal technologies. Reli-
ability of these thermal technologies depends on the capa-
bility to control optimally the intensity of liquid phase
transformations. Right amount of liquid, evaporating in the
right place, leads to effective control of combustion proc-
ess, optimal reduction of pollutants’ formation, increase of
thermal equipment efficiency and reliable protection of
their surfaces.

Water spray - related technologies have been de-
veloping recently. Highly developed interphase contact
area in water flows, effective energetic interaction between
gas and liquid phases, significant energy consumption for
droplet heating and evaporation ensure reliable protection
of surfaces [1]. That makes assumptions to use today -
available materials for the development of plasmochemical
or even nuclear synthesis technologies. Experiments prove
that higher efficiency of gas turbines is reached by spray-
ing water into air compressor [2], thus making air com-
pression process close to isothermal and consequently re-
ducing energy required for external work. Water, injected
into air flow, which enters the cylinders of internal com-

bustion engines, allows significant reducing of NOx
amount. Rapid development of water spray technologies,
used to increase humidity of flue gas, thus cleaning it and
utilizing condensation energy, is observed.

It is necessary to ensure rapid process of water
droplet’s evaporation. The rate of phase transformations in
two-phase flows is traditionally controlled by changing
dispersity of sprayed liquid. If a two-phase flow consists of
small droplets, the rate of transfer processes in such flow is
very high. It is very complicated to produce the flow,
which contains one micron-size droplets, using conven-
tional water dispersion methods, because nozzles have
wide dispersivity characteristics. Present stage of techno-
logical development is able to offer quite unexpected solu-
tions, which allow approaching conventional thermal tech-
nologies to nano technologies. Experiments show, that
water droplets suddenly shift to an explosive evaporating
mode, as their mass mean temperature exceeds saturation
temperature, corresponding to medium parameters by 18
degrees [3]. An explosive evaporation of water droplet is
evoked by intensive energetic influence of a laser beam or
by sudden change of pressure in droplet surroundings. If
pressure difference is selected correctly, explosion trans-
forms polydispersal water flow into a flow of small drop-
lets, close to monodispersal, in which evaporation rate is
uniform and high. The flow, produced in such way, con-
tains hot water droplets, temperature of which is close to
saturation under conditions of low-pressure surroundings.
Phase transformations of hot water evaporating droplets,
comparing to well-investigated case of cold water droplets,
are peculiar [4].

The change of phase transformation intensity ac-
cording to dispersity of sprayed liquid is insufficient, when
it is necessary to control the intensity of liquid evaporation,
as equipment operates in slightly variable modes. Multifac-
torial control opens wider regulation possibilities, as drop-
let dispersity is combined with correctly selected thermal
state of dispersed liquid. In order to ensure such regulation,
it is necessary to know thoroughly the regularities of heat
and mass transfer in a wide range of boundary heat and
mass transfer conditions. It is necessary to take into ac-
count unsteadiness and interaction of heat and mass trans-
fer processes in droplets and their surroundings, which
occur under the influence of such factors as radiant selec-
tivity, Stefan hydrodynamic flow, temperature and pres-
sure drops in the Knudsen layer, droplet slip in gas, turbu-
lence of two-phase flow, variable physical properties, etc.
These aspects of research of the “droplet” problem are im-
portant for the application of modern technologies. All
these aspects together make the “droplet” problem “hard -
to - solve” even evaluating the level of modern thermo
dynamical sciences and wide possibilities of numerical
research of transfer processes. Therefore the methodology



of a continuous research of the “droplet” problem is being
developed, as the limitations in the solutions are gradually
approaching to real conditions.

The study [5] generalizes the results of the first
studies regarding the “droplet” problem, as steady heat and
mass transfer is researched in the vicinity of a droplet, as it
evaporates in a low — temperature medium. Introduction of
the Spalding heat transfer number B [6] allowed evaluating
the influence of phase transformations on droplet heating
intensity using the principles of similarity theory. Thor-
ough overview of “droplet” research in the case of convec-
tive heat transfer in the medium, surrounding droplets, is
presented in [7]. Recently the methodology of a combined
analytical and numerical research is more and more widely
applied in “droplet” researches [8-10]. The peculiarities of
the interaction of unsteady radiant and conductive heat
transfer processes in water droplets are investigated in [8].
The peculiarities of the application of a combined analyti-
cal, asymptotic and numerical method for modelling of a
liquid fuel droplet heating and evaporation are discussed in
[9]. A significant influence of initial nonisothermality of
water droplets on their thermal state change during un-
steady evaporation is described in [10]. Note that the
method of iterative research of unsteady heat and mass
transfer in large droplets is developed in [8,10]. Modelling
phase transformations in small droplets, the problem of
temperature and pressure drops in the Knudsen layer
arises, the solution of which requires the application of
kinetic theory methods and solution of complicated
Bolzman equations. Temperature and pressure drops for a
spherical droplet with isothermal surface are described
using the system of algebraic equations, presented in the
studies [11, 12], making assumptions, that vapor molecules
do not collide in the Knudsen layer; their velocities distrib-
ute according to the Grad function; the values of the ratio
of phase transformation rate sound velocity and the ratio of
gas and droplet temperature difference gas temperature are
significantly smaller than 1.

This study contains the expanded combined ana-
lytical — numerical research method of the “droplet” prob-
lem, developed in the studies [8,10], for the modelling of
phase transformations in small droplets, using mathemati-
cal apparatus of pressure and temperature drops in the
Knudsen layer [11,12]. The results of cold water evapora-
tion and the change of thermal state are presented and gen-
eralised.

2. Analytical — numerical research method

The goal of heat and mass transfer in two — phase
flows, consisting of gas and droplets, is to determine the
intensity of transfer processes. Heat and mass transfer in
modern thermal technologies, dealing with two — phase
flows between small droplets and gasses, is intensive, dis-
tinctively unsteady and is related to phase transformations.
Experimental investigations are very complicated from
technical point of view. Investigating theoretically, it is
necessary to pay attention to several peculiarities. The in-
fluence of mass transfer processes on heating of evaporat-
ing droplets is huge, the weight of kinetic processes near
droplet surface increases, therefore in parallel to diffusion
processes it is necessary to take into consideration the
processes of abruption of vapour molecules from liquid
surface and simultaneous return to this surface. These fac-
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tors make the modelling more complicated. Radiant influ-
ence on thermal state of small droplets is negligible; drop-
let inertness is small, therefore, as droplet and gas flow
velocities become equal, conductive heat transfer prevails
in the droplets and their vicinity. These are the factors that
facilitate modelling.

The vapour flux density, which defines the inten-
sity of the droplet phase transformations, can be expressed
by the ratio of difference of heat flux densities and the ex-
ternal and internal sides of the droplet surface on latent
heat of evaporation

mt (c)= g/ ()-4q; ()

L(z)

Unsteady and equilibrium liquid evaporation
modes can be distinguished according energy supplied to

(M

the droplets for their heating. In the first case g, =0 in the

equation (1); heat flux supplied to a droplet, evaporates it.
Density of heat flux, supplied to the droplet by conduction,
is calculated according to the conditions of a solid spheri-
cal particle, using the function of Spalding transfer number
and evaluating the influence of Stefan hydrodynamic flow
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In the case of unsteady evaporation, heat flux
density in a droplet is defined by the temperature field gra-
dient
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In the case of unsteady evaporation the Spalding
transfer number also depends on temperature field gradient
in the droplet [9]

cp,vg [Tg - TR (T)]
B(r)= 1
L(z)

Therefore a link between transfer processes in the
droplet and in its vicinity is obvious. All these processes
define instant temperature of heating and evaporating on
the droplet surface. Energy flux densities in droplets and in
gas can be calculated only if the droplet surface tempera-
ture is known. Therefore the necessity of iterative numeri-
cal research is evident and the unambiguousity conditions
for the system can be formed in regard to yet unknown
temporal function that defines the change of droplet sur-
face temperature

3 T (z, r)|
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7(r,0)=Ty(r), T(R0)=Tgo, T(R,z)=Tx(z)  (5)

Therefore the gradient of unsteady temperature
field of thea droplet can be defined using the following
integral equation [10]
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in which the function of an infinite sum term, time and
coordinate evaluates the peculiarities of initial temperature
field of the droplet and the rate of the droplet surface tem-
perature change

7(ne)= (-1 7,(r) dTR(T')_T[”””' cos®
nr Tp, dt' o\ R R
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The vapour flux density on the droplet surface is
influenced by the nature of liquid and its surrounding me-
dium, diffusive mass transfer rate, which is caused by the
gradient of vapour concentration, and convective mass
transfer rate, caused by the influence of Stefan hydrody-
namic flow. As the hydrodynamic flow’s influence is
evaluated by the Stefan logarithm, the vapour flux density
on the droplet surface is defined by the expression [13]
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The direction of vapour flow is unambiguously
described by a logarithmic function, called Stefan loga-
rithm. When liquid vapour pressure near the droplet is
higher than vapour partial pressure in gas that surrounds
the droplet, the vapour flow is positive; the droplet de-
creases, as liquid evaporates. In the opposite case the va-
pour flow is negative and the droplet grows, as liquid va-
pour condenses on its surface. The droplet dimension
changes, caused by heating and mass transfer processes,
are described by the equation of radius dynamics:
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When the influence of Knudsen layer on heat and
mass transfer processes can be neglected, temperature of
the vapour and gas mixture near the droplet surface in ex-
pression (8) is considered to be the droplet surface tem-
perature; vapour partial pressure near the droplet surface is
considered to be saturated vapour pressure according to the

droplet surface temperature: Tg R (r) =Ty (z’) ,
Dy R (r)= Ds. #(7). In the case of small droplets it is neces-
sary to evaluate temperature drop
Tvij (z’) =Tx, (r) =Ty (1) + ATy, (z’) and pressure drop

pv,R (7) = pv,Kn (T) = pv,s (TR H 1')+ ApKn (T) in the Knudsen
layer. Following the method, presented in [12,13], tem-
perature and pressure drops can be described by the system
of algebraic equations
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External radius of Knudsen layer is proportional
to the droplet radius: Ry, = R+ fl. The coefficient f=.75

[11]; the free path of molecules is calculated in regard to
the parameters of gas mixture far from the droplet [14]. In
equation (11) the modified Prandtl number and adiabatic
coefficient of the vapour and gas mixture are calculated
according to the method presented in [12]. In the case of
determined gas flow, the presented system of nonlinear
equations allows unambiguous calculating of temperature
of an evaporating droplet surface according to the iterative
numerical research scheme:
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which is constructed in regard to the premise, that all en-
ergy fluxes coming to the droplet surface and going out of
it are equal. For that dimensionless radius is divided into

J
J-1 number of parts An;: nR= ZAan =
j=2
J
= RZ(?]/ —77‘/._]) . Control time interval is predicted:
j=2
At; =0+7,. Its division 7,_; =0 determines initial ther-
mal state of the droplet; the division 7;_; = 7; defines time

instant, for which a new droplet’s thermal state, which sat-
I I
isfies the condition 7, =Y Az, =)
i=2 i=2
lated. Energy fluxes are set to be positive, if their vector is
directed towards droplet surface. Thermal conductive flux

(Z'l- —r,-_l) is calcu-

density g, is unambiguously defined by the difference
between gas and droplet surface temperatures; thermal
convective heat flux density ¢, is unambiguously defined
by the droplet’s temperature field gradient; energy flux
density E]’Jf =m, L of phase transformations is unambigu-
ously defined by Stefan logarithm in equation (8). The
calculation of unsteady temperature field gradient of the
droplet for time instant 7; requires evaluation of the
change of the droplet’s thermal state in the interval 0 +z; .

Therefore a scheme, similar to the scheme (12), should be
applied to every intermediate time instant z;. Control time
is selected in such a way that the influence of the droplet
dimension change could be neglected in the time inter-
val0+7;.



During intensive liquid heating period the change
of mean temperature of the droplet mass by one degree is
being controlled. During equilibrium evaporation of liquid
the change of the droplet radius by one tenth of micron is
being controlled. As the function that defines the change of
surface temperature of warming and evaporating droplet is
determined, functions that define the change in time of
other heat and mass transfer parameters are calculated si-
multaneously. At the initial thermal state of the droplet, for
every newly selected control time, temperature field of the
previous time z; is being assigned: T,(n)=T,(n,7;) and
the droplet dimension is being specified according to the
equation (9).
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Fig. 1 Selection (a) of evaporating droplet temperature by
iteration computations using the method of the fast-
est descent and the influence of this selection on
disbalance of energy fluxes on the droplet surface
(b). Duration of conductive heating Fo: 1 —0.11; 2 —
0.439; 3 — 0.878; 4 — 4.39. T,=573K. Txo=275K.

AT =T —Try|+0.001, K. Ri=510"m.

In the case of single droplet evaporation, the
changes of gas flow parameters are not taken into account.
Indeterminacy, related to an infinite sum, exists in the nu-
merical scheme (12), as temperature field gradient of the
droplet is being calculated [10]. Numerical experiment

q;+4q.
4r*4

100%. p,,/p=0
qc
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proves that the number of terms in the infinite sum should
be not less than 100. Such condition assures unambiguous
values of the parameters of combined heat transfer in the
droplet in all modelled cases. During iterative scheme op-
timisation the analysis of the parameters that define droplet
heating and evaporation processes pointed up a huge influ-
ence of liquid surface temperature on satisfying the condi-
tion of energy flux balance on the droplet surface (Fig. 1).
Instant value of the droplet surface temperature is selected
by iteration computations according to the scheme (12),
using the method of the fastest descent in such a way, that
it has to follow the condition of energy flux balance on the
droplet surface with the accuracy of one hundredth percent.
When calculating the instant value of the droplet surface
temperature, it is necessary to evaluate the change of this
temperature, which is smaller that one thousandth degree

(Fig. 1, a).
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Fig. 2 Control of energy flux disbalance during the nu-
merical experiment of heat and mass transfer in a
droplet. T, K: 1,2 — 573; 3-6 — 473; 7,8 — 1073.
Tro, K: 1-2,5-8 — 275; 3,4 — 303. Ry10°m: 1-4,7,8 —
5;56-2. p,,,/p:1,2-04;3,4-0;5-6-0.1

High reliability of the research results was en-
sured during all cases of numerical experiment (Fig. 2).
Calculated heat fluxes ensured the condition of energy
balance on the droplet surface with the accuracy of £0.001
percent during the entire lifetime of the droplet in all cases
of liquid evaporation in dry medium, neglecting the influ-
ence of Knudsen layer.

As liquid evaporates in humid air, relative error,
which defines the disbalance of energy fluxes, suddenly
increases, as phase transformation mode on the liquid sur-
face changes from vapour condensation to liquid evapora-
tion. This jump is more significant, if Knudsen layer’s in-
fluence is taken into account. During final liquid evapora-
tion stage the increase of relative error is observed as well.
This jump is related to highly increasing influence of
Knudsen layer during rapid decrease of the droplet dimen-
sion. In all modelled cases during the mode of phase trans-
formation change, as well as during the final liquid evapo-
ration stage, the accuracy of +0.1 percent was ensured in
the energy balance condition.

During major part of the droplet heating and
evaporation process the condition of energy balance on its
surface was ensured with the accuracy of +£0.1 percent,
evaluating the influence of Knudsen layer (Fig. 2).



3. Research results

Phase transformation of single cold water droplet
is modelled in various boundary conditions of heat and
mass transfer. Sprayed liquid is set to be cold, if its initial
temperature is lower than the temperature of equilibrium
evaporation beginning 7 , (Te), as the droplets are heated

conductively. When the influence of gravitational forces
on droplets movement in gas can be neglected, conductive
heating is observed, as the droplets are carried by gas flow
without slipping. This is the simplest droplet heating case.
Pointing up of the peculiarities of heat and mass transfer
processes in the case of conductive heating of droplets is
very important for the evaluation of liquid thermal state
change and phase transformation in more complicated
droplet heating cases.

3.1. Phase transformation of cold water droplets during
conductive heating

Unsteady and equilibrium mass transfer modes of

a droplet can be distinguished according to the distribution

of heat supplied to the droplet for its heating and evaporat-
ing.
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Fig. 3 Influence of gas temperature (@) and liquid vapour
pressure (b) on water droplet surface temperature in
the case of conductive heating. /-6,13-16 — Knudsen
layer’s influence is neglected. 7,, K: 1,2 — 373;
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The change of the droplet thermal state depends
on the peculiarities of phase transformations on liquid sur-
face. If liquid vapour is present in gas and the temperature
of sprayed liquid is lower than dew point, then the liquid
vapour condenses on the droplet surface for some time. In
this case the liquid is heated by condensation energy, ac-
cumulated in the vapour and heat delivered from gas by
conduction. That influences rapid warm of the liquid dur-
ing the initial stage of its thermal state change (Fig. 3).
Vapour condensation process can occur only in the case of
unsteady phase transformation, until droplet surface warms
up to dew point. During this mode phase transformation
intensity gradually decreases (Fig.4) until vapour flux
density passes through its zero value and changes direc-
tion. Then the vapour condensation on the droplet surface
stops and an unsteady evaporation mode begins - the rate
of phase transformation gradually increases.
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Fig. 4 Change of vapour flux density on a droplet surface.
Boundary conditions the same as in Fig. 1

Equilibrium phase transformation mode is being
reached, as all supplied heat begins to evaporate liquid
(Fig. 5). The approach of liquid unsteady evaporation
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Fig. 5 Energy flux densities on a droplet surface. 4-6 — The
influence of Knudsen layer is neglected. 7 =275K.
R=510"m. T,=1073K. p, /p=0.1



mode towards equilibrium evaporation mode is indicated
by: (a) approaching of the curve 5 that defines heat flux
density of phase transformations towards the curve / that
defines conductive heat flux in gas and thus defines exter-
nal droplet heating intensity, and approaching of the curve
3, which defines conductive heating flux density in liquid
and defines warming rate of the droplet, towards it zero
value.

When the influence of Knudsen layer is insignifi-
cant, the liquid approaches to equilibrium evaporation
mode and still continues to warm (Fig. 3), therefore fully
equilibrium evaporation is not reached.
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Fig. 6 Dependence of temperature drop in Knudsen layer
on the size of droplets (@) and gas temperature (b).
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That is confirmed by deviation of the curve 6,
which represents conductive heat flux density in the liquid,
from its zero value during the final stage of liquid evapora-
tion (Fig. 5).

During unsteady evaporation the temperature of
droplet surface warming 75 (r) increases up to the tem-

perature 7, R,e(z'e), which is characteristic to the beginning

moment of unsteady evaporation. This temperature de-
pends only on gas flow parameters - on temperature of gas
mixture and liquid vapour partial pressure in it and on the
way of droplet heating [10]. Conductively heated liquid
droplet, having the lowest temperature, will reach equilib-
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Fig. 7 Dependence of vapour pressure drop in Knudsen

layer on the size of droplets () and gas temperature
(b,c). Boundary conditions are the same as in Fig. 6
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rium evaporation for the given gas parameters. This tem-
perature T, R’e,](re) will remain almost constant during

equilibrium evaporation mode only if the influence of
Knudsen layer’s is insignificant (Fig. 3). Hence, the tem-
perature of liquid equilibrium evaporation in the case of
conductive droplet heating is very important parameter for
the evaluation of the change of dispersed liquid thermal
state. During phase transformation mode, close to equilib-
rium evaporation, the curve, that represents surface tem-
perature 7| R,e(r) of a single conductively heated droplet,



can deviate from temperature Ty, (z'e) only due to tem-

perature and vapour pressure drops in the Knudsen layer.
The influence of the latter factors is higher for smaller
droplets (Fig. 6,7, a). Temperature and pressure drops for
similar size droplets become more significant, as gas tem-
perature and liquid vapour partial pressure in gas increase
(Fig. 6,7, a). In these cases more significant influence of
the latter parameters on the change of droplet surface tem-
perature is being observed as well (Fig. 3).

The change of phase transformation character
makes essential influence on dynamics of liquid vapour
pressure in Knudsen layer (Fig.7,c). At the beginning
pressure drop increases under the influence of intensive
condensation. After that, weakening of condensation de-
creases pressure drop down to zero. At this mode of un-
steady phase transformation liquid vapour pressure on the
boundary of Knudsen layer exceeds saturated liquid vapour
pressure near the droplet surface. As the liquid begins
evaporating, vapour pressure drop in Knudsen layer starts
to grow, but remains lower than saturated vapour pressure
near the droplet surface. The amount of vapour in gas de-
termines the duration of distinctly unsteady condensation —
based phase transformation mode. Gas temperature, on
which actually depends the rate of droplet heating, also
makes certain influence (Fig. 7, ¢).
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Fig. 8 Heating dynamics of droplets in time (a) and Four-
rier number (b) scales. The Knudsen layer’s influ-
ence is cancelled. To,K: -3 — 275; 4-6 — 303.
Ry10°, m: 1,4-2;2,5-5;36-10. p,,/p=04.
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3.2. Discussion on results

Intensity of thermal energy, supplied to the drop-
lets, which are carried without slipping by nonradiating gas
flow, directly depends on their size. One can detect that
vapour flux density on the surface of spherically symmet-
rical droplets also linearly depends on their dimension.
That makes an assumption for temperature of liquid drop-
let during its equilibrium evaporation to stay constant, as
temperature and vapour pressure drops in Knudsen layer
are insignificant. The following fact is important:
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Fig. 9 Evaporation dynamics of droplets in time («) and
Fourier number (b,c¢) scales. The influence of Knud-
sen layer is cancelled. Boundary conditions are the
same as in Fig. 8
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the curves, which represent surface temperatures of evapo-
rating droplets with the same initial surfaces temperature,
coincide without reference to the droplet size in the scale
of nondimensional time, defined by Fourrier number, as
the influence of Knudsen layer on transfer processes is
insignificant (Fig. 8).

Therefore the curves /-6, 13-16 (Fig. 3) and the
curves /,4 (Fig. 8, b) represent heating dynamics of infinite
set of various initial dimension droplets in corresponding
boundary conditions, as the influence of Knudsen layer is
insignificant. As the droplets are heated by conduction, one
can detect universality of the curves, which represent the
change of droplet dimension variation (Fig. 9, a) in relative
form of the droplet dimension in nondimensional time
scale (Fig. 9, b), as the influence of Knudsen layer on
transfer processes can be neglected.

Universality of the curve that represents dynamics
of relative droplet dimension is possible only if the quality
of similar dynamics of vapour flux density on the droplet
surface is present. In this case it must completely coincide
in relative form m(z)/m(z,) (Fig. 9, c).

As the influence of Knudsen layer grows, the
curves of vapour flux density deviate from the universal
scale; this deviation is directly proportional to the sprayed
liquid (Fig. 10).
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Stratification of the curves, which represent dy-
namics of vapour flux density on the droplet surface, ac-
cording to the droplet size, is especially distinctive at the
final stage of droplet evaporation (Fig. 10, a) and is spe-
cific at the initial phase transformation stage (Fig. 10, b).
The processes of water heating and phase transformation
condition the change of droplet volume in different way:
liquid evaporation causes the droplet volume to decrease;
condensation and expansion of warming liquid cause the
droplet volume to increase. As cold water is injected, the
rate of droplet heating decreases during unsteady evapora-
tion, though the rate and character of phase transformation
grows. During the initial condensation stage the droplet
increases for a while due to intensive warming. As un-
steady evaporation begins and droplet warming rate gradu-
ally decreases, the droplet begins to decrease. That ex-
plains an extreme point in the curve that indicates the
variation of the droplet volume (Fig. 10, b). This extreme
point represents energy equilibrium between heating and
evaporation processes.

4. Conclusions

1. The peculiarities of phase transformation on
droplet surface have essential influence on the change of
droplet thermal state, especially the change of phase trans-
formation character.

2. The change of water droplet state and dynamics
of phase transformations in Fourrier number - based time
interval can be defined by universal curves. They represent
temperature variation of infinite set of various size drop-
lets, having the same initial temperature in the case of con-
ductive heating, as the influence of Knudsen layer on
transfer processes can be neglected.

3. Universal curves of the change of liquid ther-
mal state and phase transformations in Fourier number -
based time interval are very important for the evaluation of
heat and mass transfer peculiarities and the influence of
Knudsen layer, as the droplets evaporate in complicated
boundary conditions.

4. The difference between droplet equilibrium
evaporation temperatures in the cases of purely conductive
and combined heating allows evaluating the influence of
droplet slip velocity and radiation, absorbed in droplets on
liquid thermal state and phase transformation rate.

5. The influence of temperature and pressure
drops on liquid thermal state and phase transformation rate
can be evaluated according to the change of droplet equi-
librium evaporation temperature, calculated evaluating the
influence of Knudsen layer.
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,,LASO“ UZDAVINYS SIUOLAIKINIU TERMINIU
TECHNOLOGIJU RETROSPEKTYVOJE

Reziumé

Pateikta iSpurksto skyséio faziniy virsmy kombi-
nuoto analitinio ir skaitinio tyrimo metodika, kurig taikant
laSelio didumas neribojamas. IStyrus laidumu sildomy Salto
vandens laseliy fazinius virsmus, nustatytos skyscio termi-
nés bisenos kitimg ir faziniy virsmy dinamika per Furjé
kriterijumi iSreikSta trukme¢ apraSancios universaliosios
kreivés. Jos apraso tos pacios pradinés skyscio temperatii-
ros begalinés aibés skirtingo didumo laseliy pavirSiaus
temperatiiros kitima, kai laseliai Sildomi laidumu ir Knud-
seno sluoksnio jtakos pernasos procesams galima nepaisy-
ti. Pagal nukrypima nuo $iy kreiviy, laSeliams garuojant
sudétingomis ribinémis salygomis, galima vertinti laseliy
slydimo grei¢io dujose, spinduliuotés sugérimo pusskaid-
riame skystyje ir Knudseno sluoksnio jtaka laseliy Silimui
ir garavimui.
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“DROPLET” PROBLEM IN THE ASPECT OF
MODERN THERMAL TECHNOLOGIES

Summary

The study presents the combined analytical and
numerical method, which allows researching phase trans-
formations of dispersed liquid without reference to droplet
size limitation. Phase transformations of conductively
heated cold water droplets were examined; the universal
curves of the change of liquid thermal state and phase
transformations in Fourrier number - based time interval
were determined. These curves represent temperature
variation of infinite set of various size droplets, having the
same initial temperature in the case of conductive heating,
as the influence of Knudsen layer on transfer processes can
be neglected. Deviation from these curves, as droplets
evaporate in complicated boundary conditions, allows
evaluating the influence of droplet slip velocity, radiation,
absorbed in semitransparent liquid and Knudsen layer on
droplet heating and evaporation processes.

I'. Munsyckac, B. I'apmyc

3AJAYA , KAIUIN* B CBETE COBPEMEHHBIX
TEPMHWYECKHUX TEXHOJIOT

Pe3zmomMme

[Ipemmoxxena cBoOOgHAST OT OTPAHWYCHUS BEIH-
YUHBI KaIld METOJMKa KOMOWHHMPOBAHHOTO AaHAUTHYC-
CKH-YUCIIEHHOTO HCCIIeZIOBaHUs (Ha30BBIX IpEeBpaIEHUI
JIUCTIEPTUPOBAHHOM JKUIKOCTH. VI3yuuB McnapeHue Kareib
XOJIOTHOM BOJIBI MIPH KOHIYKTUBHOM HarpeBe, YCTaHOBIIE-
Hbl YHUBEpCAJbHbIE KPUBLIE NTUHAMUKUA W3MEHEHUS Tep-
MHYECKOTO COCTOSIHUS ¥ (ha30BBIX MPEBPAICHUN JKUIKO-
ctu uepe3 kputepuid @ypre. DTU KpUBBIE ONUCHIBAIOT U3-
MEHCHHE TEPMHUYECKOTO COCTOSHUS M JHHAMHUKHU (Pa30BBIX
MpEeBpAIleHUA >KUIKOCTH OCCKOHEYHOTO 4YHCla pa3sHOU
BEJIMYMHBI Kamellb, OJMHAKOBOW HAYaIbHON TeMIepaTyphl
JKUIKOCTH, TIPH KOHIYKTHBHOM HarpeBe Karejb B YCIIOBH-
X Manoro BiausiHUSA ciosd Kuyncena. Ilo oTkioHeHUIo OT
YHUBEPCAIBHBIX KPUBBIX TPU CIOXKHOM HarpeBe Kareib
MO>XHO OILICHHUTH BJIHUSIHHUC CKOpOCTI/I CKOJIBKCHUSA KallCJIb U
mporecca MOTJIONICHHsI TEIIOBOTO M3JIYYCHHUS TMOIYIPO-
3pavyHOi JKUJKOCTBIO, a TaKXke BiusHue cinosd Kuyncena Ha
MPOLIECC HarpeBa U UCIIapeHUs Karelb.

Received November 27, 2005



DOI: 10.5755/j02.mech.14744



