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1.2 Objectives

The objectives of this thesis are the following:

1. To perform a comparison between the predictionghefheating and
evaporation model, suggested by Sazhin et al (2@04) experimental
data similar to those reported by Deprédurand é€2G10) for mono-
component droplets, but for a wider range of sultsa (acetone,
ethanol, 3-pentanone, n-heptane, n-decane and etcdond) and
different experimental conditions. The effect ofemaction between
droplets on the predicted droplet temperaturesradd will be taken

into account.

2. To develop a simplified model for multi-componenbplets (small
number of components) based on a new analyticaltisol to the
species diffusion equation inside the droplet amadidation of this
model using the available experimental data (aceton
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1.3

6. To develop a new quasi-discrete model for multi-ponent fuel
droplets with large number of components and tdyafips model to

Diesel and gasoline fuels.
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2 Literature review

This chapter briefly highlights numerous previotigdges related to heating and
evaporation of fuel droplets. Section 2.1 focuseshe models of mono-component
droplets heating and evaporation. Section 2.2 fsusn the models of multi-
component droplets heating and evaporation. Exmgariah studies related to the
heating and evaporation process of fuel dropledssammarised in Section 2.3. A

summary of this chapter is presented in Section 2.4

2.1 Mono-component droplet heating and evaporation

Chin and Lefebvre (1983a) studied the effect of iamib pressure and
temperature on the evaporation rate of differepesyof fuels (aviation gasoline, n-
heptane, JP4, JP5 and DF2) in air. They provideddhowing equation to calculate

the steady-state evaporation constant(see Eq. (2.7)) of the?-law:
c q¢f *g2h
b ? 9ig ' :UZ
where In Is the gas specific heat capacity, is the gas thermal conductivity, is

the liquid fuel density and), is the Spalding mass transfer number:

Inol 1
Mo e gy : (2.2)
(o] [o] ™ hpSY

wheret, andt,,, are the fuel vapour mass fraction at the dropldase and in the
surroundings respectively. They assumed that w, while t, was calculated

from the following equation:

t, x <51 :MX{O*, (2.3)
Jn Mz
where | is the ambient pressurg;. is the molecular weight of air} is the
molecular weight of fuel andl, is the fuel vapour pressure (saturation pressatre)
the droplet surface calculated from the Clausiusp€yron equation:
l.  ANE;NU ;0% 4 (2.4)
where is the droplet surface temperature .&ndi are constants specified for

various types of fuel.



Chapter2: Literature review

available for heating the droplet is equal to tleathused in evaporation of the

droplet which means that, , aaaaa
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was also noticed that increasing ambient temperataduced both heat-up and
steady-state periods.

Abramzon and Sirignano (1989) developed a modelnfono-component
droplets heating and evaporation. This model camsl the effects of variable
thermophysical properties, the non-unity Lewis nemin the gas film, internal
recirculation inside the droplet and the transtesdting of liquid fuel droplets. They
called this model the ‘extended model’. It is basmd the solution of a two
dimensional (axially symmetric) energy equationidasthe droplet. The limiting
cases of this model are: for small liquid Peclanbers Pg) the extended model is
reduced to the ‘Conduction limit model’ while forgh liquid Peclet numbers the
extended model represents the ‘Vortex model'.

It was noticed that the extended model has poor E€fitiency and is not
adequate for implementation into CFD codes. A siiepl model was suggested to
take into account the effect of recirculation imsidroplets via the ETC model, in
which the thermal conductivity of liquid is multiptl by the factor which allows
for the effect of internal circulation on heat tséar within the droplet:

" : 2.13)
where the coefficient varies from 1 (at droplet Peclet numbejiPe ReygPrygy <

10) to 2.72 (at R@) > 500) and it was approximated as:

P C<wi C3EAPD b 1A%« '8 p USWO, (2.14)
where@ , 12178 i5 the Reynolds number and-p 2 is the Prandtl
((9 9
number, based on liquid transport coefficiemts, , and are liquid density,

dynamic viscosity, specific heat capacity and ri@rconductivity respectively and

is the maximum surface velocity calculated as:

*

a' K » D'S%:a D ® (215)

where | is the gas velocity, p is the droplet velocity,  is the gas dynamic
viscosity, 2 p is the Reynolds number based on gas transporfigeafs 2

k- k 5 p-Ep «kand g is the friction drag coefficient:

| 18)

*+ébo

® 7i;U3 *92h

where \, is the Spalding mass transfer number defined by(Z8).
The predictions of the ETC and extended model®simoincided while the

extended model results appeared to be in betweenrabults of the

8
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Conduction limit models. The ETC model does noaill¢he physical features of the
recirculation inside the droplet which are not imrtpat in most practical engineering

applications but it predicts the global effect bk trecirculation on heat transfer
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inside the droplet. To improve the accuracy of thi®del, a dimensionless
temperatureV ;v Tl «; v was introduced. The dimensionless surface

temperature was calculated as:

, 10 gY°+))
Ya

\/ , (o€ N34

10
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The model referred to as ‘M3’ is a limiting case ‘b4’ when 3
3 . When the coefficient 0.3 in Eqgs. (2.28) and (2\28s replaced by 0.276
the model was referred to as ‘M5’. The ‘M6’ modedssbased on the analysis of the
experimental data:

+ *g,;Y-aeT""éOSOr ’ (680r ’

oP 2 X ga, AO {, (2.36)
. = Of2. Ofs
ef*g2 . +gY-ag0 g Of"
TU X *gzasﬁE-U {, (2.37)
where lmi 400 g ; —° and‘ is the heat transferred to the droplet by
a
convection.

Sazhin et al (2006) pointed out that the ‘M4’ mopeddicts the evaporation
time closest to the one obtained based on the mijppation of experimental data.
They showed that the ETC model leads to marginbliyter agreement with
experimental data than the ITC model. This is imeament with the results of
Bertoli and Migliaccio (1999).

Barata (2008) presented a numerical study for @edion of biofuel droplets
injected through a turbulent cross-stream. Theceffié interaction between droplets
was ignored and the ITC model was used to desthibdeating process inside the
liquid droplet. This model was applied to the as@yof the evaporation of Diesel
‘DF2’, Rapeseed Methyl Ester ‘RME’, ethanol and eptane fuel droplets. The

results showed that ‘RME’ has similar evaporation ¢

13
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Mitchell et al (2011) suggested a numerical sotutio the heat conduction
equation inside the droplet considering the effgficthanges in radius during the
individual timesteps. The predictions of their miodeincided with those of the
model based on the analytical solution to this &goaprovided by Sazhin et al
(2010a).

Sazhin et al (2011d) suggested other analyticatisols to the heat conduction
equation inside the droplet considering the effd@cthanges in radius during the
individual timesteps, assuming that the time evoluof the droplet radius is known.
The predictions of these calculations were compavitd the predictions obtained
using their previously suggested approach wherdtbplet radius was assumed to
be a linear function of time during individual tisteps (Sazhin et al, 2010a). For
sufficiently small timesteps the time evolutions dybplet temperatures and radii
predicted by both methods coincided. The solutiswgygested by Sazhin et al
(2010a, 2011d), predict lower droplet temperaturé slower evaporation when the
effects of the reduction &y are taken into account.

2.2 Multi-component modelling
When modelling multi-component fuel droplets onedseto take into account

that different components evaporate at different ra

14
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the mass balance was used to calculate the evegporate of the multi-component
droplets. The model was then implemented into KI¥AFD code and applied to

evaporation of isolated droplets, Diesel spray Riasel engine conditions. Different

15
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simulate the heating of the liquid phase. The acous

16
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where € is the property of the component (they used thdeoutar weight to
represent this propertyg, is the origin || andJ are parameters that determine
the shape of the distribution anddetermines the original shift. They built their
analysis of the liquid phase on the ‘ID’ and ‘IT@iodels. For the liquid-vapour
equilibrium they used Raoult’s law with the ClawssiDlapeyron. The model was
applied to the analysis of evaporation of Diesel gasoline fuels.

Lippert and Reitz (1997) applied the continuousrtiaynamics approach to
multidimensional calculations for droplets and gpraSimilarly to Tamim and
Hallett (1995), the Gamma distribution (Eqg. (2.40)as used, the droplets were

assumed to have uniform temperature and a well dniigiid phase (ITC and ID

18
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continuous thermodynamics approach. This model shasvn to be independent of
the form of the distribution function that is sekat for the continuous fuel species
and they used the Gamma distribution. They derthedtransport equations for the
semi-continuous systems. The liquid phase inclddgdd fuel (continuous) and the
ambient gas (discrete) while the gas phase inclfwkdd/apour (continuous) and the
ambient gas (discrete). The model was applied e¢ontledelling of evaporation of
Diesel fuel with composition parameters similathose used by Tamim and Hallett
(1995) and evaporation of n-tridecane as mono-compiofuel withl wwew ,
J we and ndew and with the mean molecular weight correspondinDiesel
fuel. The droplets were injected into nitrogen dhe results showed that for high
pressure conditions the heat of vaporization iregeato a maximum value then
decreases with increasing temperature. For lowspres the heat of vaporization
decreased with increasing temperature. The equivate®no-component fuel (n-
tridecane) predicted smaller heat of vaporizatiospeeially at low droplet
temperatures and high ambient pressures conditidiey emphasised the
importance of considering the composition of matimponent fuels under sub- and
super-critical pressure conditions.

Arias-Zugasti and Rosner (2003) introduced speot@lesentation of the PDF
with a number of components (pseudo-componentshmso@ller than the number
of components in the original chemical mixture. yigeneralised the former method

in which the PDF describing the mixture was assumed

19



Chapter2: Literature review

continuous thermodynamics technique. They considieve cases of the distribution
function. The first was the single distribution &tion and the second was a sum of
two distribution functions with widely differing nhecular weights (n-heptane and n-
dodecane, a ‘dumbbell mixture’). The results udimg single distribution function
showed that neither temperature nor evaporation ae¢ significantly affected by
internal mixing until near the end of the dropldifstime. The results indicated that
the largest effects of the liquid mixing models seen for two discrete components
and these effects decrease when the discrete cemisoare replaced by two broad

distributions to form a dumbbell mixture.

20
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the effect of finite thermal diffusivity but assuchefinite mass diffusivity for the
liquid phase. The results showed good agreemehtthdt experimental data.

Zhang and Kong (2010) developed a hybrid vapoonathodel based on both
the continuous thermodynamics approach, to desqudteoleum fuels, and the
discrete components approach, to represent biofweld mono-component

substances. It was assumed that liquid phase hwhtneass diffusivities were

21
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represents the bulk of the fuel, a small light FAK&ction reproduces the early part

22
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1997), which is based on the variation of the wiva index of the droplet with
temperature. A visible laser beam passes througdrbplet and produces a rainbow

pattern. The rainbow pattern location, which changéh temperature, determines

23
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fluorescence ratio. This ratio was found to be pasfelent of laser power within 1%,
corresponding to an error in the temperature o sn 0.5 °C, and it does not
change with the change of the measuring volume. diagieille et al (2002a)

demonstrated the ability of the two-colour LIF temjue to provide average

24
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within the injector body. For specific frequencadorced mechanical vibration, the
liquid jet broke up into equally spaced and moreedidroplets.

Castanet et al (2002) implemented electrostatwattar plates at the injector
exit in order to adjust the droplets spacing witholianging the droplet diameter.
The droplets stream then passed through the thdvmatdary layer of a heated
vertical plate as shown in Fig. 2.2. The dropleeswas measured using a light
scattering technique (interferential method) witle droplet velocity was measured
by Laser Doppler Velocimetry (LDV). Measured drdplemperature, velocity and
size were used to estimate the heat fluxes actintp@® evaporating droplets for both
heat-up process and steady-state of evaporatiom.rd@$ults showed that the heat
convection coefficient for the heat-up processighér than the one in the steady
evaporation case. It was also demonstrated thatat@mns to the Nusselt number

have to be applied to compensate for the effenttefaction between droplets.
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Fig. 2.2 Experimental set-up used by Castanet @0412).
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Castanet et al (2005) used phase Doppler anempoiioetmeasurement of
droplet sizes and calculated the heat fluxes (wadeflux, evaporation flux and
convective heat flux) acting on evaporating ethadrolplets moving into a flame.
The Nusselt and Sherwood numbers were calculateah fihe heat fluxes and
corrections to them were presented to take intmwtcthe effect of interaction

between droplets in the following for®b
0

- 066 0 oos

% EEL£SPWe$C ;we L (2.41)

where is the distance parameter, defined as the dwopfgcing divided by their
diameter. The subscript, refers to isolated droplets. For distance pararséseger
than 9, the interaction effects were shown to bgdigible. For distance parameters
less than 9, the evaporation rate was shown teedserwith increasing values of the
distance parameter.

Maqua et al (2008a) extended the experiments ithescby Castanet et al
(2005) to evaporation of ethanol and acetone asorsomponent droplets. The

measure
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droplets. A brief description of these experimewii be presented where they

provide validation of our models.
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Fig. 2.4 Summary of heating and evaporating mofilsnono-component droplets
(a) and multi-component droplets (b).
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3 Monodisperse mono-component fuel droplets heatingnal

evaporation

3.1
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The value of Sl for an isolated moving droplet is estimated basedhe
so-called ‘M4’ model via Eq. (2.30) (Abramzon anulighano, 1989; Sazhin et al
2006).

The values of the transport coefficients were taf@nair at the reference
temperature .4 k<! k; 1% (Incropera and DeWitt, 2002; Sazhin, 2006).
The contribution of fuel vapour to the transporoperties of air and the effects of

droplets on air are ignored at this stage.

3.3 Experimental set-up

Droplet diameters and average temperatures weresuregh using the
experimental set-up at the University of Nancy (€&, which is described in a
number of papers and theses, including (Deprédura@@9; Deprédurand et al,
2010). This will be only briefly summarised below.

Linear monodisperse droplet streams were generdigd Rayleigh
disintegration of a liquid jet undergoing vibrat®mgenerated in a piezoelectric
ceramic. The fuel was pre-heated in the injectornfisans of externally heated
circulating water. The temperature of the fuel wesasured exactly at the injection
point with a K type thermocouple situated withire tnjector body. For specific
frequencies of forced mechanical vibration, theuitigjet broke up into equally
spaced and mono-sized droplets. The droplets vere injected into an enclosure
fed with hot air coming from an electrical heaterorder to limit the thermal losses,
a resistive electrical wire was inserted within #mclosure wall so that the wall
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liquid fuel with a small quantity of a fluorescemacer, pyromethene 597- C8. An
interesting feature of pyrromethene 597-C8 reltteits temperature sensitivity that
is almost unchanged when dissolved into any ofstiected fuels (Deprédurand et
al, 2008). The ratio of the fluorescence intendigyected in two spectral bands is a
function of the temperature regardless of laseensity, time-dependent tracer
concentration, and measurement volume (Deprédugtati 2008). The velocity of
the droplets was measured by Laser Doppler Veldeymesing the same laser light
source as for the fluorescence excitation. Theldtgize reduction was determined
using the light scattering in the forward directiavhere a stationary interference
pattern is created.

Six liquid fuels were tested: acetone, ethanoleBtgnone, n-heptane, n-
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temperatures and radii, starting from the momergmithe first droplet was observed
near the entrance to the enclosure. By placingmartbcouple at different locations it
was established that air temperatugedid not vary inside the chamber. Hence, it
was considered to be constant during each expetimehe modelling. The droplet
absolute velocities were approximated as lineactfans of time (measured from the
moment of injection):
5 .G (3.7)

where constants. and . were determined for each experiment (Table 3.1),
alongside the ratio% .TU fTU gréind% OP TORygs describing the effects of
interaction between droplets in the stream, whieesubscripfs, refers to isolated
droplets. The error of determination of is comparable with the ambient air
velocities up to 0.3 m/s. This justifies the asstiompthat the absolute droplet
velocities, estimated by Eq. (3.7), are equal tapbht velocities relative to ambient
air. These velocities were used for the estimavérthe Nusselt and Sherwood
numbers for isolated droplets, Deprédurand et@l Q2

The values of the Nusselt and Sherwood numbers e&mnated based on
simultaneous measurements of droplet sizes and mearperatures. These
measurements allowed the evaluation of heat fluzeponsible for droplet heating
and evaporation rates. These rates, alongside ¢lasured time evolution of droplet
mean temperatures, were used for the estimate ef ctinvective heat flux,
responsible for droplet heating, and mass fluxuef f/apour leaving the droplet. The
main difficulty in converting these estimates irthe estimates of the Nusselt and
Sherwood numbers relates to the fact that the saidinoplet temperatures were
not directly measured and had to be estimated. T¢ssie is addressed in
(Deprédurand, 2009; Deprédurand et al, 2010), where
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Zoy (measured directly when the first droplets near ¢ntrance to the enclosure
were observedfa , % , « and . for each experiment are presented in Table 3.1,
alongside boiling and critical temperatures and ) for each substance (Poling et
al, 2000). The values & are shown to indicate the closeness of droplethese

experiments.

| Case| Parameter | Acet | Ethan | 3-Pen | n-Hep| n-Dec| n-Dod|
T
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Taw Studied for Case 1, the analysis for Cases 23aisdfocused on the difference
between these temperatures and the initial dropéhperaturesT,. The
corresponding plots fof,, - To versus time for Case 2 for all six substances are
shown in Fig. 3.10. As follows from this figureffaugh the trends predicted by the
model are similar to the ones observed experimgntéhere are noticeable
deviations between the actual values of predicted @bserved average droplet

temperatures. The maximal deviation between therseen for n-decane and n-
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Fig. 3.12 The same as Fig. 3.10 but for Case 3gmxwithout the results for 3-
pentanone.
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observed ones by up to about 8 °C, and the actalaks of the predicted droplet
radii can differ from the observed ones by up towl®%. Combining the above
results and those reported previously by Maqud €098a), it could be concluded
that the ETC model, based on the analytical satutiothe heat conduction equation
inside droplets, can predict the observed averagepérature of droplets with

possible errors not exceeding several °C, and wvédedroplet radii with possible
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models) for measurements of droplet temperaturemanodisperse bi-component
(ethanol/acetone) droplet streams is briefly désdtiin Section 4.3. In Section 4.4,
some results of the numerical solutions to the dasjuations for the values of
parameters relevant to the experimental set-up ribesc in Section 4.3 are
presented. In Section 4.5 the results, based oarthlytical and numerical solutions
to the equations of heat transfer and speciesdiiifuinside droplets, are compared
for experimental conditions described in Sectio. 4n Section 4.6 the results,
taking and not taking into account the effectsh&f moving boundary, predicted by
the model based on the analytical solutions toeteations of heat transfer and
species diffusion inside droplets, are comparedffervalues of parameters relevant
to experimental set-up described in Section 4.3 @hér related conditions. The
effect of the choice of the binary diffusion coelint correlation on droplet heating
and evaporation for experimental conditions descriim Section 4.3 is discussed in

Section 4.7. The main results of this chapter anersarised in Section 4.8.

4.2 Basic equations and approximations

The model developed in this chapter is based orduations describing liquid
phase heating and evaporation, species diffusitineifiquid phase and species mass
fractions at the surface of the droplets. Thesatgus and their approximations and

analytical solutions, where appropriate, are prieseand discussed below.

4.2.1 Droplet heating

The process of heating (or cooling) for stationapherically-symmetric
multi-component droplets is the same as in the chsaono-component droplets
(Sazhin et al, 2004), described in Chapters 2 gnah&re the temperature of the
droplet © GLE can be calculated from Eq. (2.23). This model ggiadly
applicable to mono-component and multi-componenbpléts. The physical

properties of multi-component droplets are calculat
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* *

Az Wi\( v ¢ 1z ¢ Tg, (4.20)

¢ sl dack,

EVtC | cEpy ARREZTEECH (4.21)
y ¢ oy ¢ v GEpy T .

We should notice the difference between the pammset, \],\* andA,
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A countable set of positive solutions to this eqraipositive eigenvalues)

are arranged in ascending order, as in the caSelafions (2.23), (D.38) and (4.15).

4.2.6 Numerical solutions

We will use two solutions to heat transfer and gediffusion equations;
the one based on the analytical solutions to Efj21f and (4.4) and the other based
on the numerical solutions to these equations. glaes referred to as Solutions A
and B respectively.

The Cranck-Nicholson method is used to solve nwaby Eqgs. (2.21) and
(4.4). This classical approach has already beed useseveral papers, including
Abramzon and Sirgnano (1989) and Maqua et al (20Q8bdescribe the droplet
heating and the change of its composition.

In this chapter, the results of the numerical sohg are provided by Dr.
Guillaume Castanet. The timestep is set at 0.0=hmasthe radius of the droplet is
divided into 200 elements of identical size, whagipears to be sufficient to ensure a
good accuracy in the results. The dependence witlligroperties on temperature and

composition is taken into account while the gaspprties are assumed to be the
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As follows from Figs. 4.2 and 4.3, all three tengteres are well separated
for both acetone and ethanol. Hence, the differém@teeen them needs to be taken
into account in the analysis of experimental ditahe case of acetone there seems
to be a reasonable agreement between the valueseohge temperature of the
droplets and experimental data. Data on the tinodugen of droplet radii were not
available. Note that the Effective Thermal Condutti and Effective Diffusivity
models, on which the analysis of this chapter iseda are primarily designed to
predict correctly the average surface temperatmek species mass fractions of
droplets, but not their average temperature ancispenass fractions.

In the case of pure ethanol shown in Fig. 4.3, the
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In Fig. 4.4 (25% ethanol - 75% acetone; the casacstone dominated
mixture), the agreement between the observed aediged average droplet
temperatures, for both ideal and non-ideal modglsgasonably good, although the
scatter of experimental data in this case is moteeable than in the case of pure
acetone shown in Fig. 4.2.

In Fig. 4.5 (the case of the 50% ethanol - 50% caeetmixture), the
experimentally observed temperatures lie betweea #verage and surface
temperatures predicted by both ideal and non-idemlels. These temperatures are
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Fig. 4.8 The plots oR
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Fig. 4.9 The plots off versusR/Rq for six moments of time after the start of
calculations for the same droplets as in Figs.4436-

Fig. 4.10 The plots of the ethanol mass fractigu, versusR/Ryq
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Fig. 4.14 The same as Fig. 4.13 but for pure ethdmoplets.

In the case of acetone (see Fig. 4.13), the obdaemperature values lie
close to the average temperatures. In the cashah@ (see Fig. 4.14), the observed
temperatures are close to or below the surfacedeatyre of the droplets. Hence, for
both acetone and ethanol, the trends of predicEdpératures agree with
experimental observations, but there is