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Research lines

Modelling of droplet heating and evaporation
v' variable properties : variable gas density
v Non-spherical drops : spheroids

v Multicomponent drops: Fick’law and Maxwell-Stefan



Mass transport in gases

Some definitions
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Mass transport in gases

Constitutive equations

The constitutive equations for the energy and mass fluxes can be
obtained from non-equilibrium thermodynamics

Dufour effect a, =a,
N
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Soret effect d® = diffusional forces
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Mass transport in gases

Inversion of the previous equation set yields the Maxwell-Stefan
equations (Soret effect will be neglected from now on)
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The coefficients C, are related to the multicomponent diffusion

coefficients by the relation [Al]:
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For low density gases D,, are practically independent on composition
and they can be obtained by measuring binary diffusion coefficients.
This is not true for high density gases and for liquid mixtures.

[Al] C.F. Curtiss, R.B. Bird Multicomponent diffusiomd. Eng. Chem. Res, 1999, 38, 2515-2522.



Mass transport in gases

Diffusional forces
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For an ideal mixture of ideal gases, neglecting the pressure diffusion
and the external forces diffusion the diffusional forces simplify to

4 = gy

In a fixed reference frame the mass fluxes are

n(P) = TP 4 j(p) Mass form Vi) = Z cl%' (y(?sz(ﬁ'c] _y(k')N(?z))
R ak
NP =Ny + 00 oiar form ol

Maxwell-Stefan equations




Mass transport in gases

Binary mixtures
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Maxwell-Stefan equations Fick’s law
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Fick’s law | _
Since D, are the same as in M-S

equations, they can be measured in
binary diffusion experiments.



Mass transport in gases

Multicomponents mixtures

Multicomponents diffusion can be studied using an approximated form
of the constitutive equation, derived by extrapolating Fick’s law, which
holds for low concentration of the diffusing species:

N = Nyl - cplempy (9 Molar form
N =Myl - ppEmyld Mass form

for multicomponent mixtures the two forms are not equivalent

Simple analytical solutions of the above reported equations can be

found imposing the constancy of the molar (c) or the mass (p) density
respectively. These assumptions are not equivalent and then the two
equations yield different solutions also for the case of binary mixtures

For binary mixture the solution of the molar form (with c=const) would
yield exactly the same solution of the M-S system since for N=2 the two
sets of equation are equivalent and the same assumption (c=const) is
made.



Drop evaporation models

Single component spherical drop

on®® =0 Conservation equations

n' = n(T)X(S) —-pD,Uy 9 Constitutive equations
D,=D,,=D,,

In spherical symmetry the only non-nil component of the fluxes is the
radial one. Integration of conservation equation yields:

9 Assuming a still drop surface and n¥ = m, .
19 = K~ . no gas diffusion into the liquid, the Amr?’
Arr?” gas flux is nil at drop surface and (9 =0
then it is nil everywhere: ’
(v)
m, _ M, (v dy
A2 4mz)(( )~ pD, ar p = constant
1_
=M 06 5 dy' m,, = 471R,pD, In[ XV’”]
A7 ? Yo 1=Xos

[A2] N.A. Fuchs, Vaporisation and droplet growthgaseous media, Pergamon Press, London, 1959.



Droplet heating and evaporation
with variable gas density



Variable gas density
equations
Radial symmetry (1-D solution)
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Variable gas density

Evaporation rate

N &2
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The momentum equation yields
(2 GE PG o A{G0eST + (1 + 6e9)T; ) + 203G}
[C4GE - A(L + 69T ]2 dL? T A(l + 0e%)T - {'G?
_ RTR] In a large variety of conditions of practical interest the
Mvaf parameter A assumes quite large values;
0= ——f the asymptotic condition A -« yields the following

Mg
simplified form of the equation

[1] S. Tonini and G.E. Cossali, An analytical modeligtiid drop evaporation in gaseous
environment, International Journal of Thermal Sce=) 57, (2012), 45-53.



Variable gas density

Evaporation rate
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Boundary conditions
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Variable gas density

Evaporation rate
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Variable gas density

Non isothermal case (T,,<T
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Variable gas density

Extension to Re>0

film The B.C. at free flow are moved to the

film boundary

Thermal film thickness: R, — Ry
Diffusional film thickness: Rs— Ry
drop
The solution for the non-dimensional evaporation rate is now:
Y+ (T, - 1)(?(3_};_}?23_?) _ (E—Cﬁ?jﬁ;—;}?f_ = ) ol —rgg In(1 + B},
o= 2 B

must be evaluated

&y P = 1+0(1— 7vm)
gj = R_3 ver T ,r{v’c:::



Variable gas density

Extension to Re>0: thermal film thickness

The heat rate in non-dimensional form

can be written by introducing the usual definition of Nusselt number

~ NH* —_
0=22-(T--1)  then §2=1—lyh1(1+£$)
2+ 0.6Rel?prl? c(fw—T5)
NH* — J g Bf = )"’3
L+ 5y Spalding number
(from [3]) paiding
Properties Tr=Ts+0opTn—Ts)

a, =1/2 (from [3])

calculated at o = ¥ +o(ym— ) a, =1/3 (from [4])

[3] M. Renksizbulut and M.C. Yuen, 105 (1983) 384-388
[4] M.C. Yuen and L.W. Chen, Combust. Sci. Tech., 19476), 147-154



Variable gas density

Extension to Re>0: thermal film thickness

The diffusional film thickness is estimated from an analogy with the
model of Abramzon and Sirignano, largely used to account for the
convection effects on droplet evaporation without assuming explicit
dependence of gas density on temperature and species concentrations

Abramzon-Sirignano model

e ShA_S B = Kvis — fvoeo Shﬂ_g I, (Sh[j - 2)
¥ Lo Nl Bar) R N F (B

o7 In(1 + Byr)
B

Sho = 2+ 0.552Rel prl? FardBar) = (1 + Bas
7 I

- T FRE.'=|:| *
Va5, = ﬁ]ﬂ(l + Bar) Ypeeo + (T — 1)( Ry 1| =Tn(l + B3,)

Abramzon-Sirignano = D




Variable gas density

Extension to Re>0: thermal film thickness

RHS Abramzon-Sirignano RHS This model
Ln(1 + Ba) Re=0 Cin(l + B2,)
ngj In(1 + Byy) Re>0 % TIn(1 + B},)

This assumption yields

g2 (Shy —2)
63 =1- Sht = 2 4 200
Sh Fu(By)

And the final relation for the non-dimensional evaporation rate is

Vo (Fo- M1y 20 _ S0 (e - 1) ] = S rin(1 + By,)



Variable gas density

Extension to Re>0: validation

Four experimental databases were selected among the ones available in
the scientific literature: Ranz-Marshal, Downing, Eisenklam et al., Wong-
Lin.

Many additional experimental data can be found in the open literature,
but they were not included in this study since they do not report all the
needed information about the operating conditions and experimental
results requested to correctly reproduce the test cases.

Ranz-Marshal, Downing, Eisenklam et al., report data about steady-
state (or quasi-steady state) evaporation experiments

Wong-Lin reports data about transient evaporation



Variable gas density
Extension to Re>0: validation (database [5] )
The liquid temperature is either calculated through an energy balance or

by imposing the values reported by [5] that are about 5K (water) to 10K
(benzene) higher than the calculated ones

Quasi steady-state volumetric evaporation rate
Liquid temperature: 278.6K - 301K (water) ; 270.9K- 276.7K (benzene).
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Both models yield better results when the liquid temperature is calculated.
The present model behaves slightly better for benzene.

[5] Ranz and Marshall, Chemical Engineering Progré8&4), (1952) 141-146.
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benzene drops as function of Tgas

300

2504

200 4

150 +

100 1

50 +

0

300

Modelling of liquid temperature
variation was included in these

Variable gas density
Extension to Re>0: validation (database [6] )
Air/drop temperature difference for

The model agrees well with the experimental
measurements, particularly at higher air

¢ Downing, 1966
A-8'89
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temperature conditions, where the non-
uniformity of gas density is expected to play a
major role
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calculations, ITC and IMD were used

Time evolution of drop size for hexane drop
evaporating in air at different T,

[6] Downing C.G., AIChE Journal, 12(4) (1966) 760-766



Variable gas density

Extension to Re>0: validation (database [7])

Drop diameter square over time for heptane drops.
Gas temperature: 473K, 673K and 873K.
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A-S model overpredict evaporation rates at higher temperatures.

The air/drop temperature difference is equally predicted

[7] P. Eisenklam, S.A. Arunachalam and J.A Westor! $¢mp. on Combustion,

The Combustion Institute, Pittsburgh, P.A., (196X%-728.



Variable gas density

Extension to Re>0: validation
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The experimental data reported in [7]
are not distinguished according to
the air temperature (473K-873K)

The parameter Y was then calculated
at each selected Reynolds number
assuming the air temperature equal to
473K, 673K and 873K.

Then for both models, three sets of
data predictions are plotted, the
region comprised between the
predictions at T ,=473K and T
=873K should encompass the
experimental data.



Variable gas density

Extension to Re>0: validation (database [8] )

Wongé&Lin measured the temporal evolution of drop size and

temperature for a decane drop evaporating in air at 1000K and
with initial Reynolds number equal to 17.

1.0 4

300

® \Wong-Lin, 1992
A-S '89
— — Present

2
1(s)

(a)

(b)

The model predicts, with a
satisfactory agreement, the drop
size reduction and the
temperature increase.

The effect of variable gas density taken into account by the model seems
to play a dramatic role under high evaporating conditions.

[8] S.C. Wong and A.C. Lin, Journal of Fluid Mechanics, 237 (1992) 671-687



Droplet heating and evaporation with
variable parameters

Next steps

@ Implicit fromula for m, -\:Approximate expansion in terms
fyY.

@ Numerical solution of the original
@ Asymptotic solution: A — o EEEED momentum equation: one more B.C.
IS needed.

@ Perturbation approach (0=1/A\ - 0)?

@ Dependence of other @ D (T) can be treated.
parameters on temperature m—1 Some results have been reached.
(D, k,...)




Non spherical drops



Non-spherical drops

introduction

Why non-spherical drops?
Drop-gas interaction activates many drop oscillation modes and
actually no droplet in a gaseous stream can be steadily spherical, and

the surface area increment is expected to increase the evaporation
rates

Avalilable studies are limited to numerical simulations.
Mashayek [9] proposed a correlation for the instantaneous non-
dimensional evaporation rate of oscillating drop, derived from
numerical simulations:

m,=—b_=14Gg, (1+ cog 24))] I{l—)(v,mj

1.324
1.450

4nR, oD, 1- Xos -
1 T
2 0.600
_[p-1 B= Aetormes : on
€rn = 0 8 - A%p 5 1.065
: here b 1.196
7
8

[9] F. Mashayek, Int. J. Heat Mass Transfer 44(8) (2001) 1527-1541



Non-spherical drops
Why spheroids?

The oscillation modes of droplet in gaseous environment can be described (for
small oscillation amplitude) by the generalised Lamb equation:

n(n+1)(n-1(n+2) o

“ = (N+1) Pre + NPpra R

n

n=0: pure expansion (bubbles)
n=1: translation

n=2 oblate-prolate mode

n>2: more complex modes

For a liquid drop in a gas: @ = /ﬁi
3
pinner >>pouter IOL RJ

Non-linear theory yields more accurate (but more complex) results, among
others the fact that the time spent in the oblate form is larger than that spent in a
prolate form. Considering the effect of liquid viscosity, the higher modes are
quickly damped and the mode n=2 is the only long lasting one.




Non-spherical drops

spheroids

Oblate a>a;; <1 Prolate a,>a ; e>1

Isovolume drop

R; =aje

£2arctan( £% - 1)

Jed -1

1+ Prolate




Non-spherical drops

Spheroidal coordinates

Oblate a,>a,; <1 Prolate a;>a,; €1

-const &-0

X = acosh(é)sin(6 coq @) x = asinh(é)sin(8 co @)
y = acosh(é)sin(8)sin(¢) y = asinh(&)sin(8)sin(g)
z = asinh(écoy 6 z = acosh(é)cosH)

Oblate spheroidal coordinates Prolate spheroidal coordinates




Non-spherical drops

Mathematical model
(a=g,v)
?jnj‘” =0 Conservation equation

nj‘“} = pUix'® — pD\V,; y'@ Constitutive equation
Constant gas density and diffusivity

Oblate and prolate cases can be treated in a unique manner:

Pe(&) = — ) x=a®_{£)sn(0)cos(p)
0 oblate ¥ = a®_(£)sin(6)sin(p)
s(e) = +1 prolate = sign(e— 1) Z=a®.(5)cos(d)

in these coordinate systems the drop surface is defined by the simple equation {=¢

The spheroidal drop has a volume corresponding to that of a sphere of radius R,

P s W |
0 g —1° LT




Non-spherical drops

Mathematical model

— . (o) o fa)
Given the following B.C. E=2¢o: x(nb0)=x:
E=o0: @ (w,6,¢) =y’

the only non-nil components of the flux vector is n; (1-D solution exists)

Acounting for the proper scale factors, the conservation equations in

normalised basis, after using the mass conservation equation V,;pU; = 0
becomes:

gy el
pUa;{(”) _ Dv ap®_(§) £l

9 as* g

S2(£,0) = [D2(&) + s(e)sin?(8)] “D_(&)
= D_(&)] D2(E) cos?(0) + DI(£)sin2(0)]"



Non-spherical drops

Mathematical model
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Non-spherical drops

Evaporation rate

The evaporation rate can be written as a “correction” of that found for a soherical drop

-

1 oblate (s = —1
1 . ;{g} |1 . 82|”2 (H—Earctan( E)) ( )
[(e) = o173 < 1

s inf fLe1 ) [T 1)

=-1 5-1
e

prolate (s = 1)

*’qsphd _ ﬂ.sphd

This can also be evaluated as a function of the spheroid area: g = — o
sph ThG

The prolate drop evaporates more rapidly than an
e B , oblate drop having the same volume and surface
.~ (not described by the model [9]).

100

F Q ~ e
- Q=—T-—=T(¢) Ts—l( - ]Y
! . A similar result 4TTRK, T, ( ) 1-e”

1 10

Vi is found for the 1 1= X
heat rate Y= Leln




Non-spherical drops

Local flux

The vapour concentration gradients are related to the
local surface curfature and so must be for the vapour flux.

[9] suggested a linear correlation with the local mean

curvature.
. 213 m
From the solution 7’ = e o
|1 —e“|S°(&,8) 4nRy
Eptaze™ 0-49 8= 2.22
H(V} — ﬁ("’]‘ oy
. And at drop surface: s Ths 4o p0
008 4 020 0
~ () 5213
(a) Fl —
B Oblate > [1_(1_52} sin? () ]11‘2

— — Prolate - ~
rd A

/2




Non-spherical drops

Curvatures

pEwes of

privcipal
A N e

1omal

The curvature of a surface can be defined
completely by evaluating the two principal
curvatures: ky, k,

Two independent curvature (mean and
Gaussian curvatures) can be defined

Kn =K +K;
Co =kik,

From a geometric view point they are quite different since Cg is an intrinsic
property of the surface, and can be obtained from the surface metric only,
while k., depends on the 3-D space into which the surface is embedded.

— o413
=&

[2 + (52 - 1) Sirt 6’]

m

8/3
E

2R, [1+(e2- ) st o]

Cs =

Re[1-(1- &%) sir? 6]

Curvatures

R el —— 06 Prolate Oblate
i — KR, —E
7 2
el F
(CGR;)W —
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Non-spherical drops

Curvatures

Mahayek [11] proposed a correlation to express the local mass flux as a function
of the surface curvature, based on the suggestion of Lian and Reitz [12] who
studied the instability of evaporating liquid jets, postulating that the deformed
surface may be locally considered as the surface of a spherical drop having the
same mean curvature as that of the deformed surface, and that the local flux

would be that of a spherical drop with that curvature radius. i G
» sphere
. i [f 1.05 g=14 p=12 o
From the present solution, the 0% =102, 07 =1.03 ,,,,1 04,07 =106 | |07 =1.08, 0°* =1.13
mass flux at drop surface is B e i 15«“ o
proportional to the fourth rooth g g, o ke (] l\
of the nondimensional approximate method [31]- - - — - = I
Gaussian curvature: = 64 I Fe o
*é‘t’; = 112 4 4 N\ ir 'I. \‘\ i |
[1-{1-e?} sin?(8) ] . // X A

) g 14 Moy ORI [T ot
1 R5K ) .
Es = = (RiKa
4?1-}2% 0 -n/2 0 /2 -n/2 0 /2 -n/2 0 /2
6 (rad) o (rad) ¢ (rad)
[11] F. Mashayek, Int. J. Heat Mass Transfer 44(8) (2001) 1517-1526.
[12] Z.W. Lian, R.D. Reitz, Atomization Sprays 3 (3) (1993) 249-264.




Non-spherical drops
Oscillating drops

The spheroid surface oscillates with 0 iomt
a,(t) = a,e™"

_ an(?)
R(0) = RD(I 2 54 11 nlcos 9)) Only n=2 is considered
H=z

A.Spﬁzé'mz’d

B(t) = =1+ %(agfsm%mg:) = 1+ ABsin®(@s1)

Aapﬁzere

Under the assumption of quasi-steady drop evaporation, the non-
dimensional instantaneous evaporation rate and heat rate depend on
time by the relations:

iow = T [ 22222 ) = F(p()inZ

1 — ..

_ Mgy

l—e I

- sphere
_ Mgy A.Sp.lgﬂé‘.?‘é'
- . e Ie gy
0 =TT 1)( ) Te



1.2

Non-spherical drops

o
@ — Flay

~ sphare
£V

Oscillating drops

Non-linear analysis shows that drops,
which are released from an initially two

present model
— - = Mashayek model [34]

+ mean curvature method [31]
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lobed configuration, spend less time as a
prolate form than as an oblate one.

[RY [
! \ Here linear theory results are used.
!. proiate .\ l oblate ~\‘
[} ‘\ y \
! ‘\ ;
/ \ Mashayek [9] proposed a correlation
= i for the instantaneous non-dimensional
Mprolate € =29 evaporation rate of oscillating drop.
B, =11 == max
max oblate €,,.=0.49

s~ spheroid —

rnev =

1.3 1

—— present model
— - = Mashayek model [34]
< mean curvature method [31]

§
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{1+ 0.6(’6(;—;31)1/2(& cog m))} "E

It does not account for different behaviour
from oblate to prolate

1= Xye
1- /Yv,s

|

1

AR .
Average evaporation rates

100

over an oscillation period

AB = non-dimensional maximum
excess area from the spherical state.



Non-spherical drops

Quasi-steady state assumption

- The characteristic time scale of the oscillatory
T pifty process (assuming n=2 ) can be defined as
© the inverse of the oscillation frequency:

guasi-steady-state assumptionmay be acceptable when:  fevap < fosen

Evaporation from a drop is an

overlapping of mass and thermal Characteristic times Mass transfer  Heat transfer
diffusive (driven by the thermal o convective feomy = 22 1
and mass diffusivity D, diffusive e | o B

coefficients respectively) and )
convective-diffusive 7., = 2 = v g o 2 = tule

convective phenomena (Stefan 0T Ty e
flow, driven by a characteristic
velocity U,).
ey Pev Dy These characteristic times are not all independent

[:]=

BAr R p f R



Non-spherical drops

Quasi-steady state assumption

Mass transfer Heat transfer
pR Biag Prag : £ e < 42.7
foomy ™ Zo5m = oo oo ™ Gy Since 3, > 1 for &%
Ia
B2R3 i g
I-:‘cf = mzﬂn ;;?g;ﬁ Ifc;* o (m d';g = maX[ICd:J tf:f] - max[rcmv:rchv] > max[fd;'ﬁ: tﬁﬁ']
[ i a1 %

The evaporation characteristic time scale
may be one of the three above mentioned
characteristic times, but the condition
tevap<<losci IS Certainly satisfied if:

]‘HE],X[ICQ-‘:, ffd] % I.;:vscz'.-:’f DE (Tﬁfm ),Dj ]_T14(]. - ;t’v,s)
2.0740(7)

=R]J'm:-?“}RU

2 2
b R max[1,Le] = max([f.,, 7]
(ﬁ?@kem ) 2D cd



Non-spherical drops

Quasi-steady state assumption

The temperature dependence of
D, and o yield, for each value of
Rim» @ relation between T ., and
Tarop that deflnes on a Ty Thop
plane a region

where the
condition t,,,,<t, holds

oscil

An inspection of the diagrams
shows that the inequality (and
then the guasi-steady
assumption) may acceptably
hold for small drops (few
tenths of micron) in hot
gaseous environment and for
high volatility fluids.
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Non-spherical drops

Next steps

Extend the results to a

wider class of deformed —_—

drops

Find possible relation

between local vapour flux | e

and curvature

Some results already obtained, a
generalize theory for 1-D
evaporation is available. Triaxial
ellipsoid solved.

The 1-D evaporation approach
support the conjecture that the
proportionality of vapour flux and
the fourth root of the non-
dimensional gaussian curvature
may hold for a larger class of drop
shapes.

(v 2 14 oy
e = (R KG
5 ( 0 ) 4?IR%




Multicomponent drop
evaporation



Multicomponent drop evaporation

basic

A possible approach is through the approximation of single component:
The vapour mixture is treated as a single component vapour and

D™ s the diffusion coefficient of the mean vapour mixture in air, that
can be calculated according to the Wilke and Lee formula

3.03 — 0.98 10—3 TSZ
[_)'IV.OJ — D

that takes into account the physical

WMTPETY)Qp - properties of each species.

o — _n+1l
; ol

Zj=0 Mg)
vor 2000 The evaporation ratios for each
| species are calculated as:

The result is then again the usual formula: (k) (k)
(T) [Model 1] ) = ) gk = Moy X
ey = 47Ropre D In (1 + By} )

mm &
m, S ()
Xs

j=1

[13] S.S. Sazhin, et. al. International Journal of Heat and Mass Transfer 53 (2010) 4495-4505.



Multicomponent drop evaporation

basic

A semi-empirical approach that account for different diffusivities of the
species is reported in [14]

. (k) [Model 2 (F) . k)
ey O = AR p o DFO (1 + BYY)
RY = Roifop*
" o Where R,/ is the equivalent drop radius,
BH _ Xz — Yoo function of the species volume fraction in
M 1 — xg‘c:‘ the liquid mixture ¢®, D&9) js is the gas

diffusivity of pure species k in air at
reference condition.

[14] G. Brenn et al., International Journal of Heat and Mass Transfer 50 (2007) 5073--5086.



Multicomponent drop evaporation

Model equations

Spherical
(s) = symmetr -
[In*” =0 | y :y> i Ilﬁ)('{k 20 F(m}pdx'k" _ 0
n(s) — n(T)X(S) _IOD(S’m)DX(S) d}" d.?'

K=1,...,n stands for the n evaporating species, k=0 for the gas.
D&m) js the the mass diffusion coefficient for the species k in the gaseous

mixture and it can be aproximated by Blanc’s law [16] or Wilke’s law [17].

-~ -1 (&)
P o F) 1 _
I).j,g—m;. _ ( E : /EFJ;f ) D{k,m} — yrei}
|'k Al
< DV no Yref

=[] Efr!’c

: . JEk
Blanc’s law Wilke’'s law

D&M depend on species concentrations and they are calculated at reference
conditions 2409 + 4

L)
[15] Zhang, L., Kong, S.-C., Fuel 95 (2012) 471-480 Kref = 3
[16] M.A. Blanc, J. Phys. 7 (1908) 825.
[17] D.F. Fairbanks, C.R. Wilke, Ind. Eng. Chem. (1950) 471-475



Multicomponent drop evaporation

Solution
_L: « (k)
x':k:' — a':k:'e 4:'rpRDD(k=m:" + 8{%:‘ Elikj — Mey

) . [ ':l
S i
=1

PP (r=Re) = PV =1) = PY

Boundary conditions h - -
xhk}l(r —_ .;j':)) — xkk‘)({; — O) _ xm)

&

A
(ll%_-. rl%_-. -_——
e :S' ) xéﬂ)e 4?rpRDD(k,m:' n ) ) "
LT = —_
_ mév} (— sl *
1 — ¢ 4rprgDtEm) =L ) ] k=1

7 F) —
Zk:l 8( ) — 1 \
~(T)




Multicomponent drop evaporation

Extension to Re>0

Extension to Re>0 assumes that the evaporating drop is surrounded by
different mass diffusional regions, which thickness depend on the physical
properties of each species, based on the hypothesis that the interaction of
the evaporating species is small (see also [18])

(B SE® ) gé’?‘:' _ Sh'®) g )
Meve = D M ey ZH_ 1 S];.' Ej'f.'glﬁjj
Ji":
(&
2 Shy ' — 2 (2 2
JAL I 0 o (k) no (k)
Sh* =2+ F (B':m:') B':m:' _ Zk=1 As — Zfﬁ' Ao
A M Mo 1 Zn (&)
() . — =) AT
ShE = 2+ 0.552/Re Sc®
(m) 07 (72) : )
» (Bm) ~ (1 + By ) 10%(1 + By ) Basically, an extension of Abramzon-
MAZ M B Sirignano (1989) model to
Qb y multicomponent
pe T I)‘ka}

[18] S. Tonini, G.E. Cossali, 2015, Int. J. Therm. Sci. 89 (2015) 245-253



Multicomponent drop evaporation

Model comparison

(T) [Model 1] = () _ 3.03 - _;)80) 10-2732
Mev = 4;?301‘)}?],[)._»&0;. ]11(1 +BY ) A0 _ o5 |
D S (70) ((')-'Zv.Ojnj-QD

. (&) [Model 2 (k) 0 (k)
ey O = AR p o DFO (1 + BYY) PRI
B _ A5 co
le = Ro o x 1—ys
H (k) no(k
« (T [Mode! 3 — \ ()l (m) Z_x‘?_z /EC'C
e P = arRoprDO In(1+ B ) Bl = ffll > E
- A
Zﬂ - ':kf-'[){km} -
f}{mm} _ —1 /{ref

Dy Koot
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Multicomponent drop evaporation

Model comparison

Alcohol and acetone

0.25 05 075
0.76 0.5 025

ethanol

acetone

Alkane and ketone

085 09 0.5
0.5

n-decane

3-pentanone 0.15 0.1

ethanol / acetone

(L]

S

10

08

086

04

0.2

0.0-

Alcohols, alkanes and water

methanol 02 02 03
ethanol 03 02 02
1-butanol 030 02 |02
n-heptane 0.2 0.2 015
n-decane 02 015
water

n-decane / 3-pentanone

0.25
0.256
0.25

0.25

Il

[ Model 1 - [ Model 2 - Il Model 3

alcohols / akanes / water

il

£0.6

S

alkanes

3

1.04—

0.8

™

[

0.4+

-

0.2

N

0.0

D1 D2 D3 D4 D5 D6

T rop 300K ; Tyas 500K

D7

Alkanes
n-octane 0.33 0.33
n-decane 0.33
n-cdodecane 0.33 0.33
n-tetradecane 1. 08 06 04 0.
n-hexadecane 0. 02 04 06 1. 0.33

Experimental Database
available for comparison [19]

_ . [Model §
sméi = —m‘g“" -
. [Adadel 0]
Mz

Model 1 and 3 are in good agreement
(model 3 is almost coincident) with
the detailed multidiffusion model

Model 2, noticeably underestimates
the evaporation rate for all the multi-
component drop test cases.

[19] J. Wilms, Evaporation of Multicomponent Droplets, PhD Thesis, Universitat Stuttgart, 2005.



Multicomponent drop evaporation

Model comparison

25% ethanol / 75% acetone

1.2

104b—m—o-o--vuerrrrrr T s s L - - e

71 S
2064
=]

0.4+ ——Model 1

- — Model 2
024 - - -Model 3
0.0 T — T T
280 290 300 310 320 330

T (K]

20% methanol / 20% ethanol / 20% 1 butanol
20% n-heptane / 20% n-decane

12
0.5
064
. s
Model 1
= = Model 2
029 ... Model3
0.0 . ; . : T
280 290 300 310 320 330 340

T IK]

om [-]

om [-]

85% n-decane / 15% 3-pentanone

1.2
0.8
0.6 L s
0.44{ —— Model 1

- = Model 2
024 - -Model 3
0.0 T T T T

280 300 320 340 360 380
T [K]
33 % n-octane / 33% n-dodecane /
34% n-hexadecane

1.2
e T e (S oI ie m A ey mnea )
0.84
0.6 T
044 ——Model 1

— — Model 2
0.24 -+ -Model3
0.0 T T T T T

280 300 320 340 360 380 400

25% ethanol / 75% acetone

85% n-decane / 15% 3-pentanone

1.2 1.2
1.0 s T TTTTT T T T s s Y G e ey e S
og{ T T TTT 08
) AT
5 0.6 OB s g g e e e
£ 3
0.44 ——Model 1 0.4 Model 1
= = Model 2 = = Model 2
0.2 Model 3 024 - ---Model 3
0.0 - - - 0.0 . T
400 600 800 1000 400 600 800 1000
T.IK] T IK]
20% methanol / 20% ethanol / 20% 1 butanol 33 % n-octane / 33% n-dodecane /
20% n-heptane / 20% n-decane 34% n-hexadecane
1.2 1.2
L s i B S L i O e T T E T n m e a e AT R R kA
| ——
0.8 08
= W e e i i
L . 506
) D
044 —— Model 1 044 ——Model 1
- — Model 2 - = Model 2
0.2 Model 3 024 - ---Model 3
0.0 T T T 0.0 T T T
400 600 800 1000 400 600 800 1000
T,[K] T,[K]

Model 1 and model 3 yields results quite close to that of the multidiffusion
model for all the temperature ranges. Model 2 underestimates.



Multicomponent drop evaporation
Model comparison

33 % n-octane / 33% n-dodecane /

25% ethanol / 75% acetone 34% n-hexadecane
1.2 1.4

1.0 1.24 J

0.8

—_
i

0.6 R it
=
2

om_ [-]

Model 1 Model 1

0.4

- = Model 2 *1 = = Model 2
02 - -« -Model 3 53 - - - -Model 3
0.0 : . . ‘ 0.0 . . T T
0.0 0.2 0.4 06 08 1.0 0.0 0.2 0_41 ; 0.6 0.8 1.0
, T
s [ - I

The effect of vapour composition at free stream conditions (x,,* ) is tested
for two drop compositions. The drop and gas temperatures are equal to 300
K and 500 K, respectively, and Re=0. The vapour mass fraction at free
stream conditions of the first species in the drop composition has been varied
from O up to the corresponding value at drop surface.

The simpler models (1 and 3) deviate at larger values of x,,® for alkanes.
This suggests that the detailed model should be preferred in case of fuel
spray simulations, where the presence of vaporised fuel in the gas phase is
higher, due to the evaporation of different liquid drops.
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Multicomponent drop evaporation

Model comparison

(a) (b)
1.0 P qon-CnHan:_I 1.0 N 1x10™"
& O v e, g = = = (RR) n-C,H,
081} L Ry . Trcume_g g —z(n-C,H,) n-C H,,
ol “'. X g T q)n-CnHao=0k4 Z“{H-C‘GH:’"} — 1%10™ 4
’ s wn-CmHSD:O E
0.4+ 2%
= 1x10™ 4
0.2+
.
0.0 . . . 0.0 — — B 1x10™" - -
0.0 2.0x10" 4.0x10"! 6.0x10" 0 x10" | , 2x10 x10 x10" . 2x10" 3x10"
t(2R )’ [s/m’] V(2R )" [s/m’] /(2R )’ [s/m’]
(a) (b)
1.0 1.0
—(R/R”)z . - .
sl G /Gy 10 A, ool = EEEa Multidiffusion model
" - 4cH)|  compares well with
0.6 & 2 0.6+ #(n-C.H,) H b I d I
‘}a o= experiments, but also mode
0.4 0.4 - )
%\ st 1 and 3.
o P \
0.2 _ 0.2 AN
n-CH_/nC H,_/nC_H,
8 18 "w 22 12" 26 .
ool e M el eV Only experiments under
10? 8 1011 1012 10? 108 10 011 1012

10° , 10%
Y(2R )" [s/m]

B
1/(2R)" [s/m’]

strong evaporative
conditions may yield crucial
comparisons.



Multicomponent drop evaporation

Maxwell-Stefan equations

vy =" DL (yON® — BN

CL i
k=1
k£
i
| - ) Dy ) = _ Ve
Radial symmetry: (=R /r N% = 4H§fgﬂf Pt = Dpj v S
re =1
dy®) AT) N
@y oo Pk (1,24, (k) _ (k) (@) nk)
7 N.:gvgqo(yv yEy ey 3 oy® =1
n independent equations
B _Zz:l(plkv(k) V(l)(mlz_@m) V(l)(@m_q)m) ]
A=]TJ(T) V(2)(9921_(;020) _ZLI q)z"’v(k) V(z)((pzn_q}zo)
di@mamua
g V(M)((p?zl _ (;0920) V(H)((}an _ (pnﬂ) _Z;l qo?skv(k)

: T
w=[ﬂ)“_ﬂm]

B = Mgﬁ[,’,u)@m:v@@zo:___:V(n)q)no]’f




Multicomponent drop evaporation

Solution

A simple solution can be found assuming a constant value of the molar density c.
¥ =% .Co—.A'B
the vector C, has to be determined from the B.C.:

(1) = [y, 3] =@,
(0) = [35),...3%8 | = ¥ar

e M AFs +B) - (AP +B) =0 N+1 algebraic equations for the n+1

unknown A7)
(k)
Fi

2y

[20] S. Tonini, G.E. Cossali, 2015, submitted to Int. J. Heat and Mass Transtf.



Multicomponent drop evaporation

Fick’'s law based models

Molar form
Assuming c=const.

N(S) — N(T)y(s) —CD(S’m)Dy(S)

- g = g ®).
oo =
2 oD =1- Z Ao
k=1 (e_-ﬂIRDpDI:k’m:I _ 1)

AT

_ My
b o L= gD T
oA
ey
ay

1 — e_ 4z Ry pDHEM)

Mass form
Assuming p const.

n(s) —_ n(T)X(S) _pD(S’m)DX(S)
# (k) (%)

Z ( J”mNgE} Vs Zy(fc]
=1
)

g dxRgeDEM)

NHF’

o _ Y =3¢ wmren®m
Y D

1 —e 4:rRDcD':'i:=m:'

cle) Mm@
B 3N Mm®y@)?
—

- mev

- N sz@w

The two solutions are different also for single component drops, but in such case
the solution of the molar form would yield exactly the same solution of the M-S
model since in that case the two sets of equations are equivalent and the same

assumption (c=const.) is made.




Multicomponent drop evaporation

Comparison
Isothermal (T ,0,=Tgas)
50% ethanol / 50% acetone 20% ethanol / 50% acetone
u o = —
-2 - - . -
S
~ " --_FE
-4 5 =
S R 2
== & % -
E _5_ \\ \ =
S
Tkl . %
-8 - F'_ "y
— 4 1
‘1'3 T T T T L 0 I T r T T
280 290 300 310 320 330 280 290 300 310 320 330
T(K) T (K)

50% ethanol / 50% acetone

G Both the Fick's models underpredict the
0.20- evaporation rate and the differences
0451 increase with the temperature.
L Y Evaporation rate fractions predicted by
g

the Fick's models, for the selected range
of temperatures, differs from the S-M

%% 250 360‘:‘(;() 310 320 330 model predictions by 4% to 8%.
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Multicomponent drop evaporation

Comparison

(@)

50% n-tetradecane / 50% n-hexadecane

T T T T T
300 350 400 450 500
r'(K)

()

33% n-octane / 33% n-decane / 34% n-dodecane

2.5x10™
2.0x10°4 —
1.5x10"
© 1.0x10*

5.0x10°

0.0 . ' T r
300 320 340 360 380 400
T(K)

(b)

90% n-decane / 10% 3-pentanone
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|——8-M
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SX1 0-5 1 EmESSIC
o 5 |
"a’ 6x10
=
= 4x10°4
2x10°
0 - v - :
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(d)
25% water / 25% methanol / 25% ethanol / 25% butanol

2x10™ 1
2x10™
)
2
= Ax10"4
5x10°
0 . v : . v
280 290 300 310 320 330 340
T (K)
Figure 3

Same behaviour for other mixtures.
But for some combinations the difference may be larger



Multicomponent drop evaporation

ethanol / acetone (7= 325K)
8x10™
g —SM
\ % Fmola
6x10™+ 2 e
% ¥ - =-F
o 4x107 2
2x10* \
0 T
0.0 0.2 04 0.6

Total evaporation rate differs considerably
for certain species combinations, mass

fractions and temperature

The effect of non-isothermal drop

evaporation is taken into account only
through the values of the reference

temperature at which molar and mass
densities and diffusion coefficients are

calculated

Comparison
n-tetradecane / n-hexadecane (7 = 500K)
6x10"
—S-M
53'(10-“' _qular
e FI\'\G.’)&I(‘. -
i -
E 4x10™ o P -
=] - i
=, 3107 i
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1x10°* 52
28
0 T T g 8 T T
0.0 0.2 0.4 .F]-ﬁ.. _ 0.8 1.0
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4x10* 4 -
_}_ﬂ’,__ﬁ—’—
w < |
et
5 2x10*
—5S-M
mala
1X104' Fr!ussu:
---F
0 - T T
400 600 800 1000
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Multicomponent drop evaporation

Next
Re>0 Fick’s law based model Availability of detailed
validation m==> | experimental databases
Extension of M-S model Some results (analogy with
to Re>0 —_— single component cases)
L Targeted experiments
Valllzc'lalilon (Zlf Il\/I-S model ===> | (cooperation with Stutgart
VS FICK MOaels University)




Future developments

\ Multicomponent Multicomponent /
non-spherical drops Variable density

Variable density
non-spherical drops






