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Abstract 

A vaporization model for multi-component fuels is described. In the model a new approach named the dis-
crete/continuous multi-component (DCMC) model, is used to describe the properties and composition of realistic 
multi-component gasoline fuels. With this approach gasoline is assumed to consist of five discrete families of hy-
drocarbons: n-paraffins, i-paraffins, naphthenes, aromatics, and olefins. Each family of hydrocarbons is composed of 
an infinite number of continuous components, which are modeled as a probability density function (PDF), and the 
mass fraction of each family of hydrocarbons (PDF), the mean and variance of each PDF are tracked. Compared 
with the discrete multi-component (DMC) model, which must model hundreds of components for gasoline, the 
DCMC model saves computer time. Compared with the continuous multi-component (CMC) model, the DCMC 
model has much higher accuracy. Unsteady vaporization of multi-component fuel can be described for both normal 
and flash-boiling evaporation conditions. An unsteady internal heat flux model and a model for the determination of 
the droplet surface temperature were formulated. An approximate solution to the quasi-steady energy equation was 
used to derive an explicit expression for the heat flux from the surrounding gas to the droplet-gas interface, with 
inter-diffusion of fuel vapor and the surrounding gas taken into account. The present vaporization models were im-
plemented into a multi-dimensional CFD code and applied to calculate evaporation processes of single and multi-
component fuel droplets. 
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Introduction 
 

The evaporation of droplets of complex liquid mix-
tures, containing hundreds or thousands of components, 
is frequently encountered in engineering, particularly in 
combustors and engines burning commercial petroleum 
fuels. One treatment of this problem, which is more 
appropriate for mixtures with large numbers of compo-
nents, is to describe the mixture properties using the 
methods of continuous thermodynamics (Tamim et al., 
[11]), in which composition is represented by a con-
tinuous probability density function with respect to an 
appropriate parameter, such as molecular weight. This 
approach is called the continuous multi-component 
(CMC) model. This enables a reduction of computa-
tional load without degrading the predictability of the 
complex behavior of the vaporization of multi-
component fuels (Lippert, [5]). 

However, when the CMC model is applied to com-
bustion simulations, especially with detailed chemistry, 
describing the multi-component features of the fuel is 
inevitably limited, making it difficult to model the con-
sumption of individual components appropriately. For 
this reason an alternative treatment of the evaporation 
of droplets of complex liquid mixtures is to describe the 
mixture properties using the discrete multi-component 
(DMC) model. The DMC approach tracks the individ-
ual components of the fuel during the evaporation proc-
ess and allows coupling with the reaction kinetics of the 
individual fuel components. In the DMC model, the 
fuel is modeled as discrete fuel species, the characteris-
tics of which are determined from fuel libraries (e.g., 
Torres et al. [12], Ra and Reitz [9]). 

The disadvantage of the CMC model is that gener-
ally only a single PDF curve is used to represent the 
real fuel, which may be composed of multiple PDFs. 
Harstad et al. [4] have proposed a “double Γ PDF” 
CMC model in an attempt to describe more complex 
fuel distributions. However, it is difficult to generate 
this method to arbitrary fuels. In real fuels there are 
hundreds of discrete components. One disadvantage of 
the DMC model is that the computational cost is very 
high when it includes all the fuel components, because 
additional transport equations must be solved for each 
species in order to track the fuel composition and the 
vaporization behavior. Generally a real fuel is com-
posed of several families of hydrocarbons. With this 
characteristic of a real fuel, the present paper proposes a 
DCMC (discrete/continuous multi-component) fuel 
model. The CMC approach is used for each group of 
hydrocarbons. Discrete PDFs (each PDF is a continuous 
multi-component family) represent the different fami-
lies of hydrocarbons in the real fuel. 

In this paper the theory of the new DCMC model is 
described briefly. The model was also implemented in a 

multi-dimensional CFD code (KIVA-3V Release 2) and 
was used to model the properties and composition of 
gasoline fuel. In this approach gasoline is assumed to be 
composed of five discrete families of hydrocarbons: n-
paraffins, i-paraffins, naphthenes, aromatics, and ole-
fins. Each family of hydrocarbons is composed of an 
infinite number of continuous components, which are 
modeled as a probability density function (PDF), and 
the mass fraction of each family of hydrocarbons (PDF), 
the mean and variance of each PDF are tracked. 
 
Model Description 
 
Vapor Phase Transport Equations 
 

Suppose a flow field contains “nsp” species. The 
continuity equation for species “m” is: 
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where mρ  is the mass density of species “m”, ρ  the 

total mass density, my  the mass fraction of species “m”, 

and v
r

 the fluid velocity. We assume Fick’s Law of 
diffusion with a single diffusion coefficient D . Super-
script “c” means the source term is from chemistry, and 
“s” means the source term is from the spray. By sum-
ming Eq. (1) over all species we obtain the total fluid 
density equation 
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since mass is conserved in chemical reactions. 

 
Figure 1.  Chemical species distribution in gasoline 
(Farrell [2]) 

 
Figure 1 shows the chemical species distribution in 

a typical gasoline. As seen, gasoline mainly consists of 
five groups of hydrocarbons: n-paraffins, i-paraffins, 
naphthenes, aromatics, and olefins. In Figure 1 the spe-
cies mole percent (probability density) of each group of 



hydrocarbons as a function of carbon number is pre-
sented. 

 
Figure 2.  Each group of hydrocarbons is represented 
by a Γ-PDF 

 
Now consider a general case: suppose the fuel va-

por is either gasoline, or diesel, or ethanol, or blends of 
an arbitrary number of such these fuels; each group of 
hydrocarbons can be represented as a probability den-
sity function (PDF) of molecular weight )(Ifk , as 

shown in Figure 2. Any one species “i” with molecular 
weight “Ii” (which corresponds to a fixed carbon num-
ber) only comes from one group of hydrocarbons, e.g., 
“k”. Suppose the total number of groups of hydrocar-
bons is K . The amount of species “i” is iy  (mass frac-

tion), can be calculated by 

iikFki IIfyy ∆= )( ,                                                 (3) 

where Fky  is the mass fraction of the kth group of hy-

drocarbons in the gas phase, )( ik If  the value of )(Ifk  

at iI , iI∆  a small interval, and I  the molecular weight. 

For the distribution function )(Ifk , we have 
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According to Eq. (1), the continuity equation for 
species “i” is: 
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Inserting Eq. (3) into Eq. (5), 
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Summing over all species (from j=1 to n) in the kth 
group of hydrocarbons, gives 
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Equation (7) is the transport equation of the mass frac-
tion Fky  of the kth group of hydrocarbons. 

Weighting Eq. (6) by m
iI , then integrating, simi-

larly we obtain the mth moment equation. 
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where we define ∫
∞

=
0

)( dIIIf m
k

m
kθ , which is the mth 

moment of the kth PDF. 
If we use a two-parameter distribution function to 

track the variation of the kth PDF, we just need two ad-
ditional transport equations in addition to the mass frac-
tion transport equation. Substituting m=1 and m=2 into 
Eq. (8), we obtain the mean and second moment equa-
tions, 
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for the kth group of hydrocarbons. 
The energy equation is 
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Liquid Phase Governing Equations 
 

The form of the equation for composition change 
of the kth PDF species in the liquid phase is: 
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Substituting n=1 and n=2 into Eq. (12), the governing 
equation for the change rate of the first and second 
moments of the kth PDF in the liquid phase is 
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The vaporization mass flux km&&  is closely coupled with 

the source terms s
Fky

dt

d
)(ρ  in vapor phase governing 

equations. The calculation of km&&  is given by Ra and 

Reitz [7]. 
The vapor phase source terms are derived by con-

sidering the molar flux at the droplet surface as 
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Γ Distribution Function 
 

The Γ distribution function adequately represents 
petroleum fractions and is expressed as 
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where kα  and kβ  are two parameters controlling the 

shape of the kth PDF, and kγ  is the origin. The initial 

kLα , kLβ , kLγ  describe the initial droplet composition. 

Thus, 
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Vapor-Liquid Equilibrium 
 

The vapor-liquid equilibrium (VLE) can be ex-
pressed in the form of Raoult’s law: 
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where ),( i
sat

k ITP  indicates the saturated vapor pressure 

of species “i” at the droplet temperature T . Assuming a 
linear variation of boiling point temperature with com-
position, 
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with Bka  and Bkb  obtained from a regression of boiling 

point data for the kth PDF homologous family of com-
ponents. Thus the saturated vapor pressure is expressed 
as 
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The first and second moment of the distribution of the 
kth PDF can be obtained by weighting Eq. (20) with the 
distribution variable and integrating: 
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                                                                                    (24) 
Equation (24) shows the relations between the liquid 
phase and the vapor phase distribution parameters (at 
the droplet surface). 
 
Determination of Surface Temperature 
 

For more accurate predictions of the vaporization 
rate and heat flux, a surface temperature calculation 
model was incorporated by Ra and Reitz [8]. The sur-
face temperature of the droplet is determined from a 
heat and mass transfer balance at the interface between 
the droplet and the surrounding gas. The rate of heat 
transfer balances with the required heat for vaporization 
at the surface following 

ois qqmTL +=&&)( ,                                                (25) 

where )( sTL  is the latent heat of the fuel at the surface 

temperature sT , m&&  is the total vaporization mass flux, 

iq  is the heat transfer from inside the droplet, and oq  is 

the heat transfer from outside of the droplet. The de-
tailed calculation of iq  and oq  in both normal evapora-

tion and boiling cases is given by Ra and Reitz [7]. Ne-
glecting the effect of radiation, the temporal change of 
the droplet temperature is given as 
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where ρ  is the droplet density, A  and V  are the drop-

let surface area and volume, respectively, vc  is the spe-

cific heat at constant volume of the liquid phase at the 
droplet temperature, effih ,  and α  are the effective heat 

transfer coefficients for the normal evaporation and 
boiling cases, respectively, and bT  is the boiling tem-

perature. Eqs. (26) and (27) are solved implicitly in the 
computer code. 
 



Code Development 
 

The DCMC model described above was imple-
mented into the ERC-KIVA3V-DMC code. In the im-
plementation each fuel component in the DMC model 
was extended as a PDF. The mass fraction, mean and 
the second moment of each PDF are tracked in the cal-
culation. At the beginning of calculation, the initial 
mass fraction, α, β, γ of each PDF are read from an 
input file. 
 
Results and Analysis 
 
Results from DMC model 
 

Since the DCMC model is based on the DMC 
model, the experimental results were compared with 
those from the DMC model. The DMC evaporation 
model was compared with experimental results of Go-
kalp et al. [3] and Nomura et al. [6] for single compo-
nent droplet evaporation. Figure 3 shows comparisons 
of the drop size history for n-heptane droplets under 
stationary, micro-gravity conditions. The experimental 
data are from Nomura et al. [6]. The ambient pressure 
is 1 bar, and the initial drop diameter is 0.6 mm. It is 
seen that the DMC model predictions are in good 
agreement with the experimental measurements for 
various ambient temperatures. 
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Figure 3.  Comparison between DMC simulation and 
available experimental data (Ra and Reitz [9]) 

 
Evaporation of a single gasoline drop was also 

simulated using the DMC model (Ra and Reitz, [9]). In 
order to model the composition of typical gasoline fuel, 
seven hydrocarbon species were considered (Ra and 
Reitz, [9]). The distillation curves of the modeled fuel 
are shown in Figure 4. The measurement data are from 
Smith and Bruno [10]. The calculation conditions in 
Figure 4 are as follows: D0=100 µm, Td0=313 K, P0=1 
bar, T0=500 K. It is seen that the predicted distillation 

characteristics of the fuel are in good agreement with 
the measured data. 

The evaporation of a single diesel drop was also 
simulated using the DMC model. In order to model the 
composition of a typical diesel fuel, six hydrocarbon 
species were considered (Ra and Reitz, [9]). The distil-
lation curves of the modeled diesel fuel are shown in 
Figure 5. The measurement data are from Butts [1]. The 
calculation conditions in Figure 5 are as follows: 
D0=100 µm, Td0=360 K, P0=1 bar, T0=500 K. It is seen 
that the predicted distillation characteristics of the fuel 
are in excellent agreement with the measured data. 
Since the volatility of diesel fuel components is much 
lower than those of gasoline, the distillation tempera-
tures are much higher than those of gasoline. 
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Figure 4.  Comparison of distillation curves of gasoline 
fuel between modeled and measured data 
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Figure 5.  Comparison of distillation curves of diesel 
fuel between modeled and measured data 
 
Comparison between DCMC Using Delta Function 
PDFs and DMC 
 

The DCMC code is tested with seven delta func-
tions (narrow PDFs) for gasoline fuel. The results are 
compared with the above results from the DMC code 
using seven discrete components for gasoline fuel. Fig-



ure 6(a) compares the mass and surface area histories 
between the DCMC and DMC. Figure 6(b) compares 
the droplet interior temperature, surface temperature, 
and saturation temperature while Figure 6(c) compares 
the droplet surface mass fraction, and Figure 6(d) com-
pares the droplet interior mass fraction. The simulation 
conditions are the same as in Figure 4. The match be-
tween DCMC and DMC is reasonably good. In the 
early stage of evaporation DCMC under-predicts DMC 
results, and in the late stage DCMC over-predicts DMC 
results. The difference is due to the fact that some 
physical properties calculated from the CMC correla-
tion do not  
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Figure 6.  Comparison between DCMC using delta 
functions and DMC 
 
exactly match those from the DMC libraries. For exam-
ple, the enthalpy of vaporization from the CMC correla-
tion is higher in the early stage, while this property 
from CMC correlation is lower in the late stage. 
 
Comparison between a Single Broad PDF and a Single 
Component Using DCMC 
 

The DCMC code was also tested with a single 
broad PDF for gasoline fuel. The results were compared 
with those from representing gasoline fuel as a single 
component. The comparison is shown in Figure 7. Fig-
ure 7(a) compares the mass, the surface area and the 
mean of the fuel, while Figure 7(b) compares the drop-
let interior temperature, surface temperature, and satu-
ration temperature. The simulation conditions were the 
same as in Figure 4. The parameters for the single PDF 
were: α=5.7, β=15.0, γ=0.0. Correspondingly the pa-
rameters for the single component were: α=100.0, 
β=0.1, γ=104.2. 

Because the highly volatile light-end components 
in the broad PDF gasoline composition evaporate pref-
erentially, both the droplet size and mass decrease rap-
idly in the initial stage, and the mean molecular weight 
of the composition increases steadily. However, com-
pared with single component, the evaporation rate of 
broad PDF gasoline slows down during the later stages. 
The mean molecular weight of the single component 
remains unchanged. Figure 7(b) shows a characteristic 
of multi-component fuel vaporization: the broad PDF 
gasoline droplets do not reach an equilibrium tempera-
ture (both interior and surface temperatures) as in the 
case of the single-component case, because the compo-
sition of the broad PDF is continuously changing as the 
more volatile components are vaporized. Also it is seen 
that the saturation temperature of the broad PDF case is 
continuously increasing, while the saturation tempera-
ture of the single-component case remains unchanged. 
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Figure 7.  Comparison between a single broad PDF and 
a single component using DCMC 
 
Simulation of Single Gasoline Droplet by Using DCMC 
 

A single gasoline droplet was simulated using the 
present DCMC code. As described above the gasoline 
is assumed to consist of five families of hydrocarbons: 
n-paraffins, iso-paraffins, olefins, naphthenes, and aro-
matics, as shown in Figure 1. The mass fraction and the 
composition parameters α, β, γ of each family of hy-
drocarbons are shown in Table 1. The simulated condi-
tions are the same as in Figure 4. Figure 8(a) shows 
each PDF curve used in the simulation together with the 
PDF curve from Farrell [2]. It is seen that the PDFs 
represent gasoline well. 
 
Table 1.  Mass fraction and composition of each PDF 

 mass fraction α β γ 
n-paraffins 0.1378 8.4 5.0 35.0 
iso-paraffins 0.3591 11.0 4.9 35.0 
olefins 0.1532 10.7 4.9 25.0 
naphthenes 0.0584 13.2 3.0 45.0 
aromatics 0.2915 19.0 2.8 52.0 
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(a)  Initial distributions 

0 20 40 60 80 100 120 140 160 180
0.000

0.002

0.004

0.006

0.008

0.010

f(
I)

I

 aromatics_Farrell
 i-paraffins_Farrell
 naphthenes_Farrell
 n-paraffins_Farrell
 olefins_Farrell
 aromatics_model
 i-paraffins_model
 naphthenes_model
 n-paraffins_model
 olefins_model

 
(b)  Model predicted distributions at 85 ms 

Figure 8.  PDF curves from model and Farrell 
 

Figure 9 shows the simulated results. Figure 9(a) 
shows drop mass and surface area, Figure 9(b) shows 
drop interior, surface and saturation temperatures, Fig-
ure 9(c) shows drop surface mass fraction, Figure 9(d) 
shows drop interior mass fraction, and Figure 9(e) 
shows the mean of each PDF. The drop size varies in 
the manner of the well-known D2-law, as shown in Fig-
ure 9(a). Figure 9(b) shows that due to preferential va-
porization of the more volatile light-end components in 
each family and preferential vaporization of light-end 
family itself, the composition of the droplet changes 
continuously, saturation temperature increases gradu-
ally, and thus gasoline droplet does not reach an equi-
librium condition. The droplet surface temperature is a 
little higher than the interior temperature, which indi-
cates that the droplet is heated up. During the drop life 
time the total mass fraction of fuel at the drop surface is 
less than unity, which means that vaporization occurs in 
the normal evaporation regime, as shown in Figure 9(c). 
Since in the current model n-paraffins, iso-paraffins, 
naphthenes, olefins are light-end families, they evapo-
rate fast, compared with the heavy-end family aromat-
ics, the droplet interior mass fractions of n-paraffins, 



iso-paraffins, naphthenes, olefins decrease continuously, 
and the droplet interior mass fraction of aromatics in-
creases continuously, as shown in Figure 9(d). Due to 
preferential vaporization of the more volatile light-end 
components in each family, heavier components remain 
in each family and each family changes to a narrower 
PDF, and the mean of each PDF increases continuously, 
as shown in Figure 9(e). However, it is interesting that 
around 85 ms, the droplet interior mass fraction of aro-
matics decreases while that of the iso-paraffins in-
creases. 
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(b) 
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(c) 
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(d) 

0 20 40 60 80 100
70

80

90

100

110

120

130

140

150

m
ea

n 
of

 p
df

time [ms]

 aromatics
 n-paraffins
 i-paraffins
 naphthenes
 olefins

 
(e) 

Figure 9.  Simulated results of a single gasoline drop 
using the DCMC model 
 

This phenomena was not found in the results from 
the DMC model, which are not presented in this paper 
due to the limitation of length. This interesting differ-
ence can be explained as follows: Initially, compared 
with the aromatics the iso-paraffins is light-end family, 
as can be seen in Figure 8(a). The iso-paraffins evapo-
rates fast, and thus its PDF curve moves to the right at a 
higher speed, relative to the aromatics. Around 85 ms 
the mean of iso-paraffins is the same as that of aromat-
ics. At this time the two PDF curves of iso-paraffins 
and aromatics are located in the position shown in Fig-
ure 8(b). Because the variance of iso-paraffins is wider 
than that of aromatics, there are more heavy compo-
nents in the iso-paraffins family. After this time, the 
PDF curve of iso-paraffins is located slightly to the 
right of that of aromatics (indicated by the circle). This 
means that iso-paraffins will be the heavy-end family, 
and the evaporation rate slows down. 
 
 
 



Conclusions 
 

In this paper a DCMC (discrete/continuous multi-
component) fuel vaporization model was developed, 
and was implemented into a 3-D CFD code. The CMC 
approach was used to describe separate groups of hy-
drocarbons. Multiple discrete PDFs (each PDF is a con-
tinuous multi-component mixture) represent the differ-
ent families of hydrocarbons in the real fuel. Results 
from seven delta functions (narrow PDFs) for a gaso-
line fuel surrogate using the DCMC code and results 
from seven discrete components for gasoline fuel using 
the DMC code, matched well. Also, results from a sin-
gle broad PDF representing gasoline using the DCMC 
code were reasonable, compared with results represent-
ing gasoline fuel as a single component. Finally, the 
present DCMC code was used to model vaporization of 
realistic gasoline fuel. Using five discrete families of 
hydrocarbons, each of which was modeled as a PDF 
distribution, DCMC model could successfully distinct 
the evaporation of components in different families that 
have similar molecular weights, and the mass fraction 
of each family of hydrocarbons (PDF), the mean and 
variance of each PDF could be tracked. Some new fea-
tures of the vaporization of realistic fuels were revealed 
using the DCMC model that depends on the details of 
the fuel distributions. For example, toward the end of 
the droplet lifetime, initially lighter components could 
outlive the last remaining heavy components. 
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