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A previously developed model for mono-component droplet evaporation is revisited using new mathematical tools for

its analysis. The analysis is based on steady-state mass, momentum and energy balance equations for the vapour and

air mixture surrounding a droplet. The previously obtained solution to these equations was based on the assumption

that the parameter ε (proportional to the squared ratio of the diffusion coefficient and droplet radius) is equal to zero.

The analysis presented in the paper is based on the method of integral manifolds and it allowed us to present the droplet

evaporation rate as the sum of the evaporation rate predicted by the model based on the assumption that ε = 0 and

the correction proportional to ε . The correction is shown to be particularly important in the case of small water and

methanol droplets (diameters less than 5 µm) evaporating in air at low pressure (0.1 atm.). In this case, this correction

could reach 35% of the original evaporation rate. In the case of evaporation of relatively large droplets (with radii more

than 10 µm) in air at atmospheric and higher pressures these corrections are shown to be small (less than 10−3 of the

evaporation rate predicted by the model based on the assumption that ε = 0).

I. INTRODUCTION

The importance of the problem of modelling droplet evap-

oration is well known and has been widely discussed (e.g.,

Refs.1–4). A rigorous approach to this problem based on the

solution to the heat and mass transfer equations inside and

outside droplets, taking into account arbitrary droplet shape

and the contributions of other droplets in the system, is out

of the question for realistic engineering applications2,3. This

approach would be unrealistic and unnecessary for the analy-

sis of real-life sprays, that include millions of droplets (e.g.,

sprays in internal combustion engines3), which has stimulated

the development of many simplified models of the relevant

processes.

The most widely used such model is the one developed

by Fuchs5 and Spalding6 and later refined by Abramzon and

Sirignano7. This model, widely known as the Abramzon and

Sirignano model, however, is based on a number of assump-

tions the applicability of which to realistic sprays is not at first

obvious (see the detailed analysis of this model in Ref.3). Per-

haps the most important of these assumptions is the assump-

tion that the density of the mixture of vapour and ambient air

does not depend on the distance from the droplet surface. The

limitation of this assumption becomes particularly clear in the

case when a droplet is heated and evaporated in a very hot gas

(where the gas temperature is much higher than the droplet

surface temperature).

The authors of Ref.8 developed a model without using this

assumption. Although the model described in Ref.8 does not

lead to an explicit formula for the evaporation rate, as in the

case of the Abramzon and Sirignano model, the suggested al-

gorithm for finding this evaporation rate is much simpler than

the one which would be required if a rigorous model were

used. This simplicity was achieved by retaining only the lead-

ing term in the asymptotic expansion of the equation for the

vapour mass fraction. The reasons for doing this, however,

were not fully investigated and justified.

The aim of this paper is to revisit the model developed in

Ref.8 using much more rigorous mathematical analysis of the

problem based on the tools developed for the asymptotical

analysis of the underlying equations9.

The details of the mathematical model are described in Sec-

tion II. Section III focuses on the asymptotical analysis of the

equation for vapour mass fraction derived in Section II. The

details of the numerical analysis of the equations derived in

Section III are presented in Section IV. In Section V the re-

sults of the application of the mathematical analysis described

in the previous sections to the analysis of realistic droplets are

presented. The main results of the paper are summarised in

Section VI.

II. MATHEMATICAL MODEL

The focus of the model developed in Ref.8 is on the vapour

phase. It was assumed that the thermal conductivity of the

liquid phase is infinitely large and there is no temperature gra-

dient inside the droplets. This is not an important limitation

of the model as its generalisation to the case when the fi-

nite thermal conductivity and recirculation in droplets need to

be considered would be straightforward3. Their analysis was

based on steady-state mass, momentum and energy balance

equations for the vapour and gas (air) mixture surrounding a

droplet:

d

dR

(

R2ρvU −R2Dvρtotal
dYv

dR

)

= 0, (1)

d

dR

(

R2ρaU −R2Dvρtotal
dYa

dR

)

= 0, (2)

ρtotalU
dU

dR
=

dptotal

dR
+ µmix

(

d2U

dR2
+

2

R

dU

dR

)

, (3)
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ρtotalUcp,mix
dT

dR
= kmix

(

d2T

dR2
+

2

R

dT

dR

)

, (4)

where U is the Stefan flow velocity2,3. All transport and ther-

modynamic properties refer to the mixture of vapour (v) and

air (a), and they were assumed to be constant. R ≥ Rd is the

distance from the droplet centre. In contrast to the Abramzon

and Sirignano model, both ρtotal and T were assumed to be

functions of R. Partial (pv and pa) and total (ptotal) pressures

were calculated from the Dalton and ideal gas laws.

The following boundary conditions for Equations (1)-(4)

were used:

T (R = Rd) = Ts, T (R = ∞) = Ta,∞,

Yv(R = ∞) = Yv,∞, pv(R = Rd) = pvs(Ts).

Combining Equations (1)-(2) yields the following equation:

ρtotalU =
|ṁev|

4πR2
, (5)

where ṁev is the droplet evaporation rate.

Equation (5) is the statement of the conservation of mass

flux. It allowed the authors of Ref.8 to decouple Equation (4)

for gas temperature from the other equations and present its

solution as:

T = Ta,∞ATC(R)+ (1−ATC(R))Ts, (6)

where

ATC(R) =
exp
(

− m̂evRd
LeR

)

− exp
(

− m̂ev
Le

)

1− exp
(

− m̂ev
Le

) , (7)

Le ≡ Sc/Pr = kmix/(Dvρa,∞cp,mix), m̂ev =
|ṁev|/(4πRdDvρa,∞) is the normalised evaporation rate.

Note that Expression (6) refers to a steady-state distribu-

tion of gas temperature, which is different from its transient

distributions3.

New variables were introduced for the further analysis of

Equations (1)-(4):

ζ = Rd/R, T̃ = T/Ta,∞, G = ln(Ya) = ln(1−Yv).

These variables allowed the authors of Ref.8 to obtain the

following equation for G:

ε
ζ 2G2

ζ (ζ
2Gζζζ + 4ζGζζ + 2Gζ)

[

εζ 4G2
ζ
− (1+θeG) T̃

]

m̂ev
Sc

=−Gζζ +Gζ

Gζ θeGT̃ +
(

1+θeG
)

T̃ζ + ε2ζ 3G2
ζ

[

(1+θeG) T̃ − εζ 4G2
ζ

] (8)

where

m̂ev =−
dG

dζ
ρ̃, (9)

where θ = (Mv −Ma)/Ma, Mv and Ma are the molar masses

of vapour and ambient gas (air), Sc is the Schmidt number,

ρ̃ = ρtotal(R)/ρtotal(R = ∞),

ε =
MvD2

v

RuTa,∞R2
d

. (10)

The analysis of Equation (8) presented in Ref.8 was based

on the assumption that ε is so small that it can be assumed

equal to zero. This allowed the authors of Ref.8 to obtain the

following implicit equation for m̂ev:

m̂ev +





m̂ev

1− exp
(

− m̂ev
Le

) −Le





(

T̃s − 1
)

=− p̂v,cr ln

[

p̂v,cr − p̂vs

p̂v,cr −Yv∞

]

, (11)

where

p̂v,cr = 1+θ (1−Yv∞), p̂vs =
pvsMv

RuTa∞ρa∞
,

pvs(Ts) the saturation vapour pressure, Ru the universal gas

constant.

Note that the assumption ε = 0 in the analysis of Equation

(8) cannot be justified even when ε ≪ 1 in the general case.

Rigorous asymptotical analysis of the latter equation is pre-

sented in the next section.

The model described in Ref.8 was generalised to consider

the dependence of gas density and the diffusion coefficient

on temperature10. The gas model developed by the authors

of Ref.11 is complementary to the above-described model. In

contrast to Ref.8 the authors of Ref.11 focused their attention

only on the equations for vapour mass fraction and tempera-

ture, but considered the fully transient versions of these equa-

tions, assuming their spherical symmetry. The implicit analyt-

ical solutions to these equations were obtained and they were

iteratively used to determine the mass fraction of fuel vapour

and temperature at the droplet surface.

III. ASYMPTOTICAL ANALYSIS

Remembering that

dζ 2Gζ

dζ 2
= ζ 2Gζζζ + 4ζGζζ + 2Gζ (12)

Equation (8) can be presented as

ε
ζ 2G2

ζ (ζ
2Gζζζ + 4ζGζζ + 2Gζ)

a
[

εζ 4G2
ζ
− (1+θeG)T̃

]

=−Gζζ +Gζ

Gζ θeGT̃ +(1+θeG)T̃ζ + 2εζ 3G2
ζ

(1+θeG)T̃ − εζ 4G2
ζ

, (13)
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where a = m̂ev

Sc
Equation (13) can be rewritten as the system of equations

Gζ = Y,
Yζ = Z,

εζ 4Y 2Zζ =
[

a(1+θeG)T̃ − ε(aζ + 4)ζ 3Y 2
]

Z

−2εζ 2Y 3 − aY
[

YθeGT̃ +(1+θeG)T̃ζ + 2εζ 3Y 2
]

.















(14)

A two-dimensional slow integral manifold of this system (see

Ref.9 for the details) can be presented as:

Z = h(G,Y,ζ ,ε) = h0(G,Y,ζ )+ εh1(G,Y,ζ )+ ε2 . . . . (15)

This manifold is attractive for 0 < ζ ≤ 1 (ζ = 1 as the initial

value).

Functions h0,h1, . . . can be found from the invariance equa-

tion

εζ 4Y 2(hζ +hGY +hY h) =
[

a(1+θeG)T̃ − ε(aζ + 4)ζ 3Y 2
]

h

−2εζ 2Y 3 − aY
[

Y θeGT̃ +(1+θeG)T̃ζ + 2εζ 3Y 2
]

. (16)

Equating the terms proportional to equal powers of ε we

obtain

h0 =
Y
(

Y θeGT̃ +(1+θeG)T̃ζ

)

(1+θeG)T̃
= Y

[

YθeG

1+θeG
+

T̃ζ

T̃

]

,

(17)

h1 =
ζ 2Y 2

aT̃ (1+θeG)

{

h0ζ

[

ζ

(

2YθeG

1+θeG
+

T̃ζ

T̃

)

+aζ + 4]+2Y(1+aζ )+ζ 2Y

[

T̃ζζ T̃ − T̃2
ζ

T̃ 2
+

Y 2θeG

(1+θeG)2

]}

.

(18)

Expression (18) can be rewritten as:

h1 =
ζ 2Y 3

aT̃ (1+θeG)

{

ζ

(

YθeG

1+θeG
+

T̃ζ

T̃

)[

ζ

(

2YθeG

1+θeG
+

T̃ζ

T̃

)

+aζ + 4]+ 2(1+ aζ )+ ζ 2

[

T̃ζζ T̃ − T̃ 2
ζ

T̃ 2
+

Y 2θeG

(1+θeG)2

]}

,

(19)

since

h0ζ = Y
T̃ζζ T̃ − T̃ 2

ζ

T̃ 2
,

h0G = Y 2 θeG

(1+θeG)2
,

h0Y = 2Y
θeG

1+θeG
+

T̃ζ

T̃
.

The flow on the slow integral manifold can be described by

the differential system

Gζ = Y,

Yζ = h0(G,Y,ζ )+ εh1(G,Y,ζ )+ ε2 . . . .

}

(20)

System (20) can be rewritten as the second-order ODE:

Gζζ = h0(G,Gζ ,ζ )+ εh1(G,Gζ ,ζ )+ ε2 . . . (21)

with the inhomogeneous boundary conditions:

G(0) = ln(1− χν,∞) , Gζ (1) =−
m̂evT̃s

P̂vs

(

1− eG(1)
)

. (22)

We look for a solution to (21) with boundary conditions

(22) in the form:

G = G0(ζ )+ εG1(ζ )+ ε2 . . . ,

Gζ = G0ζ (ζ )+ εG1ζ (ζ )+ ε2 . . . , (23)

Gζζ = G0ζζ (ζ )+ εG1ζζ (ζ )+ ε2 . . . .

where

G0(ζ ) = ln
eAF(ζ )+B

1−θeAF(ζ )+B
,

F (ζ ) =−
1− T̃s

m̂ev
Le

(

1− e−
m̂ev
Le

)

(

e−
m̂ev
Le ζ + e−

m̂ev
Le

m̂ev

Le
ζ

)

+ T̃sζ

A =
ln
{

Ks
K∞

}

F (1)−F (0)

B =
F (1) ln{K∞}−F (0) ln{Ks}

{F (1)−F (0)}

Ks =
(1−Yv,s)

1+θ (1−Yv,s)

K∞ =
(1−Yv,∞)

1+θ (1−Yv,∞)

(G0(ζ ) is the original solution obtained in Ref.8).

Substitution of (23) into (21) and taking into account that

h0(G,Gζ ,ζ )

= h0

(

G0(ζ )+ εG1(ζ )+ ε2 . . . , G0ζ (ζ )+ εG1ζ (ζ )+ ε2 . . . ,ζ
)

= h0(G0,G0ζ ,ζ )+ ε
[

h0G(G0,G0ζ ,ζ )G1(ζ )
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+h0Gζ
(G0,G0ζ ,ζ )G1ζ (ζ )

]

+ ε2 . . . ,

h1(G,Gζ ,ζ ) = h1(G0,G0ζ ,ζ )+ ε . . . ,

leads to the following equation

G0ζζ (ζ )+ εG1ζζ (ζ )+ ε2 · · ·= h0(G0,G0ζ ,ζ )

+ε
[

h0G(G0,G0ζ ,ζ )G1(ζ )+ h0Gζ
(G0,G0ζ ,ζ )G1ζ (ζ )

+h1(G0,G0ζ ,ζ )
]

+ ε2 . . . . (24)

Equating the terms proportional to equal powers of ε in (24)

we obtain

G0ζζ ≡ h0(G0,G0ζ ,ζ ) (25)

G1ζζ = h0G(G0,G0ζ ,ζ )G1(ζ )

+h0Gζ
(G0,G0ζ ,ζ )G1ζ (ζ )+ h1(G0,G0ζ ,ζ ). (26)

Equation (25) was investigated in Ref.8. The focus of our

investigation is on Equation (26).

Substituting (23) into (22) leads to the following homoge-

neous boundary conditions for G1(ζ ):

G1(0) = 0, G1ζ (1) =
m̂evT̃s

P̂vs

eG0(1)G1(1). (27)

When deriving (27) we took into account that

eG(1) = eG0(1)+εG1(1)+ε2... = eG0(1)
[

1+ εG1(1)+ ε2 . . .
]

.

Explicit expressions for the coefficients in (26) can be pre-

sented as (see Appendix 1 for the details of their derivation):

h0G(G0,G0ζ ,ζ ) = G2
0ζ

θeG0

(1+θeG0)2
(28)

h0Gζ
(G0,G0ζ ,ζ ) = 2G0ζ

θeG0

1+θeG0
(29)

h1(G0,G0ζ ,ζ ) =
ζ 2G3

0ζ

aT̃ (1+θeG0)

×















ζ

(

G0ζ θeG0

(1+θeG0)
+

T̃ζ

T̃

)[

ζ

(

2G0ζ θeG0

(1+θeG0 )
+

T̃ζ

T̃

)

+ aζ + 4

]

+2(1+ aζ )+ ζ 2

[

T̃ζ ζ T̃−T̃2
ζ

T̃ 2 +
G2

0ζ
θeG0

(1+θeG0 )2

]















,

(30)

where

G0(ζ ) = ln
eAF(ζ )+B

1−θeAF(ζ )+B
(31)

eG0 =
eAF(ζ )+B

1−θeAF(ζ )+B
(32)

G0ζ =
AT̃

1−θeAF(ζ )+B
(33)

κ =
1− T̃s

1− e−b
,b =

m̂ev

Le
(34)

T̃ = κ(e−bζ − e−b)+ T̃s (35)

T̃ζ =−bκe−bζ , T̃ζζ = b2κe−bζ (36)

T̃ζζ T̃ − T̃ 2
ζ = κb2e−bζ (T̃s −κe−b). (37)

From the solutions to Equations (25) and (26) (these equa-

tions are solved separately) it follows that

m̂ev = m̂ev,0 + m̂ev,1ε = m̂ev,0

(

1+
m̂ev,1

m̂ev,0
ε

)

(38)

where

m̂ev,0 =−G0ζ (0) (39)

m̂ev,1 =−G1ζ (0) . (40)

m̂ev,0 is the solution presented in Ref.8. The applicability of

the latter solution depends on the value of the second term

in the bracket on the right-hand side of (38). Introducing the

new parameter δmev =
m̂ev,1

m̂ev,0
the condition for applicability of

the solution described in8 can be presented as

εδmev ≪ 1. (41)

The value of ε can be easily estimated based on the values

of input parameters. The values of δmev , however, follow from

the numerical solution to Equation (26). The details of this so-

lution and its verification are summarised in the next section.

The results of our estimates of δmev for realistic ranges of the

values of the input parameters are presented and discussed in

Section V.

IV. NUMERICAL ANALYSIS

The numerical solution to Equation (26) with boundary

conditions (27) was found using the code bvp4c implemented

in Matlab. The latter is a finite difference (FD) code that im-

plements the so-called Lobatto IIIa formula. The solution is

based on the application of polynomials to approximate the

solutions over an initial grid. Then the grid was adapted until

the tolerance criteria were met. An initial grid and approxi-

mation of the solution were specified.

To verify the results of the solution a simple in-house FD

code, using an explicit integration, was developed. The com-

parison of the predictions of both codes showed the relative

differences between their predictions was less than 10−5. An



Accepted to Phys. Fluids 10.1063/5.0098331

5

FIG. 1. Comparison between the numerical solution (circles) ob-

tained using Matlab and the analytical expression (B10) (curve).

FIG. 2. Graphs of δmev
=

m̂ev,1

m̂ev,0
as functions of droplet and gas tem-

peratures for water (top), methanol (second from the top), n-heptane

(third from the top) and n-dodecane (bottom) droplets in air at 1 atm.

additional verification of the code was based on a compari-

son between the prediction made by the code and that by the

analytical solution for the limiting case (see Appendix 2 for

the details). The operating conditions referred to a methanol

droplet at 330 K vaporising in an iso-thermal gaseous environ-

ment at atmospheric conditions. The result of the comparison

between the predictions of G1 (ζ ) by Matlab and by the ana-

lytical solution (B10) is presented in Figure 1.

As can be seen from Figure 1, the predictions of the nu-

merical code and the analytical solution coincide within the

accuracy of plotting. The deviation between them does not

exceed 10−7. This gives us confidence in the numerical so-

lution to Equation (26) obtained using the customised version

of Matlab.

V. APPLICATIONS

The model described in the previous sections was applied

to the analysis of evaporation of four liquids: water, methanol,

n-heptane and n-dodecane. The upper limit of the droplet

temperatures was 10 degrees below the boiling point of the

liquids. The gas temperature was in the range of the boil-

ing temperature of the liquid species to 750 K. The graphs

presented in Figure 2 show the values of δmev =
m̂ev,1

m̂ev,0
for the

above-mentioned liquids as functions of the droplet and gas

temperatures. The temperature difference ∆T = Ta,∞ −Ts is

plotted, to illustrate the fact that for selected droplet temper-

atures, the absolute values of δmev increase as the droplet-gas

temperature differences reduce. The maximum values of δmev

were obtained for the highest droplet temperatures (close to

the boiling point).

Relatively large values of δmev at high droplet temperatures

and low ∆T can be related to the fact that under these condi-

tions the values of the leading-order evaporation rate m̂ev,0 are

rather small. This is illustrated in Figure 3, for n-dodecane

droplets under the same operating conditions as in the bottom

plots of Figure 2.

In all cases shown in Figure 2, the absolute values of δmev

do not exceed about 2.

The parameter ε , defined by Expression (10), depends on

several parameters including the properties of species and

droplet sizes. It is larger for smaller droplets and it depends

on the evaporating conditions. Since the diffusion coefficient,

Dv, is inversely proportional to the ambient pressure, larger

FIG. 3. Leading-order evaporation rate m̂ev,0 as a function of droplet

and ambient temperatures for n-dodecane droplets in air at 1 atm.

FIG. 4. Graphs of εδmev
as functions of droplet and ambient temper-

atures for water (top), methanol (middle), and ethyl acetate (bottom)

droplets in air at 0.1 atm.

values of ε are expected for low ambient pressures. Evapora-

tion of water at pressures lower than atmospheric is an impor-

tant process in many industrial applications, including food

drying. The so-called vacuum-drying technique uses lower

ambient pressures, from tenths of kPa to around 1kPa12 to

rapidly evaporate water from food at low temperature and to

avoid damage that may be caused by high temperature dry-

ing. This technique, which is sometimes coadiuvated by mi-

crowave heating to significantly reduce drying time, yields a

relatively good quality of dehydrated product with a high en-

ergy efficiency13. In the chemical and pharmaceutical indus-

tries the method is widely used to remove solvents without

having to increase the temperatures of samples14.

Spray Flash Evaporation (SFE) is a technique based on the

injection of a solution into an ambient gas at low pressure, and

it is used, for example, in the pharmaceutical, food and chem-

ical industries, for for the crystallization of submicron-sized

particles15. In these applications, various species are used as

solvents, including methyl acetate, ethyl acetate, acetone, and

methanol.

The effect of lowering the pressure may then yield larger

values of the parameter ε and the product εδmev for water,

methanol, and ethyl acetate droplets. Note that the last two

species are widely used as solvents in the chemical industry.

In what follows the effect is illustrated for droplets with di-

ameters of 5 µm. The lower limit of the liquid temperature

is taken to be equal to 20 degrees below the boiling point of

the liquid, while its upper limit is assumed equal to 2 degrees

below the boiling point of the liquid. The lower limit of the

gas temperature is taken to be equal to the boiling tempera-

ture of the liquid, while its upper limit is assumed equal to

50 degrees above this temperature. The ambient pressure is

assumed equal to 0.1 atm.

Figure 4 shows the product εδmev as the function of the

droplet and air temperatures for water, methanol, and ethyl ac-

etate droplets. The graphs presented in this figure show that,

for the selected operating conditions, the first order correc-

tion to the evaporation rate can be as high as 35% for water,

14% for methanol, and 12% for ethyl acetate droplets. Even

larger values of the corrections were found for higher droplet

temperatures. This demonstrates the importance of the cor-

rections derived in the paper for the analysis of evaporation of

small droplets at low pressures.

At the same time it can be shown that in the case of evapo-

ration of relatively large droplets (with radii more than 10 µm)

in air at atmospheric and higher pressures the product εδmev is
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well below 10−3. Thus the contribution of this product can be

safely ignored in practical applications. This was implicitly

done by the authors of Ref.8 and the results of our analysis

support the results presented in that paper.

VI. CONCLUSIONS

The previously developed model of mono-component

droplet evaporation8 is revisited using new mathematical tools

for its analysis. The analysis by the authors of Ref.8 was based

on steady-state mass, momentum and energy balance equa-

tions for the vapour and air mixture surrounding a droplet.

The solution to these equations was found assuming that the

parameter ε defined by Expression (10) is so small that it can

be assumed equal to zero. In contrast to Ref.8, the contribu-

tion of small but finite ε was taken into account in the analysis

presented in this paper. This analysis is based on the method

of integral manifolds and it allowed us to present the droplet

evaporation rate as the sum of the evaporation rate predicted

by the original model of Ref.8 and the correction proportional

to ε . The correction was shown to be particularly important in

the case of small water and methanol droplets (diameters less

than 5 µm) evaporating in air at low pressures (0.1 atm.). In

this case, this correction could reach up to 35% of the original

evaporation rate. In the case of evaporation of relatively large

water, methanol, n-heptane, and n-dodecane droplets (with

radii more than 10 µm) in air at atmospheric and higher pres-

sures these corrections are shown to be small (less than 10−3

of the evaporation rate predicted by Ref.8 ). This supports the

results presented in Ref.8.
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Appendix A: Coefficients in Equation (26)

Remembering that

G0(ζ ) = ln
eAF(ζ )+B

1−θeAF(ζ )+B
, (A1)

we obtain

G0ζ =
AT̃

1−θeAF(ζ )+B
, (A2)

and

eG0 =
eAF(ζ )+B

1−θeAF(ζ )+B
,

1+θeG0 =
1

1−θeAF(ζ )+B
.

This leads us to the following equation

θeAF(ζ )+B =
θeG0

1+θeG0
.

Differentiating both sides of (A2) with respect to ζ , we obtain

G0ζζ =
A2T̃ 2θeAF(ζ )+B

(

1−θeAF(ζ )+B
)2

=
G2

0ζ θeG0

1+θeG0
.

These equations and (A2) lead us to Expressions (28)-(30).

Appendix B: An analytical solution to Equation (26) in a
limiting case

In the limiting case when θ = 0 (i.e. Mv = Mg) and Ts = T∞

we obtain:

T̃ = T̃s = 1 (B1)

F = ζ (B2)

G0(ζ ) = ln
eAF(ζ )+B

1−θeAF(ζ )+B
(B3)

eG0 =
eAF(ζ )+B

1−θeAF(ζ )+B
= eAζ+B (B4)

G0ζ =
AT̃

1−θeAF(ζ )+B
= A (B5)

These equations allow us to simplify Expressions (28)-(30) to

h0G(G0,G0ζ ,ζ ) = G2
0ζ

θeG0

(1+θeG0)2
= 0 (B6)

h0Gζ
(G0,G0ζ ,ζ ) = 2G0ζ

θeG0

1+θeG0
= 0 (B7)

h1(G0,G0ζ ,ζ ) =
ζ 2A3

a
{2(1+ aζ )} . (B8)

Expressions (B6)-(B8) allow us to simplify Equation (26) to:

G′′
1 = 2

A3

a

(

ζ 2 + aζ 3
)

. (B9)

Integration of (B9) gives:

G1 = 2
A3

a

(

1

12
ζ 4 +

a

20
ζ 5

)

+D1ζ +D2. (B10)

Unknown constants D1 and D2 are found from the boundary

conditions (22), which yield the following expression for D1

and D2:

D1 = 2
A3

a

[

(

1
12
+ a

20

) m̂ev,0

P̂vs
eA+B −

(

1
3
+ a

4

)

]

(

1− m̂ev

P̂vs
eA+B

)



Accepted to Phys. Fluids 10.1063/5.0098331

7

D2 = 0

Note that the limiting case considered in this appendix

can describe the case when a methanol droplet (Mv = 32.03

kg/kmol) evaporates in oxygen (Mg = 32 kg/kmol), under

isothermal conditions.
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