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ABSTRACT

Water droplet evaporation process is numericallefled under various heat and mass transfer conditiRegularities of heat transfer prog

€SS

interaction are examined. Modelling in this worksaygerformed using the combined analytical — nuraémeethod to investigate heat and mass
transfer in the two-phase droplets-gas flow sysfEne influence of forced liquid circulation on ttieermal state of droplets is taken into account by

the effective coefficient of thermal conductivi§alculating the rate of droplet evaporation anditiensity of convective heating, the influence
the Stefan’s hydrodynamic flow is taken into acdoBalancing energy fluxes in the droplet to witline hundredth of a percent and using
fastest sinking the droplet surface temperatudeisrmined.

Keywords: water droplets, combined heating, evaporation.

prevention of timing and space coordinate indeteaties, as well as,
reliable control of convergence. The method of tkbpsurface
temperature calculation is based on the principknergy flow balance

1. INTRODUCTION

of
the

Heat and mass transfer in water droplets is impobria many
thermodynamic applications: air drying and humdaiifion in
evaporation chambers of HVAC systems, cooling ghhiemperature
gas flows, fire extinguishing systems, etc. Watejedtion into
combustion chamber or air supply system of intecoahbustion engine
is an effective method to regulate combustion teatpee or minimize
NO, emission of combustion process. Scientists andising are
interest in water injection effect on compressiond aexpansion
processes in gas turbines. Aforementioned appicatand processes
are governed or influenced by water droplet evapmraThe rate of
droplet heating is essential to droplet evaporaficocess in the two-
phase droplet-gas system.

In the evaporation chamber there is a small engugiential
difference between air and water injected intdliterefore, the process
of phase transformation is inefficient. It is pdésito intensify heat and
mass transfer by delivery of additional heat intatev droplets. This
requires one to understand the influence of ramhatd heat and mass
transfer process of sprayed water droplets. Iteisessary to take into
account the intensity of heat and mass transftrdarair flow and inside
the evaporating droplets. Processes of dispersiwnta@o-phase flow
are closely related (e.g., Miliauskas and SabaB@86; Tseng and
Viskanta, 2006). Research of heat and mass traw$féhe sprayed
liquid is known as “droplet problem”. It covers easch of heat and
mass transfer phenomena inside the droplet ants ianibience. Last
decade achievements in “droplet problem” are deedriin literature
(e.g., Sazhin, 2006; Miliauskas al., 2010).

2. ANALYTICAL-NUMERICAL
RESEARCH

The combined analytical-numerical method to solk@ptét problem is
applicable when it is necessary to consider theraation of unsteady
heat and mass transfer process with the pecubgritf spectral
radiation (Miliauskas, 2001). The advantages o$ timethod include

METHOD OF
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at the droplet surface (see Fig. 1).

G (r)+ G5 (r)+d7(c)=0 @)

<

", Evaporation” " Condensation.”
R ’

Since the spectral radiation absorption coefficieaf the

semitransp rent)dropl tarj

surface:q; \R™,z/=q; (R",7). Then the Eq. (1) can be rearranged.
A (r)-ac (c)-ai (r)=0 2)
The external convective flow between gas and theldt is
Nu- 4,
&~ Ty ~Tr)- 1(B7) @3)

finite, radiation is adwsorbed in a droplet
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The function of Spalding transfer number evaluditesinfluence of
hydrodynamic Stephan flow. Nusselt number for theptet is
described by Abramzon-Sirignano model (e.g., Abmamzand
Sirignano, 1989), and Spalding transfer numbeseteninined based on
recommendations presented in (e.g., MiliauskasSatrhnas, 2006).

The internal convective flow in a droplet is debed by the modified
Fourier law.

(4)

The effective coefficient of thermal conductivityy; = 4,k , which
takes into account water circulation inside theptiFfbaccording to the
recommendations in (e.g., Abramzon and Sirigna@89%L

Pq (r)
al } 5)

ke(r)= 186+ OBGtam{ 2245log,o

Unsteady temperature field in water droplet is dbsd by model of
combined heat transfer in a droplet by conductiuh rmdiation.

T(r)=Ta(0)+ 2 Esinlney)
n=1

xifn(f)ex;{ a[n—gf(tr)}dr

Function f, takes into account the influence of radiation aptson in
the droplet and the rate of change of surface tesmpe to the
temperature field in the droplet (Miliauskas, 2001)

(6)

0 R@) dTR(T)+ 1
fo(z)= (1) nr dr R(r)p(T)Cp(T)

(@)

x Zq, (r,z)[sin(nzn) - nzz - codnzy )jdr

Non-stationary temperature gradient in Eq. (4) ésatdibed by the
following Eg. (8).

aT, 212 ot nz )2
=l "R nEln(—l) éfn(r)ex;{— a(?) ('[—T)]dr (8)

The density of phase transformations heat flow

at (r)=my (¢)-L() )
is determined by the density of vapor flow on ded@iurface

+ (T Dyg (T)ﬂv

P— Pyl
_ veol?) (10)
N T ORRE

p- pyr(r)

)pln

which evaluates the influence of Stefan flow to snamnsfer (e.g.,
Shorin, 1964; Kuzikovskij, 1973). To determine tlidume variation of
a spherically symmetrical droplet the intensitypbfase transformation
on droplet surface and expansion of warming wateesaluated.

pl(7) 8R3(r) = RS(T) a/a)(:) - 3R2(T)mj (r)

o (11)
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Fig. 2 Droplet surface temperature dependence on heatmgen: (1-
6) conductive; (7) radiative-conductive; (8) cortves; (9)
radiative-convectively=1073 K R;=0,0002m. Droplet primary
temperaturd, o, K: (1, 4, 7-9) 300, (2, 5) 370, (3, Arek-

Water vapour volumetric part in aip, ./ p: (1-3, 7-9) O, (4-6)

0.25. Primary velocity of the droplets slip in aw, m/s: (1-7)
0, (8,9) 10.

The system of Eqgs.(2-11) is solved numerically gisim iterative
method. Numbed of a control droplet cross-section is freely stldc
The position of cross-section is defined by dimenkss droplet
coordinate; : ; =0 whenj=1; »; =1 whenj =J. Control timet is
selected and numbédr of time coordinate steps is provided= 0
wheni=1 7=t wheni=|. The thermal state of water droplet
convectively heated by gas and influenced by rauiats calculated
numerically solving the Eqn. (6). The warming degplsurface
temperature is calculated using the method of s&egescent down to
the accuracy of balance (2) being no less thanrmaredth of the
percent. The local radiant flux density in the watmoplet is calculated
by technique described in (Miliauskas, 2001) basedhe temperature
field calculated in previous iteration. The techrégakes into account
the radiation absorption inside the droplet anccspk effects on the
surface of the contact between air and water. Tpectgal optical
characteristics of water have been investigated wedl (e.g., Hale and
Querry, 1973; Halet al, 1972).
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3. RESULTSAND DISCUSSION

The change of thermal state of waters, evaporaitingir flow is

modelled numerically under different conditions loéat and mass
transfer, when liquid spray dispersity influencegas flow parameters
is insignificant. Conducting heating is modellechsidering that the
droplets are moving in air flow without slippingn Ithe case of
convective heating, the initial velocity of the dlets slip in air is
predicted. When considering combined heating opldts, it is stated
that absolutely black source of radiation exits,iolvhtemperature
corresponds to the temperature of air flow.
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Fig. 3 Droplet temperature dependence on initial watemperature
and droplet heating manner: (dotted lines) constactieating,
(solid lines) radiative — conductive heating. litiwater
temperaturd, 5, K: (a) 300, (b) 370. Heating timEo: (1)

0.072, (2) 0.144, (3) 0.289; (4) 0.506, (5) 1.08) 6.2.
T=1073 K p=0.1MPa Ry=0,0002m. T = T(Fo,7)/ T gek -

Comprehensive analysis of water droplet warming ewaporation
results obtained under different boundary cond#iof heat and mass
transfer, highlighted the determinant influence tioé water droplet
heating manner on it state change dynamics (se}:ig
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Fig. 4 Dynamics of water droplet warming in a real tinag &nd in a
time scale expressed by Fourier number (b) in thse cof
conductive heatinglTy = 818. Ry, m: (1-3, 10-12) 0.0001, (4-

6,13-15) 0.000175, (7-9,16-18) 0.00085.,/p:(1-9) 0.25,
(10-18) 0.

It was defined that transferring the heat from a gma droplet in
different manners, independently on the same psincanditions, the
droplet reaches equilibrium evaporation state ba&indifferent energy
level. It is outlined by the droplet surface tengiare at the beginning
of equilibrium evaporation. Indication of the edjpiium evaporation —
all energy supplied to a droplet evaporatesqif:= g5, . It was noted
that during equilibrium evaporation droplet surfatemperature,
independently on the heating manner, approachdairtedistinctive
temperatur@ gy, it corresponds to the droplet equilibrium
evaporation temperature in conductive heating ¢sese Fig. 2). It was
evaluated that this temperature is a function efdhoplet surrounding
gas temperature and liquid vapour partial pressune it:
TRE,k = f{Ty pvoc) It does not depend on the droplet primary siate,
is the Iowest droplet surface temperature at wiligplet equilibrium
evaporation at givenTy and p,,, is possible. The lowest values
temperatureT g
there is no I|qU|d vapour. whem, , = ,0therTgey = f(T ) The
value of the ratio of the initial liquid tempera&euil’, o0 On temperature
Tre of liquid droplet that evaporates in equilibriunode influences

ek achieves when a droplet evaporates in a gas where
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the change of the thermal state of sprayed liquithd unsteady phase
transformations (e.g., Miliauskas and Garmus, 2088)T, o/ Tre <1,
droplets warm during unsteady phase transformatmasit is possible
to state that sprayed liquid is “cold”. A§ o/Tre>1, droplets cool
during unsteady phase transformations and it isiplesto state that
sprayed liquid is “hot”. As the value of tempera&uatio T) o / Tge is
close to 1, the influence of unsteady phase tramsftton mode is
negligible and the thermal state of the drople@nges insignificantly
during this mode. The flow of radiation, absorbedvater, accelerates
warming of cold water droplets (see Fig. 3a), lmtards cooling of hot
water droplets (see Fig. 3 b).

The change of characteristic centre, surface andnmmass
temperatures of the unsteady temperature fieldsigndtive for water
droplets of different size (Fig. 4 a). Though vida of the curves in
Fourier number based scale is independent of drge (Fig. 4 b).
Hence, in Fourier number based scale the charsiitecurves indicate
warming dynamics of infinite set of water droplefhis important
conclusion allowed optimizing the whole numericaksearch
(Miliauskaset al, 2008).

The imbalance of energy fluxes at the surface apervating liquids
is controlled during the numerical experiment ($€g. 5). In the
selection of an instant value of the droplet swftnperature using the
fastest descent method, the temperature variatidhe range of one-
thousandth of a degree was considered. Then, tlaadeaof energy
fluxes is secured at a confidence not less tha®9%.@uring the
numerical investigation. Imbalance fluctuation édated to the change
of the phase transformation mode, when the vapardensity module
reaches its zero value and the direction of itdarechanges as vapor
condensation at the droplet surface is replacedidoyd evaporation
(see Fig. 5). The control of the energy flux iminaka at the droplet
surface was performed in all cases of phase tremsfons.
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Fig. 5 Imbalance control of energy fluxes at the droplatface during
the numerical investigation. Droplet heating mod@d-3)
conductive, (4-6) radiative-conductivd; o =278K.Ry, m: (1,

4) 0.000025, (2, 5) 0.00005, (3, 6) 0,000T, =500K.
Py /P=0.1.

State change of cold evaporating droplet may besiflad by
instantaneous temperature field peak position ire throplet,
accentuating primary, transitive and final dropietting periods. Zero
value non-dimensional temperatures

T (17, FO) ~ Tmin (7, FO)
Th (77' FO): T maz(r], FO)—TmiZ(Ua FO)

(12)
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T,=0 shows minimal temperature position of instantaseo
temperature field in a droplet (see Fig. 6) (Mifkas, 2001). The value
T, =1 shows maximal temperature place of this field oiroplet.

REVAVAYAY
ey \!
e N

0 o

0.4 0.8

Fig. 6 Regularities of temperature field change in evapiog water
droplets in the case of combine heatif@: (1) 0.0176, (2)
0.267, (3)0.332, (4) 0.354, (59.375, (6)0.397, (7)0.429, (8)
2.403. Ry = 00001Im. Ty = 1500K. Tj g =300K. p,,,, / p=0.

In a primary water droplet heating peridg, = 1 is on the droplet
surface whileT,, =0 is in the center (Fig. 6 curve 1). Transitional
heating period starts whefi,; =1 retires from the droplet surface.
According to the peculiarities off,, during the transitional droplet
heating period, first, second and the third pary e pointed. In the
first part of transitional heatingl,, =1 is inside the droplet while
T, =0 is in the droplet center (see Fig. 6 curves dmjhe second part
of transitional heatind’,, = 1 is inside the droplet whil&, = 0 is in the
droplet surface (see Fig. 6 curves 5, 6). The §ingt second periods are
connected by a moment in whith = T . These temperatures meet the
condition T, = 0. In the third part of transitional heatifiy, =1 is in a
droplet center whileT,, =0 is on its surface. This period begins when
Th =1 moves to the droplet center. It continues tél tommencing of
droplet equilibrium evaporation. The commencingtted final droplet
heating stage can not be determined according dopétuliarities of
T because also in the final droplet heating stdge=1 is in the
droplet center. This requires additionally takingpiaccount that during
equilibrium evaporation energy supplied on a drbgiges not heat it.
Therefore in the final heating stage all energypdied on the droplet
evaporates it. In above mentioned evaporating dtopéating stages
the conditions for complex interaction of transfprocesses are
different. This is determined by the peculiaritiefé energy flows
densities changes on the droplet surface (se€/)ig.

During unsteady evaporation a droplet heats, thezegévaporation
process is supported by only a part of the eneaalggrt on it. Other part
Reats 5 GropIeE ()2 £ )Gk ()~ 1)+ anl ). sty of e
energy employed for droplet heating is outlinedtiy total heat flow
density on internal side of the droplet surfagér)=0qs(r) and
a7 (r)= i (r)- g3 (). Energy flow densities on an interphase contact
surface are determined by the interrelation of titsasfer processes
interaction in a droplet and in its ambience. Iis tbase convective
componentqg (r)of total heat flow gz (z) density is determinant. It
undergoes not only quantitative but also and emdequalitative
changes during the droplet heating and evaporaliemperature field
gradient in a droplet is positive in the primanatieg period. Therefore
the droplet is heated by the absorbed radiativeggnand a part of
convective heat flowy,(z)=g; (c)+ k.qd (r). Other convective heat
flow part evaporates the droptgt(r) = (1 k¢ )g¢ (¢) . At the beginning
of the heatingk,is close to 1. It reduces to zero during the primar
period. So during primary droplet heatirq{(r) corresponds to the
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external convective heat flow part which heatsdhaplet. Its vector is
directed to the droplet center, g(r)=q; (¢)+q (r) . Temperature
gradient in a droplet is negative during the trémsal heating period.
The droplet is heated by a part of absorbed radjati + .
enerquh(r):qu,‘(r). It is evaporated by all convective heating mode qf(Foa Foch)ao the droplet warms up till reaches dew

energy and the rest of the radiation figi(r)=q¢ (z)+(1-k )g; (). ~ point. Time instance, when nature of phase transition at droplet
Coefficient k, decreases from one to zero during the transitionalg iface changes iq;(Foch)qu(Foch). During the condensation

heating period. At the end of the transitional perand latek, =0. So . ) o ] )
during a droplet transitional heating perigI(r) corresponds to the Mode it is possible to dehumidify an air. Duringe thinsteady
evaporation modeFo_,, +Fo,, heat supplied to the droplet by

part of absorbed by the droplet radiating flow dignshich evaporates
the drogjlet. Its vector is directed to the droplet

surfaceds (v)= a7 ()~ ¢ (7).

duration of the mode of condensation phase tramsftions, which is
determined by temperature and humidity of air aedhperature of
sprayed water into the evaporation chamber. Dutiirggcondensation

conduction heats them and causes its evaporatisrwakm-up of the
droplet declines and evaporation increases, thecepso gradually
reaches equilibrium evaporation mode, which bynitdfin onsets when
q entire heat supplied to the droplet is consumedef@poration of the

kw/m? droplet. At time instance Fo=Fog, droplets warm-up till
250 // temperaturd i, this identifies the mode of equilibrium evapaooati
200 43’;// During the equilibrium evaporation mode the tempee Tg
i tant.
— remains cons
5
150 [ — |
1 NOMENCLATURE
6
100 a thermal diffusivity (n/s)
2 By Spalding transfer number
50 [\ C specific heat (J/kg-K)
4 Fo Fourier number
‘ I index of control time
0 J index of droplet surface
0 0.5 1 1.5 2 2.5Fo L latent heat of evaporation (J/kg))
m, vapour mass flux density (kg#s)
Fig. 7 Regularities of the changes of energy flow deesiton the nuFr)nber of the term in in}/irfitg s&m
surfaces of evaporating water droplet. Combine weteplet Nu Nusselt number
heating case, whetw= .0 Ry=0,0002m. T, =300K. p pressure (Pa)time (s)
Pe Peclet number
— — i —at
T,=1073 K p,, / p=0. Meaning of a parameter (1)q=qc , q heat flux density (W/A)
2a=q". A)g=ot, @)a=0a-, (5)q=q} .(5)q= 0. r coordinate of a droplet (m)
(2)a=ar , (3)a=0z, (4)a=0qc, (5)a=4d; .(5)q=0; R radius of a droplet (m)
R. universal gas constant (J/kmol K)
t control time (s)
4. CONCLUSIONS T temperature (K)
The droplet heating manner is essential factor raeteng the Greek Symbols
peculiarities of sprayed liquid thermal state chan@he important A y droplet sli locity in th /
factors are: liquid spray dispersity — determinesptet vaporization W roplet sliip velocity in the gas (_m S)
velocity and their expansion in the case of heatimgtial liquid n non-dlmensmna! Qroplet coordinate
temperature — makes preconditions for the phasesfoemation by thermal conductivity (W/m K)
condensation regime; gas flux parameters — deterrtfie impact of molecular mrgss (kg/lkmol)
external energy intensity on droplets. Thermal estshange of * S%I;SI(tsy)(kg/ )
T

evaporating droplet may be classified by instardasetemperature
field peak position in the droplet, accentuatingmarry, transitive and
final droplet heating periods.

The research results show that irrespective ofldtafispersivity a
peculiar change of sprayed liquid thermal statetexin the time scale

Superscripts
+ external side of a droplet surface
- internal side of a droplet surface
Subscript

expressed by Fourier number. The above mentionatigeh can be .

conveniently defined by the characteristic curvepresenting the °© convective .

change of a droplet surface, centre and bulk teatpess, which are €0 conq_en_satlon regime .

sensibly influenced by temperature of gas mixture partial pressure € equml_)num evaporate regime

of liquid vapour in it. The density of phase trasfiations heat flow: ef effective .

The research revealed influence of droplet heatimgde to their | phase transformation

thermal state. The characteristic lifetime of trenductively heated 9 gas . .

droplet in the scale, expressed by Fourier number! time index in a digital scheme
i . o index of control time

0+ FOgqy +FOg +FO¢ independent of sprayed water dispersity. I, intensity of spectral radiation

During the condensation mode of phase transformatie Fo.,, the index of droplet cross-section

) ) ) ) J index of droplet surface
droplet is heated by condensing water vapor togetlig conductive conductive
heat from air. The time instarffo= Fo., reflects the characteristic | liquid

5
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m mass average
r radiative

R droplet surface

% vapour

vg vapour-gas mixture
0 initial state

3 total

) far from a droplet
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