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Abstract 
Extended model is a theoretical and analytical 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 initial droplet size used is 100 µm 
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 value 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 

  تبخر قطرة الوقود الهايدروكاربوني تحت درجات حرارة عالية
  الخلاصة

الوقود الس ائل تھو نموذج  ریاضي وتحلیلي لغرض درا سة تبخر قطرا لموسعالنموذج ا
وقد تمت الدراسة  لأربعة . وذلك على افتراض أن القطرة تتحرك  ضمن جو من الھواء الشبھ ساكن

تح  ت ض  غط  ج  وي طبیع  ي) الخفی  ف لالھبت  ان الھكس  ان ال  دیكان وال  دیز (م  ن أن  واع الوق  ود وھ  ي  
لإعداد مایكرو متر للقطرة و 100وبقطر ابتدائي ) 1500-300(ودرجات حرارة محیطیة تراوحت 

معدل الكتلة  لإیجاد (Matlab-7)تم أعداد برامج حاسوب بلغة  . )1800-0.1(رینولد تراوحت من 
وقد وج د .بنسبة ة موقع اللھب ودرجة حرارة اللھ و عمر القطرةالتغییر بالحجم وحساب ,المتبخرة
أكث ر مم ا ف ي %0.13)    ( المئویة لمعدل الكتلة المتبخرة من تطبیق المودیل الموسع ھ ي إن نسبة 

تم مقارن ة. حالة استخدام المودیل التقلیدي بسبب الزیادة في الحرارة المكتسبة الى القطرة المتحركة
النتائج مع الاعمال النظریة والعملیة المتوفرة في المراجع ووجد ان ھناك تطابقا مقبولا

Introduction 
For modern combustion 

engines using liquid fuels, several 
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 evaporation 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 classical droplet 
vaporization mode1 explained in 
many literature [2,3], deals 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 at 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 
accuracy regardless of the mode1 of 
internal heat transfer. Law [5], 
presented a review for the progresses 
on understanding the fundamental 
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 coal-oil 
mixtures, finite-rate kinetics leading 
to ignition and extinction; and droplet 
interactions, have been presented. 

2 Extension to convective 
environment model: 

The purpose of this model is 
to study the effect of the convective 
transport 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-called film 

radius, M
δ  for species, and Tδ for 

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,   

2−
=

Nu
Nu

rS

Tδ

                             (1) 

2−
=

Sh
Sh

r
S

M
δ

                 (2) 
For a stagnant medium 2=Nu ; thus, 

recover ∞→Tδ  in the absence of 
convection. Consistent with the unity 
Lewis number assumption, 
assume NuSh = . 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 
creeping motion show that the 
coefficient, 1/2, depends on the 
variable properties model and degree 
of overall properties variation in the 
flow field around the drop, and 
neglecting the higher order terms in 
Eqn. (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 
in this Eqn. from [8]:  

3/12/1 PrRe6.02 +=Nu                   (4)  
Employing the frössling correlation 
for forced convection, we have, 

3/12/1 PrRe555.02+=Nu                   (5)  
For (10<Re<1800) 
At the higher Reynolds numbers, 
Yuge suggests a higher power for the 
Reynolds number, in agreement with 
other measurement. Combining Eqn.  
(3) and (5) to obtain a synthesized 
correlation which approaches the 
correct limiting values at low and 
high Reynolds numbers (Re<1800)  

( )






























++=

2
1

3
4

3
1

2
1

PrRe232.11PrRe555.02Nu

                                                   (6) 
Where: 

g

gds

d

vvr

υ

−
=

2
Re

                      (7) 

g

gg

d

Cp
λ

µ
=Pr

                              (8)  

dv And gv
 are droplet and gas 

velocities, g
υ and g

µ are gas 
kinematics and dynamic viscosities, 

Cp and gλ
 are gas specific heat 

capacity at constant pressure and 
thermal conductivity, respectively. 
(See Figure (2)). 
The major assumptions used for the 
extension to convective environment 
model are, 
1- The burning droplet surrounded by 
a spherically 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 at 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 

number DCpDLe gg ρλα ==  is 
unity. 
8- Radiation heat transfer is 
negligible. 
9- The gas-phase thermal 

conductivity, gλ
specific heat, g

Cp , 
and the product of the density and 
mall diffusivity, Dρ , are all 
constants. 
10- The effect of the convective 
transport caused by the droplet 
motion                       relative to the 
gas is accounted 
2.1 Conservation of mass:- 
 With the assumption of 
quasi-steady burning. The mass flow 

rate ( )rm
.

is a constant, independent 
of radius, thus [6], 

 rvmm rF πρ 4
..

== && =constant.    (9) 
Where 

rv  is the Radial velocity 
2.2 Species conservation:  
       For the outer region bounded by 

( Mf
rr δ≤≤  ) , the boundary 
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conditions for species conservation 
are: 

2−
=

Nu
Nur

s

M
δ

                            (10) 
1)( =MoxY δ                              (11)      

the general solution of oxidizer 
distribution is,  


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
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−

= 1

4
exp

4
exp
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f

f

f

ox

Dr
m

Dr
m

rY

πρ

πρ
υ

&

&

                        
For outer region: 

  (12) 

                                                    (12)  
2.3 Energy conservation:- 
 For spherical droplet and 
axisymmetric geometries, the Shvab-
Zeldovich energy equation is given in 
the form [9],  

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

dr
dTCpm

dr
dr
dTrd

g

gF

πλ4

2

&
=









             (14) 
For the outer region bounded 

by( )
Tf

rr δ≤≤ , the temperature 
distribution is obtained from the 
application of the boundary 
conditions:-                            

( )
ff

TrT =                (15) 

( )
∞

= TT
T

δ                           (16) 
 The equation of the temperature 
distribution for general solution at the 
gas-phase of the burning droplet is:   

                                                                                                                                                                

( ) 2.

.
.

1

4

4
exp

C
Cpm

r
Cpm

C

rT

g

gF

g

gf

+


















−

=

πλ

πλ

  

Where, 1C  and 2C , the constants 
of integration. 
For convenience, if                                                                       

g

g

T

Cp
Z

πλ4
=

                              (17) 
                                                                                                                  
Then, the temperature distribution 
equation becomes:- 

( ) 2.

.

1 exp

C
mZ

r
mZC

rT
FT

FT

+













−

=

   (18) 
Applying the boundary condition, 
Eqn (15), in Eqn. (18) to obtain:-  

2.

.

1 exp

C
mZ

r
mZC

T
FT

f

FT

f +













−

=

     (19) 
Then, the temperature distribution 
becomes:-  

( )
FT

FTf
f

FTFT

mZ

mZT
r
mZ

r
mZ

C

rT .

..

1 expexp &+



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
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


−−














−

=

                                               
                                     (20) 

Again applying the boundary 
condition, Eqn (16), into Eqn. (20) 
yields, 
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υ

υ
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πρ 1

4
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+
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( )
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f
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s
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mZ
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r
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Nur
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..

1 exp2exp &+

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
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
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
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



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



 −
−

=∞

                                                (21) 
Finally, the temperature distribution 
can be found by substituting these 

expressions for 1C  and 

2C ,respectively, back into the 
general solution given by Eqn. (18), 
result, 

( )
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f

FTFT

f
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..

...

                                         (22)                                                                                                                                                                                       
2.4 Energy balance at flame sheet:-  
 The surface energy balance at 
the flame sheet can be written : 

 TfifF QQhcm δ−− +=∆
.

        (23) 
Thus, using Fourier’s Law, 









−−=

−

−

fr

fgif dr
dTrQ 24 πλ

              (24) 
and 

+

−=
−

fr

fgTf dr
dTrQ 24 πλ

δ

       (25) 
 By differentiation the temperature 
distribution in Eqn. (22) at the flame 
radius in the outer region:- 

( )










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
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−−
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
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∞
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f
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f

f
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r f )2(expexp

exp

2 &&

&
&

                                                   (26) 
Differentiation equation for 
( )frr →

 at the flame radius in the 
inner region gives [6],  
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
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
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r
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&
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                                     (27) 

Then, the energy balance at the flame 
yields, 
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                                (28) 
Again, five unknowns 

sfffF YrTm
,

,,,&
 , and sT , must be 

evaluated  assuming that the surface 

temperature ( sT ) is equal to the 

boiling temperature ( boils TT = ), 
This is a reasonable assumption when 
the droplet is burning vigorously 
after its initial heat-up transient and 
can be evaluated by the mass fraction 
Clausius-Clapeyron equation, by 
solving the Eqn. (12), (22), and (28) 
for the three unknowns  ,,

sF
Tm&  

and fr , 
(a)The evaporation rate: 
 The droplet mass evaporation 
rate in terms of the transfer 

number qoB ,  can be expressed by:  

( )1
2

, += qo
g

sg
F BIn

Cp
Nur

m
πλ

&

   (29) 
Where 

( )
fgli

sg

qo hq
TTCphc

B
+

−+∆
=

−

∞
υ

,

                                                                
 (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 Eqn. (12) to evaluate the 
flame temperature after arrogant: 
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( )

υ
υ
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                                    (30) 

If, 
DZF πρ41=                            (31) 

Substitute Eqn. (30) and Eqn (31) 
into (28) yields, 
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                                      (32) 

Then, the flame temperature 
becomes:        
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 (c) Flame stand off ratio:-  
To formulate the flame stand 

off ratio, equation (12) is arranged to 
the 
form

υ
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+
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                                      (34) 
 Then the flame stand-off ratio (ratio 
of the flame size to the droplet size), 
is given by: 
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                                    (35)                               
(d) Droplet life time  
 The droplet life time is 
obtained using the mass balance for 
the classical theory which states that 
the rate at which the mass of the 
droplet decreases, is equal to the rate 
at which the liquid is vaporized i.e.; 

F
d m

dT
md .)(

&−=
             (36) 

where 

 6

3d
m l

d

πρ
=

                      (37) 
Substituting Eqn. (29) and (37) into 
Eqn. (36) and differentiate, yields, 
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                                    (38) 
Let 
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,
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g BIn
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             (39)   
or  

( ) Kdtdd −=2
        (40)          

Integration of Eqn. (40) from 
2
od  to  

2d and from 0 to t given 
Ktdtd −= 2

0
2 )(                 (41)                                                                                                                         

And the droplet life time will be, 

K
d

td

2
0=

                                 (42) 
(f)Damköhler number 

The Damköhler number 
related to droplet life time is [10]: 

Dt
rDa
d

s

2

=
                                 (43) 

3. Results and Discussion : 
3.1 The Used Data  

Type of Fuel: four types of 
fuel have been used in the 
calculations of the classical and 
extension to convective environment 
models which are; n-heptane, n-
hexane, n-decan, and light diesel 
Droplet Size: The droplet size (d) 
used in calculations =100µm  
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  
c) Reynolds number at range (0.1-
1800) 
3.2 Extension to convective 
environment model and the 
classical model   

The calculations of both the 
classical and extension to convective 
environment models for the four 
types of fuel under study, are based 
on three variables (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 size variation 

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

Figures (5) and (6) show the 
variation 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 
classical 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 
classical model, are directly related 
to the environmental temperature, so, 
any increase in the environmental 
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 size variation 

Figure (9) shows the variation 
of the system Damköhler number 
with size for the two models. 
Damköhler number represents the 
ratio between the flow time and 
reaction time. So, as it is shown in 
the figure, Damköhler number is 
proportional to size, where it 
decreases with the decrease in size, 
while the variation of the system 
Damköhler number with size remain 
constant for the classical model.    
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(b) Vaporization time variation 
Figure (10) shows that the 

flame temperature similarity in 
behavior for the two models is due to 
the fact that flame temperature is not 
affected by Nusselt number since it 
depends totally 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 variation between 
them. And that is due to the flame 
position in the classical model is 
directly proportional to the 
environmental temperature since 
other parameters are assumed 
constant, while in the extended 
model, flame positions are 
approximately constant with the 
variation of environmental 
temperature due to it independent in 
a temperature of surrounding . 
3.4 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 
( )Fm& and  ( )σ   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 ( )
F

m&  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 classical 
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 model can 
be corrected with a useful relation for 
the mass evaporation rate by 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 mole fraction and temperature profiles in gas phase 
through droplet evaporation  

  
  
  
  

 
 

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 
(Extended model). 
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Figure (4) Variation of the mass evaporation rate with droplet                               

Size                     (classical model) 
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Figure (5) Size variation versus evaporation time ratio (extended model) 

 
    

Figure (6) Size variation versus evaporation time ratio (classical model). 
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     Figure (7) Variation of flame stand-off ratio with environmental 
temperature (extended model). 
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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 Damköhler number with size for (100 µ m)               

      diameter n-heptane fuel droplet under atmospheric conditions. 

 
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 

Temperature for n-heptane fuel 
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        Figure (12) Flame stand-off ratio versus evaporation time ratio 
(Extended model) for different Reynolds number 
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Figure (13) Comparison of the extended model and work of law [11] 

 

 
 

Figure (14) Comparison of the extended model and work of law [11] 
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Figure (15) Size variation versus evaporation droplet lifetime (extended            

                           model) and experimental data [12]. 
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