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Abstract—During the gasoline engine start process, both fuel 
quantity and fuel film parameter change, fuel film dynamics 
in intake pipe is not balance, which makes the fuel quantity 
from nozzle and fuel quantity into the cylinder not be 
equaled. In order to control the air fuel ratio accurately in 
gasoline engine start process, fuel film model of intake pipe 
need to be established accurately. The costumed fuel film 
model by Aquino is introduced in detail, and the 
characteristic of Aquino model used in gasoline engine start 
process is also analyzed. Based on Aquino fuel film model, a 
new dynamic fuel film model is presented, in which the 
change of intake parameters is consider. The air fuel ratio 
variable by presented model and by Aquino model is 
simulated by using SIMULINK in gasoline engine start 
condition, and the simulated result is compared with 
experiment data. The result shows that the intake pipe fuel 
film dynamic characteristic is accurately described by the 
presented model, and the accuracy by presented model is 
higher than that by Aquino model. The provide model is 
very important to accurately control air fuel ratio in order 
to decrease the emission during start process of gasoline 
engine. 

I. INTRODUCTION 
In the last years, we observed an increasing attention to 

ward problems related to the environment with a 
particular focus on pollutants generated by vehicles in 
industrialized countries. Since1970, the European 
community has set strict requirements on the maximum 
exhaust emissions tolerated for a vehicle hence forcing 
the automotive industries toward the zero emission 
vehicle(ZEV)target. The state of Californian government 
has required that by 2004 10% of vehicles must be ZEV, 
while the others must reduce exhaust emission of 60–
84% with respect to actual values. These strong 
constraints pushed the research toward the development 
of suitable electronics, embedded systems, and 
mechanical and chemical devices to reduce noxious 
emissions. A different approach attempts to reduce 
pollutants by processing the exhaust gases. Catalytic 
converters follow this direction by accelerating the 
chemical process of oxidation for HCs and CO to H2 O 
and CO2 and reduction of NOx to N2. To this end, it has 
been proved that maximal efficiency of the catalyst can 
be obtained by keeping AF within a very strict band 
around, its stoichiometric value AFs=14.64. A 
1%discrepancy in AF with respect to the stoichiometric 
value may cause up to a 50% reduction of the catalytic 

converter efficiency in reducing pollutants. Controlling 
AF so that it equalizes is a difficult task. This is due to 
the nonlinear behavior and the cyclic nature of the engine 
within a wide operating range, the presence of 
uncertainties and unpredictable disturbances in the 
process, and the great difficulties in inferring relevant 
variables from imprecise or difficulty measurable ones. 
Unleaded fuel, catalytic converters, and an accurate 
control of the variables involved in the fuel combustion 
process are relevant ingredients to rearch such a goal.  

Automobile gasoline engine operates mostly under 
transient condition, the working parameter of gasoline  
engine such as throttle degree; engine rotate speed and   
engine load during the actual operating process are     
variable. The air-fuel ratio control is especially difficult 
to be carried out in throttle transients because of the 
complexity of relevant air flow and fuel flow evaporation 
dynamics and the time delay of form fuel film.  

 In automobile gasoline engine operates start process, 
the working parameters of gasoline engine such as 
throttle open degree, engine rotate speed, air mass into 
cylinder and engine load are variable. The air-fuel ratio 
control is especially difficult in the gasoline engine start 
process, because of the complexity of relevant air flow 
and fuel flow evaporation dynamics and the time delay of 
transmission.  For EFI gasoline engine, Injected fuel is 
near to intake valve so that a fraction of injected fuel 
which collides with intake port and intake valve surface is 
deposited on the wall as liquid film. During the gasoline 
engine start process, intake pipe fuel film dynamics is not 
balance, which makes the fuel quantity from nozzle and 
fuel quantity into the cylinder not be equaled. To control 
emission of gasoline engine, the catalytic converter 
always is used which requires that air fuel ratio must 
remain at a narrow area to enhance the efficiency of the 
catalytic converter, that is to say,  when the air fuel ratio 
is near to the theoretical air fuel ratio, the catalytic 
converter can work more effectively. Therefore, fuel film 
model need to be established accurately in order to 
control the air fuel ratio accurately.  About the fuel film 
model of intake port, many scholars make an intensive 
study on it. Aquino presented a fuel film model [1], which 
is widely used in gasoline engine. Aquino fuel film model 
can describe the intake port fuel film in balance under 
stable condition. However, fuel film dynamic is not 
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balance by the fuel liquidity and air mass of intake port 
increasing gasoline engine operates start process. In this 
paper, the costumed dynamic fuel film model of Aquino 
is introduced in detail, and the characteristic of Aquino 
dynamic fuel film model is also analyzed. To describe the 
intake pipe fuel film dynamic characteristic in gasoline 
engine operates start process, a new dynamic fuel film 
model is presented based on Aquino fuel film model, in 
which the change of intake parameters is consider. The 
air fuel ratio variable by presented model and by Aquino 
model is simulated by using SIMULINK, and the result is 
compared with experiment data. The result shows that, in 
gasoline engine operates start process, the intake pipe fuel 
film dynamic characteristic is accurately described by the 
presented model.  

II.  FUEL FILM DYNAMIC MODEL 

A. Aquino fuel film model  
The Aquino fuel film model is described that fuel mass 

injm  injected, of which a part enters the cylinder directly 
in the fuel vapor form; another part deposits on the intake 
manifold wall to form fuel film, at the same time, fuel 
film evaporates at 1/τ f  speed ratio, and evaporative fuel 
vapor and the directly fuel vapor enter cylinder together. 
Fuel film dynamic model of gasoline engine may be 
described by the follow mathematical formula: 

(1 ) ff
in inj

f

m
m x m τ= − +                   (1) 

     ff
ff inj

f

m
m xm τ= −                     (2) 

Where, injm is the mass flow of injector injecting fuel, 

ffm   respectively is the intake fuel mass flow and ffm is 

the change rate of fuel film evaporating, inm is the mass 
flow of the fuel entering into cylinder, fτ is the time 
constant of fuel evaporating, x is the fuel distribution 
coefficient. 
      Another popular model for the fuel flow dynamics is 
presented by Hendricks [2] and its describing equations 
are: 
    (1 )in inj ffm x m m= − +                   (3) 

1 ( )ff ff inj
f

m m xmτ= − +                    (4) 

Where, ffm  respectively is the mass flow ratio, and 

ffm is the change rate of fuel film evaporation.  
The different between Hendricks model and Aquino 

model is in the description of fuel film. In Aquino model, 
proportional of the fuel mass in the liquid film ( ffm ), can 
be considered as a first order delay process. However, the 
fuel mass flow ratio of tip in and tip out fuel film ( ffm ) is 
regarded as a first order delay process in Hendricks 
model. The physical meaning of Hendricks model is that 
the unbalance fuel film is to be reached a new balance 
state after fτ time. Due to the variable of tip in and tip 
out the fuel film mass flow, Hendricks model described 

in some time, although Hendricks model is a linear mode 
in form, but the physical essence is nonlinear. If the 
x and fτ of fuel film model is treated as constant, 
equation (1) and equation (2) will be made in Laplace 
transform, and the signal diagram of Aquino model is the 
same as the Hendricks model [3].So, the Aquino model is 
analyzed in detail in this paper. 

B.  Aquino model analysis 
 The dynamics balance of fuel film formation rate and 

evaporation rate is built up by Aquino model in stable 
condition.  In gasoline engine operates start process, The 
Aquino model will produce tremendous error because of 
the time constant ( fτ ) of fuel evaporating and the fuel 
distribution coefficient ( x ) is hardly accurate identified. 
According to [4], fuel distribution coefficient ( x ) is 
directly related to throttle position because fuel is 
immediately injected on the throttle valve, and it is 
regarded as an approximate constant when the variable of 
throttle angle is not fast and the time of this variable 
process is short. Besides, the relationship between time 
constant ( fτ ) of fuel evaporating and intake port 
temperature is intimate so that intake port temperature 
and time constant of fuel evaporating is invariable when 
gasoline engine operates in start process. It is nonlinearity 
function relationship between time constant coefficient of 
fuel distribution and intake port pressure, intake port 
temperature and engine rotate speed. Moreover, this 
relationship is very complexity and the physical model is 
also hardly established. During start process, throttle 
position, engine load and condition parameters works in a 
large range, which will increase the variable range of 
time constant( fτ ) of fuel evaporating and fuel 
distribution coefficient( x ). If time constant of fuel 
evaporating and fuel distribution coefficient is calculated 
according to reference [4], the great error of injected fuel 
in the cylinder is produced by Aquino model.                                           

C. A new fuel film model  
Because of the extraordinary simple of Aquino model, 

it is easy to use for air fuel ratio control and engine real 
time control.  However, in gasoline engine operates start 
process, intake pipe fuel film dynamics is not balance, 
and the dynamic process of fuel film is hardly described 
by a simple model such as Aquino model.  A new kind of 
fuel film model is improved in order to describe the 
dynamic characteristic of fuel film more accurately. The 
improved model is shown as follows: 

1
τ= +in fv ff

f
m m m                     (5)                        

1 [ (1 ) ]= − + −τfv fv inj
v

m m x m       (6)                                   

1
τ=− +ff ff inj

f
m m xm                 (7) 

 Where vτ is the time constant of fuel film transiting 
condition [5], fvm respectively is the mass flow of fuel film 

evaporating, and fvm  respectively is the mass flow rate 
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of fuel film evaporating in the intake pipe of gasoline 
engine.  

The most different between new model and Aquino 
model is that injected fuel, of which a part enters the 
cylinder directly in the fuel vapor form, and evaporative 
fuel vapor and the above fuel vapor enter cylinder 
together need to be entered in the cylinder after vτ time, 

vτ can be shown by the induction air flow equation of 
intake port [6].  

c
v

ac

lA
m=ρτ                             (8) 

 Where, ρ  is gas density of intake manifold; l  is the 

distance between fuel nozzle and intake valve; acm is the 
air flow in the cylinder; cA is the section area of intake 
manifold.  The section area of intake manifold and the 
distance of nozzle and intake valve is a very little 
constant, so vτ is approximately treated as zero in the 

light of equation (8). Consequently, fvm  is equal to zero 
and the new model presented in this paper is to become A 
model. In addition, vτ should be calculated according to 
equation (9) in this paper. 

a
v ac

m
m=τ                            (9) 

 Where am is the air flow of intake pipe; Injected fuel 
which a part enters the cylinder directly in the fuel vapor 
form; the other part deposits on the intake manifold wall 
to form fuel film. In fuel film, of which a part enters in 
the cylinder in means of evaporating with air flow, the 
other part enters in the cylinder by flowing, therefore, the 
intake port is full of fuel evaporation, and fuel 
evaporation of intake port is variable. The constant of vτ  
is described as the time of fuel evaporating form to enter 
in the cylinder, which the variable range is increasing 
when the liquidity fuel evaporation of intake port is 
strengthened. Therefore, it is reasonable for equation (9) 
to calculate vτ constant. am and acm  is computed by the 
method of speed and density according to[7].The constant 
of vτ  is shown as follows. 

120 m
v

d v

V
nV=τ η                            (10) 

Where mV  is intake pipe volume; n  is the engine 

rotate speed; dV  is the engine displacement; vη  is charge 
efficiency. 

It is an important parameter for τ f and x  to affect the 
accuracy of fuel film model of gasoline engine during 
transient conditions. Many scholars make an intensive 
study on it. The variable discipline of fuel film parameter 
is obtained by lots of gasoline engine condition 
experiments according to [8, 9]. Seen from [8, 9],  x  is 

mainly related to engine rotate speed and intake pipe wall 
temperature. Fuel and air mix is promoted by the rotate 
speed increasing, and contribute to fuel and air vaporize. 
Moreover, it is very useful for the vaporization of fuel 
and the increase of intake air temperature to the raise of 
intake pipe wall temperature, which makes the fuel into 
fuel film decline during transient conditions. 

The constant of τ f  is also related to engine speed and 
intake pipe wall temperature. The velocity variable of 
fuel film surface is attracted by the variable of engine 
rotate speed, τ f is affected by the velocity of airflow 
behaving in two part. On the one hand, when the velocity 
of airflow accelerates, which makes fuel film evaporation 
is quickly moved and contributes to the fuel film 
evaporate. On the other hand, airflow makes fuel film 
expand to liquidity direction, increases the area of fuel 
film and makes for fuel film evaporate, τ f  is affected by  
intake pipe wall also behaving in two section. The heat 
transfer of fuel film is strengthened by the raise of intake 
pipe wall temperature, which makes the increase of fuel 
film temperature. On the second place, the raise of wall 
temperature promotes the viscosity of fuel film to decline, 
which makes fuel film expand easily and increase the 
surface area of fuel film. So the evaporation of fuel film 
is strengthened by the two factors. 

 The variable of fuel film parameter is closely related 
to gasoline engine rotate speed and intake pipe wall 
temperature. According to [10], the affected fuel film 
parameter factors are simplified. The intake pipe wall 
temperature is stable when engine works in a period of 
time. Therefore, engine rotate speed is the main factor of 
fuel film parameter, which can be calculated by the 
gasoline engine operating condition point. It is shown as 
follows. 

410 0.42−= +x n                                       (11) 
0.657.27τ −=f n                                       

 Where n  is engine rotate speed (rad/s). 

III. SIMULATION RESULT ANALYSIS OF DYNAMIC FUEL FILM 
   The mean value engine model is established in this 
paper, which mainly consists of three subsystems such as 
the air-flow dynamics, the fuel-flow dynamics and the 
crankshaft dynamics. The costumed fuel film model is 
particularly introduced in section two of this paper and a 
new fuel film model is also advanced. The detailed 
modeling process of air-flow dynamics and the 
crankshafts dynamic is shown in [6][12][13]. Under the 
environment of SIMULINK, a simulation model of mean 
value engine model is built up, which takes HL495Q [11] 
engine as simulation engine in this paper. 
 

Table1 HL495Q engine parameter 
Engine   

displacement(L) 
Intake pipe  

volume 
     Charge 

efficiency 

 Air pressure 
      (bar) 

Intake pipe temperature
（K） 

Ignition advance 
angle  

        2.84          710       0.85     1.013           297         12º 
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Two kind variable of throttle position is used to 

simulating and the air fuel ratio variable of two fuel film 
model is compared with experiment data, which is 
adapted to decide the accuracy of fuel film model. 

A.  The simulation of throttle angle changing from 10 
percent to 30 percent  
The variable of throttle position is shown on Fig 1. 

The simulation result with air fuel ratio variable of two 
fuel film models is shown on Fig2. 

The variable of throttle degree is displayed on Fig 1 
such as the initial degree is 10 percent, and the throttle 
degree is turned on 30 percent from 2 second to 8 second, 
and the throttle degree is closed to 10 percent until 10 
second. The time of simulation is 10 second.  

 
Figure 1.  The variable of throttle degree 

 
(a) The variable of air fuel ratio from 10 percent to 30 percent of 

throttle  
degree in 2 second 

 
 
 

 
(b) The variable of air fuel ratio from 30 percent to 10 percent of 

throttle degree in 8 second 

Figure 2.  Compared to the air fuel ratio simulation result of two fuel 
film model and experiment data 

When throttle degree is invariable, the fact air fuel 
ratio is near to the theoretical air fuel ratio. When throttle 
degree is variable intensively, the fact air fuel ratio 
departs greatly from the theoretical air fuel ratio. The 
variable of air fuel ratio in mutation point of throttle 
degree is mainly shown in Fig2. Seen from Fig 2, the 
error between air fuel ratio variable of two fuel film 
model and experiment data is very small because the 
time constant of fuel film transiting is in a narrow range 
when the variable of throttle degree is in stable condition. 
Although the variable of vτ constant is neglected in a 
model, which can accurately approximate the variable of 
actual air fuel ratio. The accuracy of fuel film model 
presented in this paper is a little superior to a model. 
During the narrow variable range of throttle degree, vτ is 
in a narrow range, which can not be neglected in stable 
condition and affected by the variable of airflow in the 
intake pipe and airflow into the cylinder.  Therefore, vτ is 
considered as a very small constant in the narrow 
variable of throttle degree. The fuel quantity of injected 
fuel into the cylinder is close to testing data by using the 
new fuel film model presented in this paper. It is show 
that the air fuel ratio variable of new model presented in 
this paper is identical with experiment data in Fig2. 

B. The simulation of throttle angle changing from 10 
percent to 60 percent  
The variable of throttle position is shown on Fig 3. 

The simulation result with air fuel ratio variable of two 
fuel film models is shown on Fig4. 

The variable of throttle degree is displayed on Fig 3 
such as the initial degree is 10 percent, and the throttle 
degree is turned on 60 percent from 2 second to 8 second, 
and the throttle degree is closed to 10 percent until 10 
second. The time of simulation is 10 second.  

 

 
Figure 3.  The variable of throttle degree 

As shown in Fig4, the error between air fuel ratio 
variable of two fuel film models and experiment data is 
greatly increment because the time constant of fuel film 
transiting is in a large range when the variable of throttle 
degree is in transient condition. The range of the time 
constant of fuel film transiting is increasing intensively 
because the liquidity of fuel in intake pipe is 
strengthened, and the delay time of injected fuel into the 
cylinder is lengthened. But the variable of vτ constant is 
neglected in A model, and if the fuel of entering in the 

802 JOURNAL OF COMPUTERS, VOL. 6, NO. 4, APRIL 2011

© 2011 ACADEMY PUBLISHER



 

 

cylinder is calculated according to A model, the result is 
that the last time fuel quantity of entering in the cylinder, 
which is adapted to calculate the fuel quantity of entering 
in the cylinder will lead to the great error of air fuel ratio 
is produced. The accuracy of new fuel film model 
presented in this paper is superior to A model, which is 
compared to the stable condition the variable error of air 
fuel ratio with new model established in this paper and 
experiment data is intensive due to fuel film parameter is 
hardly identified. During transient condition, throttle 
position, engine load and condition parameter works in a 
large range, which will cause the variable range of time 
constant of fuel evaporating and fuel distribution 
coefficient to be increased. If time constant of fuel 
evaporating and fuel distribution coefficient is calculated 
according to the method of equation (11) and equation 
(12), the great error of injected fuel in the cylinder is 
produced, which will result in the variable error of air 
fuel ratio with new fuel film model and testing data is 
larger than stable condition. Consequently, it is great 
important that fuel film parameter is accurately identified, 
which can improve the precision of fuel film model.                           

From Fig2 (b) and Fig4 (b), when throttle degree 
is closed in suddenly, the fact air fuel ratio departs from 
the theoretical air fuel ratio, and the dense of air fuel 
ratio is in a small scope because the method of closed 
loop is applied to control the air fuel ratio in gasoline 
engine, and the effect of closed loop is strengthened 
when throttle degree is in a small range.   

 
(a) The variable of air fuel ratio from 10 percent to 60 percent of 

throttle degree in 2 second 

 
(b) The variable of air fuel ratio from 60 percent to 10 percent of 

throttle degree in 8 second 

Figure 4.  Compared to the air fuel ratio simulation result of two fuel 
film model and experiment data 

IV. CONCLUSIONS 
The costumed dynamic fuel film model of Aquino is 

introduced in detail, and the characteristic of Aquino’s 
dynamic fuel film model is also analyzed in this paper. 
Based on Aquino fuel film model, a new kind of dynamic 
fuel film model is presented in this paper. The fuel film 
dynamic characteristic of intake pipe is sufficiently 
described by this new model and the relation expression 
of vτ constant affected the injected fuel of entering in the 
cylinder is also added in this new model, which can 
improve the accuracy of this new model. The air fuel 
ratio variable of two fuel film model is simulated by 
using SIMULINK based on mean value engine model 
and the result is compared with experiment data. The 
result shows that the intake pipe fuel film dynamic 
characteristic is accurately described by the new model. 
The new model accuracy is higher than Aquino model. 
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