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Abstract
The US Department of Energy has formulated different gasoline fuels 
called ''Fuels for Advanced Combustion Engines (FACE)'' to 
standardize their compositions. FACE I is a low octane number 
gasoline fuel with research octane number (RON) of approximately 
70. The detailed hydrocarbon analysis (DHA) of FACE I shows that 
it contains 33 components. This large number of components cannot 
be handled in fuel spray simulation where thousands of droplets are 
directly injected in combustion chamber. These droplets are to be 
heated, broken-up, collided and evaporated simultaneously. Heating 
and evaporation of single droplet FACE I fuel was investigated. The 
heating and evaporation model accounts for the effects of finite 
thermal conductivity, finite liquid diffusivity and recirculation inside 
the droplet, referred to as the effective thermal conductivity/effective 
diffusivity (ETC/ED) model. The temporal variations of the liquid 
mass fractions of the droplet components were used to characterize 
the evaporation process. Components with similar evaporation 
characteristics were merged together. A representative component 
was initially chosen based on the highest initial mass fraction. Three 
6 components surrogates, Surrogate 1-3, that match evaporation 
characteristics of FACE I have been formulated without keeping 
same mass fractions of different hydrocarbon types. Another two 
surrogates (Surrogate 4 and 5) were considered keeping same 
hydrocarbon type concentrations. A distillation based surrogate that 
matches measured distillation profile was proposed. The calculated 
molar mass, hydrogen-to-carbon (H/C) ratio and RON of Surrogate 4 
and distillation based one are close to those of FACE I.

Introduction
The fuels for advanced combustion engines (FACE) have been 
formulated by the US Department of Energy and Coordinating 
Research Council (CRC) to eliminate the effect of variation in fuel 
composition on the combustion characteristics and to study low 
emissions, high efficiency compression ignition engines [1]. FACE 
fuels are complex mixture of hydrocarbons [2]. Simulation of 
processes took place in internal combustion engine cycle is an 
essential tool in optimization of current engines and design of new 
engines. These processes include spray break-up, droplet heating, 
evaporation and collision. The large number of components in real 
fuels leads to high computational cost and considering all fuel 
components is not feasible in the near future [1]. Hence, reducing 
number of fuel components is essential. This reduction is based on 
replacing components of real fuel with a mixture of representative 
components that match different target properties [3]. These target 
properties include i) combustion characteristics (ignition delay time/
RON “research octane number”, flame speed, H/C ratio “hydrogen-
to-carbon”, soot tendency and engine performance) [4, 5, 6, 7, 8, 9, 
10], ii) physical properties (density, lower heating value, distillation 
profile and heating and evaporation of single droplet) [11, 12, 13, 14]. 
Surrogates developed to mimic combustion characteristics are 
referred to as “chemical surrogate” while those that mimic thermo-
physical characteristics are called “physical surrogate”. The optimum 
surrogate is the one that mimic both combustion and thermo-physical 
characteristics.
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In direct injection “DI” engines, fuel is injected directly into the 
combustion chamber in the form of spray of hundreds of fuel 
droplets. Heating and evaporation of these droplets affects all 
simultaneous processes including break-up, collision and mixing of 
fuel vapor with ambient air [15]. Real fuels are complex mixture of 
different types of hydrocarbons. Models for multi-component fuels 
can be classified into two main groups. The first one is applicable to 
large number of components where the fuel composition is described 
by a continuous distribution function and referred to as continuous 
multi-component (CMC) model [16]. The second group is applicable 
to small number of individual components and called discrete 
multicomponent model (DCM) [17, 18]. This paper is focused on the 
second group and applied it to model heating and evaporation of 
single droplet of FACE I gasoline fuel. The evaporation 
characteristics of FACE I is then used to formulate a surrogate that 
mimic evaporation characteristics and different target properties.

Models

Heating and Evaporation Model
The analysis of heating and evaporation of single droplet of FACE I 
and its different proposed surrogate is based on the effective thermal 
conductivity/effective diffusivity “ETC/ED” model. The model 
accounts for finite thermal and mass diffusivities inside the droplet 
and recirculation inside droplet [17]. The heat conduction equation 
inside spherically-symmetric droplet can be presented as [19]:

(1)

where  is the thermal diffusivity, kl, cl and ρl are the thermal 
conductivity, specific heat capacity and density of the liquid, 
respectively, t is time and R is the distance from the center of the 
droplet. In the case of moving droplets, the liquid thermal 
conductivity is replaced by the effective thermal conductivity keff = 
χTkl, where χT = 1.86 + 0.86tanh[2.225log10(Ped(l)/30)] increases from 
1 to 2.72 when the liquid Peclet number. The analytical solution of 
this equation is developed by Sazhin et al. [19] and incorporated into 
a numerical code for heating and evaporation of mono-component 
droplets. For the case of multi-component fuel droplet, the species 
diffusion equation inside spherically-symmetric droplet can be 
presented as [17]:

(2)

where i ≥ 1, Yli is the liquid mass fraction of species i, and Dl is the 
liquid mass diffusivity. The analytical solution of Eq. (2) is given in 
Sazhin et al. [17]. The effect of recirculation in the moving droplet is 
taken into account by replacing Dl with Deff = χYDl, where χY = 1.86 
+ 0.86tanh[2.225log10(Red(l)Scd(l)/30)] increases from 1 to 2.72 when 
Red(l)Scd(l) increases from 0 to infinity. The Schmidt number is 

defined as . The total evaporation rate is given by the 
following equation [20]:

(3)

where ρg is the gas density, Dv is the binary diffusion coefficient of 
vapor in air, Sh is the Sherwood number and BM is the Spalding mass 
transfer number (see Abramzon and Sirignano [21]).The detailed 
algorithm of this numerical code is described in [22].

Fuel Composition
The detailed hydrocarbon analysis “DHA” of FACE I shows that it 
consists of 33 components from different types of hydrocarbons 
including n-paraffins, iso-paraffins, aromatics, naphthenes and olefins 
(see Table 1). The DHA shows that there is less than 0.16% mass 
fraction of unidentified compounds. These were added to other 
known components according to their mass fractions by 
normalization.

Distillation Profile
For current study, H/C ratio, PIONA, RON, MON, carbon types, 
density, molecular weight and advance distillation curve (ADC) has 
been selected as target properties when formulating distillation based 
surrogate. The DHA was used to calculate the PIONA, carbon type 
distribution, H/C ratio, and average molecular weight for FACE I. 
The target distillation curve was measured using the advanced 
distillation curve (ADC) approach described by Bruno et al.[23].

The selected surrogate palette species include 2-methylbutane, 
2-methylhexane, 1-hexene, n-heptane, 2,2,4-trimethylpentane, 
cyclohexane and toluene. The surrogate development methodology 
used determines the optimal surrogate composition by minimizing an 
objective function representing the difference between target 
properties of the real fuel and surrogate mixtures [12]. RON and 
MON calculation of surrogate fuels were calculated based on linear 
by mole fraction blending of constituent fuel species [24]. 
Methodology of carbon type classification of FACE I and surrogates 
is described elsewhere [25, 26]. ADC and density of surrogate 
mixtures were calculated using REFPROP as described by Mueller at 
al. [25].

Results
Temporal variation of droplet surface temperature and radius due to 
heating and evaporation of single droplet of FACE I gasoline fuel is 
presented in Fig. 1. The ETC/ED model was used with the initial 
droplet radius and temperature equal to 10 μm and 300 K, 
respectively. The ambient air pressure and temperature were taken 
equal to 0.3 MPa and 450 K, respectively, while the relative velocity 
was set at 10 m/s. these conditions represent the ambient condition in 
HCCI engines [27]. All ambient conditions were assumed to be 
constant, and the effect of droplets on ambient air was ignored. Close 
to the end of evaporation, it is clear that there is another heat-up 
period as can be seen from droplet surface temperature. This heat-up 
period is for the heavier component that remains in the droplet. As 
primary reference fuel “PRF” is commonly used as gasoline fuel 
surrogate [28], a PRF70 was tested and plotted in Fig. 1. It can be 
noticed that the evaporation time predicted for droplet of PRF70 is 
10% less than tis of FACE I and the predicted surface temperature for 
PRF70 is too far in the heating-up period from this of FACE I 
droplet. This difference will significantly affect the droplet break-up 
and collision process in fuel spray cases [15]. Hence, the chemical 
surrogate, PRF70, cannot be used to mimic thermo-physical target 
such as evaporation characteristics.
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Table 1. Mass fractions of the components of FACE I gasoline fuel.

The liquid mass fractions of the FACE I components at the surface of 
the droplet versus time for the same conditions as in Fig. 1 are shown 
in Fig. 2 with numbering of individual components as presented in 
Table 1. It can be seen that there are six groups of components that 
have similar evaporation characteristics. This can lead to reduction of 
the 33 components of FACE I to 6 components. Components with 
similar evaporation characteristics could be merged and represented 
by only one component. The component with highest initial mass 
fraction is chosen to be the representative component of its group 
except for the case of Fig. 3d, as both iso-octane (16) and n-heptane 
(4) are considered to formulate Surrogate 1 and Surrogate 2. 
Surrogate 3 is the same as Surrogate 2 but with replacing 3 
methylhexane with 2,3 dimethyl pentane. In the first 3 surrogates, the 

mass fractions of different type of hydrocarbons are not kept similar 
to those of FACE I fuel. Surrogate 4 is 8 component surrogate that 
keep mass fractions different hydrocarbon types of the surrogate 
similar to those of FACE I fuel. Surrogate 5 is a trial to reduce the 
number of components of Surrogate 4 to 7 components by merging 
2,3,4 trimethylpentane with 2,2,4 trimethylpentane. The mass and 
molar fractions of all considered surrogates are presented in Table 2.

Figure 1. Time evolution of the surface temperatures and radii predicted by 
the ETC/ED model for FACE I and PRF 70 fuel droplets; the gas temperature 
and pressure are assumed to be constant and equal to 450 K and 0.3 MPa, 
respectively; the relative droplet velocity is assumed to be constant and equal 
to 10 m/s; the initial droplet radius and homogeneous temperature are assumed 
to be equal to 10 μm and 300 K, respectively.

Figure 2. The liquid mass fractions of components of FACE I gasoline fuel at 
the droplet surface versus time for the same conditions as in Fig. 1
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Table 2. Mass and molar fractions of different surrogates of FACE I gasoline 
fuel.

The time evolution of droplet surface temperature and radius for 
FACE I fuel and 5 different surrogates are shown in Fig. 3 for the 
same conditions as in Fig. 1. Lines for FACE I are the same as shown 
in Fig. 1. It can be seen that the evaporation time predicted for 
Surrogate 1 and Surrogate 4 are indistinguishable from this of FACE 
I while Surrogate 2 and Surrogate 3 overpredicts the droplet lifetime 
and Surrogate 5 underpredicts the lifetime of the fuel droplet. One 
could see the difference between Surrogate 4 and Surrogate 5 is the 
existence of 2,3,4 trimethylpentane. Ignoring this component by 
merging it with 2,2,4 trimethylpentane leads to approximately 10% 
difference in the evaporation time. This is can be explained by the 
difference in the evaporation characteristics between both 
components as shown in Fig. 3c,d.

Figure 3. Droplet surface temperatures and radii versus time for FACE I and 5 
different surrogates. The values of other input parameters are the same as in 
Figs. 2-3.

Another approach for formulating surrogate of FACE I, using 
measured distillation profile, is also considered. The components of 
this surrogate are shown in Table 3. A comparison of the measured 
distillation profile and calculated profiles for distillation surrogate and 
Surrogate 4 is shown in Fig. 4. The results reveal that the predicted 
distillation surrogate agrees well with the measured profile with 

maximum absolute error less than 3%, however the maximum 
absolute error for the predicted distillation profile of Surrogate 4 is 
less than 5%.

Table 3. Mass and molar fractions of the distillation surrogate.

A comparison of the calculated droplet surface temperature and 
radius for FACE I, distillation surrogate and Surrogate 4 along with 
three droplets of Surrogate 4 with initial droplet radii of 5, 10 and 15 
μm are shown in Fig. 5. It can be noticed that the evaporation time 
predicted for distillation surrogate is lower than FACE I by 
approximately 10% while the evaporation time for Surrogate 4 is 
indistinguishable from this of FACE I droplet. The mass fractions of 
different hydrocarbon types for FACE I, Surrogate 4 and distillation 
surrogate is presented in Table 4. This comparison shows that 
Surrogate 4 has the same mass fractions of FACE I while there are 
differences for distillation surrogate case. Increase of Surrogate 4 
droplet radius from 5 to 10 μm is shown to increase the droplet 
lifetime by more than 200% while increasing it from 10 to 15 μm 
increases the droplet lifetime by approximately 100%. The increase 
in the relative velocity is expected to enhance the evaporation process 
for all considered surrogates.

Figure 4. Comparison of measured distillation profile and predicted ones for 
distillation surrogate and Surrogate 4.
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Table 4. Mass fractions of different hydrocarbon types for FACE I, Surrogate 
4 and distillation surrogate.

To investigate the ability of the proposed physical surrogates to 
mimic different target properties including those of chemical 
surrogates, the H/C ratio, molecular weight and RON were calculated 
and presented in Table 5. RON is calculated using two different 
approaches; linear by mole and non-linear approach as suggested by 
Ghosh et al. [29]. It can be noticed that Surrogate 4 has values of 
molar mass, H/C ratio and RON close to those of FACE I than those 
of distillation surrogate.

Figure 5. Comparison of predicted droplet surface temperature and radius of 
a) FACE I, distillation surrogate and Surrogate 4 at the same conditions as in 
Fig. 1; b) three droplets of Surrogate 4 with 5, 10 and 15 μm initial radius.

Table 5. Comparison of molar mass, H?C ratio and RON for FACE I and 
different surrogates.

Conclusions
Heating and evaporation of FACE I single droplet was studied using 
the ETC/ED model that accounts for finite thermal conductivity, finite 
mass diffusivity and recirculation inside the droplet. Then the 
evaporation characteristics of the components of FACE I was 
analyzed and 5 different surrogates were proposed. Among them, 
Surrogate 4, the eight component surrogate was shown to be a good 
candidate to mimic evaporation characteristics. The distillation profile 
for FACE I was measured and 7 components distillation based 
surrogate was proposed. The distillation profile for Surrogate 4 was 
calculated and was found to have maximum absolute error of 5%. 
The values of H/C ratio, molar mass and RON were calculated for all 
surrogates and compared with those of FACE I. The comparison 
revealed that Surrogate 4 has closer values of these target properties 
to those of FACE I than other surrogates. It could be concluded that 
Surrogate 4 can be consider a reasonable surrogate of FACE I that 
mimic evaporation characteristics, H/C ratio, molar mass and RON.
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Definitions/Abbreviations
DHA - Detailed hydrocarbon analysis

DI - Direct injection

ED - Effective diffusivity

ETC - Effective thermal conductivity

FACE - Fuels for advanced combustion engines

H/C - Hydrogen-to-carbon

RON - Research octane number
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