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Abstract: Based on the principles of heat transfer, an oil film model in the engine
cylinder was established. Under the condition of cold state, the influence of fac-
tors such as engine fuel injection, fuel drop point, cylinder inner wall temperature,
and inlet fluid on the oil film is comprehensively considered to establish an oil
film quality prediction model. Based on the measurement of the compensation
oil quantity in the transition conditions, the variation of the oil film during the
transition is analyzed. The experimental results show that the velocity of the air-
flow in the intake port and the temperature and pressure on the wall of the intake
port are the main factors affecting the oil film in the cylinder. Based on the above-
mentioned experimental and theoretical studies, an oil film distribution model for
each cycle of the transition condition was established based on the engine inlet oil
film model. The experimental measurement curve and model prediction curve for
the fuel compensation per cycle in the transition condition from 10% load to 30%
load. The model established can be in good agreement with the experimental
results and meet the fuel compensation trend in the transition condition. While
realizing the fuel compensation for the transient conditions, this work is definitely
helpful to achieve accurate control of the air-fuel ratio.
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1 Introduction

1.1 Motivation
The advent of the internal combustion engine is a big leap in the history of power, and it is the second

power revolution after the invention of the steam engine. It has made great contributions to mankind with its
superior economics, power and reliability. The internal combustion engine is widely used in all sectors of
society and economy, especially for industry, agriculture and transportation [1]. The internal combustion
engine provides powerful power, which greatly improves the efficiency of work, and gradually becomes
the pillar of the progress of social productivity and an indispensable part of life. But at the same time, the
problems it brings are becoming increasingly prominent. Among them, there are two main problems. One
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is the shortage of energy, and the other is the environmental pollution caused by internal combustion
engine emissions.

Cold start refers to the starting condition when the temperature inside and outside the engine cylinder is
reduced to a level equivalent to the ambient temperature after the engine has stopped for a period of time.
During the cold start and warm-up phases of the engine, HC emissions are high, and 60% to 80% of HC
emissions are generated at this stage [2,3]. And, in order to ensure that the engine can catch fire reliably
during the cold start phase, it is usually necessary to inject more fuel to enrich the mixture. Obviously,
such insufficient combustion in a short period of time will cause a large degree of pollution, and the
energy utilization rate is extremely low. According to existing research, optimizing in-cylinder fuel
injection control is an important method to improve engine cold-start performance and reduce HC
emissions during the cold-start phase. This method mainly aims at air-fuel ratio control optimization and
ignition advance angle optimization, and optimizes the injection angle to improve the cold start
performance of the engine. An important focus of this technology is air-fuel ratio control. The cold start
and warm-up phases of the engine often require a richer mixture, that is, a smaller air-fuel ratio. The
degree of enrichment varies with the temperature at start, and the control of fuel injection actually reflects
the control of the air-fuel ratio [4].

In the control of air-fuel ratio, the temperature of the inner wall of the cylinder and the oil film effect are
the main affecting factors. During the cold start and cold car transition phase of the engine with intake port
injection, due to the low temperature of the inner wall of the cylinder, the fuel atomization and evaporation
are poor, and it is difficult to form a uniform combustible mixture. Oil film is formed on the inner wall surface
of the cylinder. Especially in the case of low temperature, more than 70% of the fuel entering the cylinder
during cold start did not participate in the combustion, which not only greatly affected the cold start
performance of the engine, but also caused a large amount of HC emissions. This paper focuses on the
oil film effect to achieve precise control of air-fuel ratio.

1.2 Contribution
In this paper, a cold-start fuel compensation model for the engine of the South China Sea Qingqi DH125-

A motorcycle is combined with the oil film effect. The specific content is as follows:

The oil film effect is systematically and fully studied. The effects of engine speed, load, cylinder head
temperature, etc. on the oil film are explored through fuel compensation.

Theoretically analyze the characteristics of the oil film in the intake port of the engine, and establish an
oil film model of the intake port during cold start of the engine. The oil film model is used to predict the oil
film quality of the intake port under different operating conditions of the engine. An oil film distribution
strategy for each cycle of the engine is established to realize the cold compensation of the engine and the
fuel compensation for the transient conditions, so as to achieve accurate control of the air-fuel ratio.

2 Establishment of Oil Film Model

2.1 Principle of Oil Film Model Establishment
2.1.1 Oil Film Dynamic Effect Analysis

In the port injection type engine, part of the injected fuel adheres to the intake port to form an oil film.
During the operation of the engine, the temperature of the wall of the intake duct increased and the oil film
continuously evaporated. On the other hand, the in-cylinder return gas and inlet fluid flow also promote the
evaporation of the oil film.

When the engine is in steady state, the amount of fuel injected per cycle is constant. The amount of fuel
film formed by the injected fuel is equal to the amount evaporated from the oil film, and the amount of fuel
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injected is equal to the amount of fuel entering the cylinder. The oil film is in a dynamic equilibrium.
Therefore, the oil film has no effect on the engine’s steady state operation and air-fuel ratio [5].

During transient conditions, the throttle changes rapidly, which causes the dynamic balance of the oil
film to be broken. When accelerating, the moment the valve opens, the intake air flow suddenly
increases, the fuel injection quantity increases, and the amount of fuel entering the oil film is greater than
the amount of oil film evaporation. Therefore, the amount of fuel entering the cylinder is reduced,
resulting in leaner air-fuel ratio. When decelerating, the amount of fuel injected decreases, and the
amount of fuel entering the oil film is less than the amount of oil film evaporated. Therefore, the amount
of fuel entering the cylinder will increase, resulting in a richer air-fuel ratio. Fig. 1 is a schematic diagram
of the dynamic effects of the oil film in the steady state, acceleration and deceleration conditions of the
engine. It is assumed here that the coefficient of the oil film in the fuel injection is 0.6, that is, X = 0.6.

In the steady state of the engine, the total amount of fuel injected by the injector is 20 units, and the
amount of coanda oil film is 12 units. At this time, the oil film is in dynamic equilibrium, so the amount of
oil film evaporated before the time constant is 12 units, the total amount of fuel entering the cylinder is
20 units, which is equal to the amount of fuel injected by the injector. At this time, the oil film has no
effect on the working process of the engine. Under acceleration conditions, the throttle is developed,
the intake air volume is increased, and the total amount of fuel injected by the injector is 25 units, of
which 15 units are attached to the wall to form an oil film, and the amount of oil film evaporated
before the time constant is still 12 units. Therefore, the amount of fuel entering the cylinder decreases
and the mixture becomes lean. During deceleration conditions, the intake air volume is reduced, the
fuel injector ejects 15 units of fuel, the amount of fuel entering the oil film is 9 units, and the amount
of fuel evaporated is 12 units. The fuel entering the cylinder increases, resulting in the gas mixture
becoming richer [6].

Figure 1: Schematic diagram of engine oil film dynamic effect. (a) Dynamic effects of oil film in steady
state. (b) Dynamic effects of oil film during deceleration. (c) Dynamic effects of oil film during deceleration
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2.1.2 Establishment of Oil Film Model
According to the previous analysis, the amount of Coanda oil film will increase with the increase of the

fuel injection quantity of the injector, and the temperature rise of the inlet wall and the fluid flow can promote
the evaporation of the oil film. The study found that the amount of Coanda oil film is related to engine speed
and load. However under large load, high speed and sufficient engine heat, the deviation of air-fuel ratio
caused by oil film effect is not obvious. The fuel is injected at the junction of the intake valve back and
the intake port. Some of the fuel falls on the intake valve back. Due to the high temperature of the valve
back, this part of the fuel is quickly evaporated, and an oil film cannot be formed. Only the part of the
fuel falling on the intake duct can adhere to the wall surface to form an oil film. In this paper, the
influence of factors such as engine fuel injection, fuel drop point, cylinder inner wall temperature, and
inlet fluid on the oil film is considered. The oil film quality prediction model is established as follows:

mf ¼ W � minj � X � Sd0qf
minj

qf

 !1=3

1� exp � tw � ta
tcr � ta

� �� �
þ YDH

Ql � V � Cpðta � T0Þ

8<
:

9=
;

In this formula, mf is the mass of the oil film, minj is the fuel injection amount corresponding to the
theoretical air-fuel ratio under steady-state conditions of the engine per cycle, Sd0 is the area occupied by
the fuel injection on the back of the intake valve, ρf is the fuel density, tw is the temperature of the inner
wall surface, tcr is the highest temperature at which the wall temperature has a significant effect on the
evaporation of the oil film. Above this temperature, the evaporation of the oil film does not vary much
with the increase of temperature, so it is not considered. ΔH is the change rate of the internal energy of
the inlet fluid, which can be calculated by the GT-Power software. Q1 is the calorific value of gasoline. V,
W, X, Y are dimensionless parameters.

The first term on the right side of the model equation,W � minj characterizes the relationship between the
oil film quality and the fuel injection amount per cycle of the engine. The ratio of the oil film to the injected

fuel is W. X � Sd0qf
minj

qf

 !1=3

1� exp � tw � ta
tcr � ta

� �� �
is the influence of the temperature of the valve back of

the intake valve and the inner wall of the cylinder on the evaporation of the oil film.
YDH

Ql � V � Cpðta � T0Þ
represents the effect of inlet fluid flow on the amount of oil film [7].

2.2 Experimental Measurement of Compensation Oil Quantity in Transient Conditions
The experiment needs to be performed when the engine is not heated, because the oil film on the inlet

wall is thicker, and the air-fuel ratio deviation caused by the oil film effect is more obvious. In transient
conditions, the dynamic balance of the oil film is broken due to rapid changes of the air volume in the
intake port. When accelerating, the amount of injected fuel entering the oil film is greater than the
amount of oil film evaporation. At this time, the oil film becomes thicker and the amount of fuel entering
the cylinder decreases, resulting in leaner air-fuel ratio. The amount of oil that the engine needs to
compensate is the amount of oil film increase, which is equal to the deviation of the amount of oil that
causes a lean air-fuel ratio in the exhaust when there is no compensation control, which is hereinafter
collectively referred to as “transition condition compensation oil amount”. The measurement of the
compensation oil amount under the transition conditions under different transition conditions is helpful to
analyze the trend of the oil film during the transition.

The greater the energy of the air flow passing through the surface of the oil film, the greater the ability to
damage the oil film. The oil film becomes thinner because of the evaporation, and the amount of oil to be
compensated will be reduced accordingly. In this experiment, we tested the following transient condition

166 EE, 2021, vol.118, no.1



separately when the te, the temperature of the engine head, is 20°C, 30°C and 60°C: the rotation speed
increases from 2000 to 7000 rpm, and the load increases from 4% to 70%. The experimental data was
collected by the FAI-Motors software system, and its interface is shown in Fig. 2.

After selecting the test condition point, start the engine to make the engine quickly change to the target
condition 2 after the target condition 1 runs stably. Let the actual air-fuel ratio per cycle during the transition

be AFi ¼ A

F

� �
i

, A is the air quality and F is the fuel quality. The air-fuel ratio is affected by three factors:

(1) Lag of sensor response; (2) Filling effect of intake cavity, causing deviation of intake air flow at the
throttle valve from intake air flow entering the cylinder; (3) Oil film effect. For the first factor, including
the flow time of the gas, the lag time is generally close to a constant, between 0.06 and 0.2 seconds,
which can be ignored. For the second factor, because the volume of the motorcycle’s air intake cavity is
very small, it is also unnecessary to consider, so the gas volume in the transition condition can be
approximately considered to be equal to the gas volume when the target condition 2 is stable, which is
set as Q; The fuel quantity in the steady state has been calibrated to correspond to the fuel injection
quantity with a theoretical air-fuel ratio of AF0. The EFI control system does not have a transition
condition compensation, so the change in fuel quantity per cycle in the transition condition is:

Dmifuel ¼ Q

AFi
� Q

AF0

When the working condition 2 is stable, the corresponding amount of oil at the steady air-fuel ratio Q at
the steady state is m2. Therefore, we can get:

Figure 2: FAI-Motors development system interface
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Q ¼ m2 � AF0

From the above two formulas, the change of oil quantity per cycle is:

Dmifuel ¼ m2
AF0

AFi
� 1

� �

Let the number of cycles in which the air-fuel ratio change from working condition 1 to working
condition 2 be N, then the total amount of oil change during the transition is:

Dmfuel ¼
XN
i

m2
AF0

AFi
� 1

� �

Before the test, it is necessary to calibrate the fuel quantity MAP at each operating point of the engine
under steady-state conditions to ensure that the amount of fuel to be compensated in the transition conditions
is obtained. The engine needs to stand still to the same temperature as the room temperature, and start running
from the cold state. Use the chassis dynamometer to make the engine quickly stabilize at the target speed, and
collect the engine cylinder head temperature. When the cylinder head temperature reaches the test
temperature, the throttle opening is quickly changed to stabilize the throttle opening at the target value.
The actual air-fuel ratio AFi and total cycle number N of each cycle of the transition process were
recorded by the test data acquisition software, and the steady-state oil quantity of the target operating
condition 2, m2 was recorded. The above formula can be used to calculate the compensation oil amount
for this transient condition [8].

2.3 Analysis of Model Simulation Results and Experimental Results
In the transient condition, when the throttle opening is stable and the speed is varied, the air-fuel ratio

does not change significantly, because the variation in speed is a gradual process, and the oil film effect is not
obvious. The experiment mainly calibrates and verifies the change of the oil amount compensation under
variable load at a constant speed. The engine load can be adjusted by changing the engine throttle
opening. The test was carried out by means of a chassis dynamometer. And because the engine is not
easy to catch fire at a small throttle opening, the engine temperature rises rapidly under high load at high
speed, and the oil film is completely consumed in a short period of time, which will cause certain effects
and errors in the experiment. Therefore, the test and verification are mainly performed for medium load
and medium speed.

As shown in Fig. 3, the engine collects data points every working cycle in the experiment. As can be
seen from the figure, the compensation oil amount of the first few cycles of the engine’s transient
operating conditions gradually increases, and it lasts for about 10 cycles to reach the maximum value of
the compensation oil amount, and then the compensation oil amount gradually decreases every cycle. Its
decay speed is far less than the increase speed, and the duration is longer. Therefore, the oil quantity
compensation control model in the transition condition can be divided into short-term term and long-term
term. The short-term action interval is only the cycle interval from the beginning of the transition to the
maximum fuel compensation. Each cycle has a larger amount of compensated fuel, but the decay is fast
and the duration is short; the long-term term affects the entire transition process, which has less oil
compensation per cycle, but has a long duration. The total fuel compensation per cycle is equal to the
sum of the short-term fuel compensation and the long-term fuel compensation. Fig. 4 shows the change
trend of the compensation oil amount under transient conditions when the engine cylinder head
temperature is 30°C under different load changes. When the engine speed is constant and the transition is
between medium loads, the amount of oil that needs to be compensated is the most, and the transition
between small loads and large loads requires less oil. Although the total compensation oil volume is less
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when the load changes from 4% to 10% compared to the load change from 10% to 30%, the gas volume of
the two operating conditions does not vary much when the load changes, and the variation of air-fuel ratio is
also obvious (Fig. 5). This shows that the oil film effect is still significant at this time [9].

In the transient operating conditions of the engine, the presence of oil film in the intake port will cause
the engine fuel transmission to be delayed. The air velocity in the air inlet is one of the main factors affecting
the oil film. When the air flow passes through the surface of the oil film, the aerodynamic force on the oil film
can overcome the tension on the surface of the oil film, which increases the area of the oil film and increases
the heat transfer coefficient, which is conducive to the evaporation of fuel from the oil film. As shown in the
previous numerical simulation results, the engine speed is constant, the larger the load, the greater the airflow
speed, which is conducive to the evaporation of the oil film. Therefore, only a small amount of oil needs to be
compensated in the transient conditions under large loads.

Figure 3: Fuel compensation per cycle at 3000 r/min, te = 30°C

Figure 4: Effect of load change on the amount of compensation oil in transient conditions
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Another main factor affecting the oil film is the wall temperature of the air inlet. The increase of the wall
temperature of the air inlet will promote the endothermic evaporation of the oil film. The higher the engine
temperature is, the greater the amount of evaporation and the thinner the oil film will become, so the oil film
effect in the transition conditions turns less. When the throttle change slope, change speed and engine head
temperature are constant in the transition conditions, the oil amount compensated for the transition conditions
decreases with the increase of the rotation speed at different speeds. When the rotation speed increases above
7000 r/min, the amount of oil that needs to be compensated for changing the throttle opening is pretty small.
This is because as the rotational speed increases, the temperature of the inlet wall surface increases, and the
oil film effect caused by the thinning oil film is weakened. When the engine temperature is hot enough,
the amount of oil film is greatly reduced. At this time, as the increase of the intake air temperature
promotes the vaporization of the fuel, the injected fuel can be basically vaporized into the cylinder, and
the amount of fuel to be compensated is very small. Fig. 6 shows the measured results of the
compensated oil quantity when the speed is constant and the throttle opening is increased from 10% to
30%. In the figure, te is the temperature of the engine cylinder head. Experiments have shown that when
the temperature of the engine cylinder head is low, the amount of oil compensated is more, and when the
temperature of the engine cylinder head is increased, the amount of oil compensated is reduced [10,11].

In addition, the change of the pressure (vacuum degree) in the inlet will also cause the change of the
boiling state of the evaporated gas in the oil film, which will cause the transient fuel evaporation rate to
change. When the pressure in the intake port is constant, the oil film in the intake port is in a relatively
balanced state, and the rapid change of the throttle valve breaks the balance in the intake port, causing
the intake port pressure to decrease. The saturated partial pressure of fuel vapor may cause the fuel in the
oil film to boil and increase the amount of evaporation. From the previous analysis, it can be known that
the higher the speed, the lower the pressure in the intake port, and accordingly, the lower the oil film
amount at high speed [12].

Based on the above-mentioned experimental and theoretical studies, an oil film distribution model per
cycle for the transition condition was established based on the engine inlet oil film model. The oil film model
describes the total amount of oil film changes in the engine’s transient operating conditions, while the oil film
distribution model can describe the amount of fuel that needs to be compensated due to the oil film effect in

Figure 5: Air-fuel ratio at transient conditions of 3000 r/min under different load changes
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each cycle of the engine’s operating conditions. Fig. 7 shows the experimental measurement curve and model
prediction curve for the fuel compensation per cycle in the transition condition from 10% load to 30% load.
The model established can be in good agreement with the experimental results and meet the fuel
compensation trend in the transition condition. In fact, the short-term term of the oil film effect caused by
changes in the throttle opening is extremely short, lasting only a few cycles, while the short-term term
actually measured lasts about 10 cycles. This is because in addition to the oil film effect which causes the
air-fuel ratio deviation in the transient operating conditions described above, there are also factors of the
sensor response lag and the intake cavity filling.

3 Conclusion

Based on the measurement of the compensation oil quantity in the transition conditions under different
transition conditions, the variation of the oil film during the transition is analyzed. The experimental results
show that the velocity of the airflow in the intake port and the temperature and pressure on the wall of the

Figure 6: Compensating oil quantity in transient conditions at different engine head temperatures

Figure 7: Predicted and experimental curves of fuel compensation per cycle in the transient condition at
3000 r/min, te = 30°C
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intake port are the main factors affecting the oil film in the cylinder. According to the experimental and
theoretical studies, the oil film distribution model for each cycle of the transition condition was
established, and the model is in good agreement with the experimental results. The oil compensation for
the transient conditions is realized, which is definitely helpful to achieve accurate control of the air-oil ratio.
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