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Abstract

Extended model is a theoretical and analytica model for evaporation of
hydrocarbon fuel droplet. This model assumes that there is a moving hydrocarbon
fuel droplet in quasisteady environmental air. Four types of fuel (n-heptane, n-
hexane, n-decan, and light Diesel) are used for analysis at atmospheric pressure and
temperatures from about (300— 1500) K. The initid droplet size used is 100 pum
for a Reynolds number ranging from (0.1- 1800). Computer programs have been
developed in (Matlab-7) language to find out the mass evaporation rate, variation
of size, droplet life time, and flame stand off ratio. The percentage vaue for
maximum mass evaporation rate from the extended model is (0.13%) greater than
that obtained from the mass evaporation rate from classical model due to the
increasing of the heat gain to the movement drop. the results are compared with the
existing theoretical and experimental work in literature and acceptable agreements
are obtained
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Introduction

For modern  combustion
engines using liquid fuels, severd
processes play important roles in
reaching high efficiency in the
combustion cycle and low emissions
in the exhaust gas. One of these
processes is the evaporaion of the
fuel in the combustion chamber. For
direct injection systems used in
aircraft or car engines, the fuel enters
the combustion chamber in the liquid
state. During injection, the liquid

disintegrates into single droplets by
atomization. In addition, the droplets
evaporate before combustion occurs,
figure (1) shows the state of droplet
evaporation [1].The theory of fuel
droplet  vaporization has been
intensively developed during the past
several decades. The classicd droplet
vaporization model explained in
many literature [2,3], dedls with an
isolated pure component single
droplet suddenly exposed to a hot
environment at low pressure. Since
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the droplet temperature is lower than
the surrounding atmosphere
temperature, a net driving force due
to temperature difference  will
transfer heat into the droplet, which
will be used to supply energy for
vaporization as well as for heating
the liquid. As the droplet heats up,
the vapour concentration will start to
build up a the liquid-vapour
interface where equilibrium between
the liquid and vapour exists; this will
be a function of interface temperature
and the total atmospheric pressure.
The vapour will start to diffuse into
the surrounding air, resulting a net
mass flux outward from the droplet.
Sirignano and Law [4], studied the
effect of non-uniform liquid-phase
temperatures on a single component
fuel droplet by considering that
internal motion does not exist and
diffusion is the only heat transport
mechanism. They compared this case
with that of a uniform liquid-phase
temperature (complete mixing
model) and they concluded that the
droplet size  variations and
consequently the droplet vaporization
time can be predicted with good
accurecy regardless of the model of
internal  heat transfer. Law [5],
presented a review for the progresses
on understanding the fundamenta
mechanisms  governing droplet
vaporization and combustion. Topics
include the d2-law and its limitations;
the major transient processes of
droplet heating and fuel vapor
accumulation; effects due to variable
transport  property  assumptions;
combustion of multi-component fuels
including the miscible fuel blends,
immiscible emulsions, and coa-oil
mixtures, finite-rate kinetics leading
to ignition and extinction; and droplet
interactions, have been presented.

2 Extenson to  convective
environment model:

The purpose of this model is
to study the effect of the convective
trangport caused by the relative
velocity between the droplet and the
free stream on the evaporation
process of a single component
droplet suddenly exposed to a hot
environment.

The essence of film theory is the
replacement of the heat and mass
transfer  boundary conditions at
infinity with the same conditions
moved in ward to the so-caled film

d; for

radius, dw for species, and
energy [6].

The film radii are defined in terms of
the Nusselt number Nu, for heat
transfer, and the Sherwood number

Sh, for mass transfer, given by,

r Nu-2 )

d, _ S

rr Sh-2 )

For a stagnant mediumNU = 2 thus,
recover dr ® ¥ in the absence of

convection. Consistent with the unity
Lewis number assumption,

assumeSh=NU  For  droplet
burning with forced convection, at
low Reynolds number limit [7]:

(Nu or Sh)=2+1/2(Re.Pr or Re.Sc)
+higher order terms 3
Other studies of evaporation in
cregping maotion show that the
coefficient, 1/2, depends on the
variable properties model and degree
of overdl properties variation in the
flow field around the drop, and
neglecting the higher order terms in
Egn. (3) yields a prediction that is
within 2% of the more complete
expansion.
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At the higher Reynolds number, the
Ranz and Marshall correlation given
inthis Egn. from [8]:
Nu=2+0.6Re"” Pr*” 4
Employing the fi6ssling correlation
for forced convection, we have,
Nu=2+055Re’ Pr* (5)
For (10<Re<1800)

At the higher Reynolds numbers,
Y uge suggests a higher power for the
Reynolds number, in agreement with
other measurement. Combining Egn.
(3) and (5) to obtain a synthesized
correlation which approaches the
correct limiting values at low and
high Reynol ds numbers (Re<1800)

\ -

U
Nu= 2+3)555Re2 Pra/gi+123¥%e(Prgfg
%
(6
Where:
2r
Red - s|d
Ho ©)
Cpnmr
Prd = pg 9
x ®)
V
Va And ¢ are droplet and gas
velocities, u gand rrg ae gas

kinematics and dynamic viscosities,

Cp andI 9 ae gas specific heat
capacity at constant pressure and
thermal  conductivity, respectively.
(See Figure (2)).

The mgjor assumptions used for the
extension to convective environment
modd are,

1- The burning droplet surrounded by
a sphericdly symmetric flame,
exists in a quiescent and infinite
medium. There are no interactions
with any other droplets.

2- burning process is quasi-steady.

3- The fuel is a single-component
liquid with zero solubility for gases.
Phase equilibrium prevails a the
liquid-vapor interface.

4- The pressure is uniform and

constant.

5- Fuel and oxidizer react in
stoichiometric proportions at the
flame.

Chemical kinetics are
assumed to be infinitely fast,
resulting in the flame being
represented as an infinitesimally thin
sheet.

6- Constant and uniform temperature

(initial transient of droplet

temperature is neglected).

7- The Lewis

numberLe:a/D:Ig/GCgD is

unity.

8 Radiation heat transfer is

negligible.

9 The gas-phase thermal
I

conductivity, = 9 specific heat,Cpg,

and the product of the density and
mal diffusivity, D, are all
constants.
10- The effect of the convective
trangport caused by the droplet
motion relative to the
gasisaccounted
2.1 Conservation of mass.-

With the assumption of
quasi-steady burning. The mass flow

rate m(r)is a constant, independent
of radius, thus[6],

h=r = rv, 4pr
Where

Vi isthe Radial velocity

2.2 Species conservation:
For the outer region bounded by

U £r£dM)’ the

=constant. (9)

boundary
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conditions for species conservation
are:

_ rNu
" Nu-2 (10)
Y, (d,)=1 (12)
the general solution of oxidizer
distribution is,

b €& o ou U
I expé a i
g 4rDrg i
Y.(r) =uj 1y
i € U g
1P Dr g
q Aprorg
For outer region:
o w0
& 4prDr Nu/(Nu- 2)f _u+1
u T u
pg 4prDr, {
(12

2.3 Energy conservation:-

For spherical droplet and
axisymmetric geometries, the Shvab-
Zddovich energy equation is given in
theform [9],

1
ra

& dfp,dT &
?rzcrv,(‘jipng- rD d;pg c:t:é he iy
r R i

d
ary g

(13)
With the assumptions of constant
properties, unity Lewis number, zero
reaction rate and pure evaporation
equation (13), after arrangement can
be written as,

dTo
dgr - drg @ Cp, dT
dr 4l dr (14)

For the outer region bounded

by(rf Er E’dT), the  temperature
distribution is obtained from the

application of the  boundary
conditions:-
T(r)=T (15

T(d,)=T, (16)
The equation of the temperature
distribution for generd solution at the
gas-phase of the burning droplet is:

¢ . v
€ m Cp, U
ex u
© pg 4l gr g
T()=—Ff —Hic,
me Cp,
Where, Cl and CZ, the constants
of integration.
For convenience, if
_(@,
. (17)

Then, the temperature distribution
equation becomeS'—

Z; mpﬂ
rou
T()=—=—Luc,

ZT mF (18)
Applying the boundary condition,
Eqgn (15), in Egn. (18) to obtain:-

C, expe-

Zy me (19)
Then, the temperature distribution
becomes:-

e, 0 6,
ci expg— gs expg— ZTri'mFE&ﬁT, Zoy
-t 0 L%
ZTmF
(20)
Again  applying the boundary

condition, Egn (16), into Egn. (20)
yields,
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1

8 Z m(Nu- 2)u e zm Y
Ctap 7r Nu a exp! : t},+TZ 1
T, = e a :
ZTmF
(21)

Findly, the temperature distribution
can be found by substituting these

Cl

expressions for and
C. Jespectively, back into the

genera solution given by Egn. (18),
result,

t(T - T‘)expée Z‘ m ? T, expeéi_ Zm a+T, expe & z.m (Nu- 2)$
0 & {a e " g r Nu )
zZmU €7 m(Nu-2)u
expeiu expe—————4
e 6 e Nog
(22)

2.4 Energy balance at flame sheet:-
The surface energy balance at
the flame sheet can be written :

Me mC:Qf-i +Qf-dT (23)
Thus, using Fourier's Law,
é dT| u
Q.=-¢g 4 gprfd— d
€ rlc (24)
and
dar
Qr dr =- 4| gprfi
dr, (25)

By differentiation the temperature
distribution in Egn. (22) at the flame
radiusin the outer region:-

é Zmu

T - T,)Zm expg Ty

dT]| (r-Tz. g
arle g Zmu ¢ Zm (Nu- 2u
r’}Eng r H Eng r Nu %
(26)
Differentiation equation for

r®r,)

a the flame radius in the
inner region gives [6],

é zZmu
T-T )Zh ex
a7 ( ) Sl pe‘ r H
dr d ézmu é Zmuw
ol ZMU o8 20
i é I u é I
(27)

Then, the energy balance at the flame
yields,

D ofmeet 2R U1 pimzme O
Cp' e " a Iy: S 5 uly
Dne| o ZI0LL 6 Zi0 Y ¢ zmu € zm (Nu- 2)u

e A e B S %up

(28)
Again, five unknowns
., T.,r..Y T
F f f f
s and s, must be

evaluated assuming that the surface
temperature (TS) is equal to the
boiling temperature (TS TbO" ),

This is a reasonable assumption when
the droplet is burning vigorously
after its initial heat-up transient and
can be evauated by the mass fraction
Clausus-Clapeyron  equation, by
solving the Egn. (12), (22), and (28)

for the three unknowns T,
r
and f

(8)The evaporation rate:
The droplet mass evaporation

rate in terms of the transfer
number Bog can be expressed by:
2pl r_Nu
X :L |n(|3U +1)
Cp a
o (29)
Where
_Dheju+Cp (T, -T,)
e q. +h,

(b) Flame temperature

As in pure evaporation
analysis, assume the fuel is at the
boiling point. The problem is greatly
simplified with this assumption and
by using Egn. (12) to evauate the
flame temperature after arrogant:
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é 1 (Nu- 2)u

ex A Y 200007
¢ m u pg 4prDrsNuH
expeg a= 1
é 4rDr g u+l
u
(30)
If,
Z. =1/4rD (31)

Substitute Egn. (30) and Egn (31)

into (28) yields,

o ; (T - T)exp E— Z‘m:ﬁ'l”’ Z)WUT” r

Dhei & Z,m, (Nu-2)0 fu+l _ & Z,m, O
- T TR B

(32)

Then, the flame temperature
becomes:

é mCp,(Nu- 29U € m,Cp,(Nu- 2)U M Cp,u

6
T e T expe
CATI e ST ulu+ m‘"g 2 r 8
N
6 o 6 o) 6 .
wpém\Cp‘(Nu 2).+ulapém0p‘(Nu 22 el Cp,
g 4pl 1 Nu [ g 4pl rNu [ & 4lra
Dh ¢ & mCp(Nu-20 & mCpy U
E i ST S 0
¢ mCp,(Nu- Z)L,lm‘ape mCp (Nu-2u e mCp,u

u expe U & a & a
¢ lrNu ¢ ¢ 4plrNu ¢ ¢ 4lrc

uT, expg:
é

T =

(33
(c) Flame stand off ratio:-

To formulate the flame stand
off ratio, equation (12) is arranged to
the
form

me rgNu

r =
! u-+1l
mg (Nu - 2) + 4pr Dr_Nuln

u

(34)
Then the flame stand-off ratio (ratio
of the flame size to the droplet size),
is given by:

o i, Nu
r 4pl u+1l
: Nu- 2)+——=rNuln——
. (Nu- 2) cp. NI,
(35

(d) Droplet lifetime

The droplet life time is
obtained using the mass balance for
the classica theory which states that
the rate a which the mass of the
droplet decreases, is equal to the rate
at which the liquid isvaporized i.e.;

y+(T -T =1

amy) _ g
dT (36)
where
m = pr d
6 (37)

Substituting Egn. (29) and (37) into
Eqgn. (36) and differentiate, yields,

2l  Nu
ad) - Ze™ s, +1]
dt Cp,r d '
(39)
Let
k= 2Ny g 4]
Cp,r, (39)
or
d(dz):'Kdt (40)
Integration of Egn. (40) from d; to
d*and from O to t given
d*(t)=d,” - Kt (1)

And the droplet life time will be,
2
td = d_o
K (42)
(f)Damkohler number
The Damkohler number
related to droplet life time is[10]:

r
Da:;

th (43)
3. Results and Discussion :
3.1 TheUsed Data

Type of Fuel: four types of
fud have been wused in the
cdculations of the classcad and
extension to convective environment
models which ae n-heptane, n-
hexane, n-decan, and light diesel
Droplet Size: The droplet size (d)
used in calculations =100pum
Environmental Conditions, The
environmental conditions assumed in
the calculations are:
a) Temperature: (300, 600, 1000,
1200, and 1500) K.
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b) Pressure: (1) bar
¢) Reynolds number at range (0.1-

1800)
3.2 Extenson to convective
environment model and the

classical mode

The calculations of both the
classical and extension to convective
environment models for the four
types of fuel under study, are based
on three varidbles (size ratio,
vaporization time, and environmental
temperature), where the other
parameters have been evaluated
according to these three variables.
Then, the comparison between the
two models is held.
(a) Droplet sizevariation

Figures (3) and (4) show that
increasing the amount of fuel
vaporized from the droplet surface
which in turn increases the mass
vaporizetion rate. Higher mass
vaporizetion has been noted for
extended model due to the droplet
movement that lead to a force
convection cae , and this in turn
causes an increase in the sensible
heat quantity that entering the
droplet, subsequently, increasing the
mass evaporation rate. Regarding the
classica model, the droplet is
considered as quasi-steadiness. In
extended model, n-decan gives
higher mass vaporization than other
fuel while in classica model, light
diesel has higher mass vaporization
and other fuel give approximately the
same behavior due to the physica
properties of fuel.
(b) Burning time variation

Figures (5) and (6) show the
variagtion of droplet size with
dimensionless time of evaporation.
The two models give approximately
the same behavior. The curves could
be divided into two parts of droplet

life time, At the early stages of its
lifetime the curves decrease in the
droplet size with the increases of the
time and this is higher than that for
classcad model because the droplet
lifetime decreases with increase of
the heat gain transfer. During the
early part, a large value should be
used (higher ambient temperature
and higher Reynolds number), while
during the later part a smaller value
should be used. Therefore, at the later
stages of droplet life time, the curves
indicate that the behavior of n-
heptane and n-hexane are the same
for the classical model.
(c) Environmental temperature
variation

Figures (7) and (8) for
classcad model, are directly related
to the environmental temperature, so,
any increase in the environmenta
temperature will lead to a noticeable
increase in the flame conditions.
While, in extended model, the
relationship is constant due to
independency on transfer number
which is a function of temperature
and the kind of reaction.
3.3 Comparison between the
classical and extended models:-

The comparisons are carried
out for characteristic parameters of n-
heptane for the two models.
(a) Droplet sizevariation

Figure (9) shows the variation
of the system Damiéhler number
with size for the two models.
Damkohler number represents the
ratio between the flow time and
reaction time. So, as it is shown in
the figure, Damikohler number is
proportional to size, where it
decreases with the decrease in size,
while the variation of the system
Damkohler number with size remain
constant for the classical model.
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(b) Vaporization time variation

Figure (10) shows that the
flame temperature dmilarity in
behavior for the two models is due to
the fact that flame temperature is not
affected by Nusselt number since it
depends totdly on the fuel properties
and the environmental temperature.
(c) Environmental temperature
variation

Figure (11) which show that
the flame position obtained from the
classical model is the most affected
from temperature variaion between
them. And that is due to the flame
postion in the classical mode is
directly  proportional to the
environmental  temperature  since
other parameters are  assumed
constant, while in the extended
modd, flame positions are
approximately constant with the
variation of environmental
temperature due to it independent in
atemperature of surrounding .
34 Comparison the result of
extended model using different
Reynolds number

Figure (12) presents that the
flame stand-off ratio decreasing with
increasing Reynolds number and
decreasing will droplet life time due
to the flame radius depending for
Nusselt number.
3.5 Comparison with other works

Figure (13) presents a
comparison between the extended
model and work of Law [11] for

(rth )and (S ) relation. The
deviation between the two models is
due to forced convection used in the
present model while Law's model
based on conduction heat transfer
only.

Figure (14) reveals the comparison
between present model and Law's

work [11] for (mp) and (T¥)
relation which indicates a good
agreement in the behavior, especially
at low temperature.
3.6 Comparison with experimental
work

A comparison between present
work and experimental work of
Nomura [12] is presented in figure
(15) for droplet size variation and
life- time. A good agreement was
obtained between the two works.
4. Conclusions

The following conclusions are
obtained from the analysis of the
obtained results:
1- Extended model has proven to be a
successful model for  single
component calculation and has not
yet been applied to droplet or other
evaporation and combustion
problems. The method has not been
applied to transport process at all.
2- The heat up process using
extended model causes the mass
evaporation rate at the early stages to
be much than that in the classica
theory of droplet evaporation.
3- The heat transfer to the drop
increases with increase Re.
4- The flame conditions (position)
are not constant but, function of Re.
5 The mass evaporation rate
obtained by the classical modd can
be corrected with a useful relation for
the mass evaporation rateby the
extended model for different
temperature and different kind of fuel
and other for different Reynold's
number and different kind of fuel .
6- The flame temperature remains
constant in the two models.
7-Good agreements were obtained
through comparison with other work.
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Figure (1): Vapor molefraction and temperature profilesin gas phase
through droplet evaporation
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Figure (2) Comparison of temperature and species profiles with and without
convection [6].
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Figure (3) Variation of the mass evaporation rate with droplet size
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Figure (4) Variation of the mass evaporation rate with droplet
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Figure (6) Size variation versusevaporation timeratio (classical mode!).
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Figure (7) Variation of flame stand-off ratio with environmental

temperature (extended modd).
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Figure (8) Variation of flame stand-off ratio with environmental

temperature (classical model).
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Figure (9) Variation of Damkéhler number with sizefor (100 i m)
diameter n-heptane fuel droplet under atmospheric conditions.
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Figure (10) Variation of flame temperature with droplet evaporation
time for n-heptane fuel.
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Figure (11) Variation of flame stands-off ratio with environmental
Temperaturefor n-heptane fuel
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Figure (12) Flame stand-off ratio versus evaporation timeratio
(Extended model) for different Reynolds number
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Figure (13) Comparison of the extended model and work of law [11]
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Figure (14) Comparison of the extended model and work of law [11]
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Figure (15) Size variation versusevaporation droplet lifetime (extended
model) and experimental data[12].
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