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FUEL INJECTOR CONTROL UTILIZING FUEL
FILM FLOW PARAMETERS

CROSS REFERENCE TO RELATED
APPLICATION

This application is a continuation-in-part of my prior
U.S. patent application entitled “Fuel Injector Control
Incorporating Fuel Vaporization Parameters”, Ser. No.
08/082,565, filed Jun. 28, 1993.

TECHNICAL FIELD

The present invention relates to fuel injector controls
for internal combustion engines and, more particularly,
to a fuel injector control that optimizes the quantity of
fuel supplied.

BACKGROUND OF INVENTION

Internal combustion engines are fueled by an air-fuel
mixture combusted in cylinders. Control of the air-fuel
mixture ratio is important in optimizing the perfor-
mance of an internal combustion engine and resultant
exhaust gas emissions.

Prior injector controls are designed to provide pre-
cise control of the air-fuel mixture in steady state opera-
tions. The optimum air-fuel mixture ratio is normally
about 14.6:1. Under transient conditions; e.g., during
acceleration or deceleration, the air-fuel ratio can
change from the optimum ratio, which is referred to as
running lean or rich, for a time on the order of one
second or more. Factors such as engine temperature,
manifold pressures, fuel vapor pressure and engine air
mass flow rates affect the degree to which air-fuel ratios
deviate from ideal conditions.

Fuel injectors generally direct fuel sprayed by a noz-
zle onto a wall of an intake port or valve surface. Fuel
supplied as a spray on the wall of an intake port either
vaporizes or coats the wall of the intake port as a liquid
or film which wets the wall. A portion of the fuel wet-
ting the walls of the intake port and valve creates a
liquid film which flows on the walls. Liquid fuel film
flows at a slower speed than the inducted air and fuel
vapor. Some of the liquid fuel film evaporates as it flows
in the walls.

Under ideal circumstances, all of the fuel supplied is
in the form of a vapor. However, on initial start up or
during rapid acceleration, relatively cool temperatures
of intake port wall or rapid increase in fuel supplied
prior to increasing engine speed results in the formation
of a sizeable deposit of liquid fuel film on the intake port
wall. :

Applicant’s technical paper entitled “Spray/Wall
Interactions Simulation”, Servati, Hamid B. and Her-
man, Edward W., SOCIETY OF AUTOMOTIVE
ENGINEERS, Paper No. 890566, explains injector
spray wall interactions for the purpose of optimizing
injector location, design and spray patterns for improv-
ing engine performance. As explained in that paper, two
phenomena are considered in fuel vaporization: (i) con-
ductive fuel vaporization; and (ii) convective fuel va-
porization. Conductive vaporization is a function of fuel
volatility wherein fuel contacting warm surfaces results
in lower boiling point hydrocarbons evaporating while
the high end hydrocarbons with low vapor pressure
remain on the walls in liquid form. Convective vapori-
zation results from turbulent forced convection of fuel
into the air stream. Fuel properties, such as viscosity,
density, diffusivity, fuel temperature and wall surface
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temperature, air flow, intake manifold pressure, charge
temperature, engine speed and the area of the vaporiza-
tion surface all affect convective fuel vaporization.

Fuel is transported into the engine cylinder in gaseous
and liquid form, the liquid form being provided by the
flow of a fuel film on the wall to the intake port.

While these engine operation conditions have been
known, utilization of this information as a basis for an
injector control system has not heretofore been devel-
oped.

SUMMARY OF INVENTION

The present invention comprises an apparatus for
controlling a fuel injection system of an internal com-
bustion engine based upon a determination of the con-
vective fuel vapor mass and conductive fuel vaporiza-
tion rate. The apparatus includes means for determining
the following parameters: fuel vapor pressure, air
charge temperature, engine air mass flow, fuel wetted
area characteristic diameter, fuel wetted area character-
istic length, manifold pressure, engine speed and puddle
fuel temperature. The above parameters are processed
by an engine control which receives signals representa-
tive of the above-identified factors and calculates the
convective fuel vapor flow mass and conductive fuel
vaporization rate. The amount of fuel injected to the
engine is controlled to compensate for fuel resident on
the walls of the intake port or valve, a portion of which
is subsequently vaporized and mixed with air during
injection cycles.

The present invention also relates to an apparatus for
controlling a fuel injection system of an internal com-
bustion engine in which fuel is injected into an intake
manifold by the fuel injector. The apparatus comprises
means for determining the physical characteristics of air
used in engine combustion. The apparatus further com-
prises means for determining the physical characteris-
tics of fuel used in engine combustion and means for
determining both the intake manifold pressure and the
engine speed. Means are also provided for determining
from the physical characteristics of the air and fuel used
in engine combustion, the intake manifold pressure,
engine speed and fuel film flow characteristics to gener-
ate a control signal used to control the amount of fuel
injected to compensate for unvaporized fuel deposited
on the walls of the intake manifold which flows as a film
into an engine cylinder during the injection cycle.

According to the invention, the means for determin-
ing the physical characteristics of air used in engine
combustion include means for determining the air
charge temperature and generating the air charge tem-
perature signal representative thereof and means for
determining engine air mass flow and for generating an
engine air mass flow signal representative thereof.

According to another aspect of the invention, the
means for determining physical characteristics of fuel
further includes means for determining the fuel wetted
area and generating a fuel wetted area characteristic
signal representative thereof. The means for determin-
ing the physical characteristics of the fuel further in-
cludes means for determining the puddle fuel tempera-
ture and generating a puddle fuel temperature signal
representative thereof. The means for determining the
physical characteristics of the fuel further includes
means for determining fuel wetted and a puddle mass
and generating a fuel wetted area puddle mass signal
representative thereof.
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According to another aspect of the invention, an
apparatus for controlling a fuel injection system of an
internal combustion engine is provided with the follow-
ing elements:

a. means for determining and generating an air charge

temperature signal;

b. means for determining and generating an engine air

mass flow signal;

c. means for determining and generating a fuel wetted

area characteristic signal;

d. means for determining and generating a manifold

pressure signal;

e. means for determining and generating an engine

speed signal;

f. means for determining and generating a puddle fuel

temperature signal;

g. means for determining and generating a fuel wetted

area puddle mass signal; and

h. an engine control unit which receives the above

identified signals and generates a control signal
based upon the signals to control the amount of fuel
injected to compensate for unvaporized fuel that is
deposited on intake component surfaces and flows
as a film into an engine cylinder during injection
cycles.

According to another aspect of the invention, a
method for controlling a fuel injection system of an
internal combustion engine includes determining air
charge temperature, engine air mass flow, fuel wetted
area, manifold pressure, engine speed, puddie fuel tem-
perature and fuel wetted area puddle mass, and calculat-
ing from the above-identified signals a rate of fuel film
flow according to the formula:

0.00342 * (-ILT)‘ (64.885 + TF) * AM * ACT * PM

PMAN * N * NCYL

where:

ACT =air charge temperature (in °R)

AM=engine air mass flow (in pounds per second)

D=fuel wetted area characteristic diameter (in feet)

L=fuel wetted area characteristic length (in feet)

PMAN =manifold pressure (in inches of Hg)

N=engine speed (in RPM),

Tr=puddle fuel temperature (in °F.)

NYCL =number of engine cylinders

PM=fuel wetted area puddle mass

Upon generating a control signal representative of
the fuel film flow calculated, the amount of fuel injected
into the engine is controlled to compensate for unvapor-
ized fuel that is deposited on the walls of the intake
manifold that flows as a film into the engine cylinder
during injection cycles.

It is an object of the present invention to minimize or,
ideally, the eliminate air/fuel ratio excursions during
acceleration and deceleration. -

It is another object of the present invention to utilize
a wall wetting fuel compensation strategy to augment
the closed/open fuel control to maintain a substantially
constant air/fuel ratio during engine transients.

These and other objects of the present invention are
achieved in accordance with the invention as will be
more fully understood based upon a review of the draw-
ings in view of the following detailed description of the
best mode for carrying out the invention.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a fragmentary, cross-sectional view show-
ing an injector delivering fuel to an intake port of a
cylinder head;

FIG. 2 is a schematic view of different intake port
configurations for internal combustion engines; .

FIG. 3 is a flow chart showing a fuel path for an
electronic fuel injection system; and

FIG. 4 is a flow chart showing the fuel path after
injection in an electronic fuel injection system accord-
ing to the present invention.

BEST MODE FOR CARRYING OUT THE
INVENTION

Referring now to the drawings, FIG. 1 shows a fuel
injector 10 and an intake port 12 of an internal combus-
tion engine 14. The fuel injector is shown injecting fuel
16 in the area of the intake port 12 which is to be sup-
plied to the cylinder 18 of the internal combustion en-
gine 14. A portion of the fuel 16 is sprayed on a wall 20
where it forms a puddle 22 comprising the excess quan-
tity of fuel 16 supplied by fuel injector 10 that is not
vaporized. Fuel vapors in the fuel intake port 12 and the
puddle 22 on the wall 20 are drawn toward the valve 24
during the engine cycle.

Fuel injector 10 is not a direct injection fuel injector
but instead injects fuel into the intake port 12.

Referring now to FIG. 2, six different intake mani-
folds 26 (a)-(f) are shown wherein one or more fuel
injectors are positioned in various locations. A butterfly
valve 28 (a)-(¢) may be incorporated as part of the
intake manifold assembly which is cycled to control air
flow through the intake manifold 26. Fuel 16 supplied to
walls 20 (@)-() in various locations on the intake mani-
folds 26 (a)-(f). Fuel 16 is supplied in the location
shown and directed to intake walls 28 (2)-(f) to provide
fuel to first and second intake ports 30 (a)-(), 32 (@)-(f).

Depending upon the location of the fuel injector, its
type and orientation, different characteristics of air and
vapor flow can be projected. Likewise, flow of fuel in
liquid or film form can be projected based upon the
same factors. Other factors related to temperature, man-
ifold pressure, air mass and fuel characteristics can be
simulated and used to develop a fuel injector system
which provides optimum air/fuel ratio mixtures under
essentially all circumstances.

Referring now to FIG. 3, a fuel system is shown
schematically wherein fuel tank 40 provides fuel to a
fuel pump 42. Fuel leaving the fuel pump 42 passes
through a fuel filter 44 and into a pressure regulator 46.
Fuel is supplied by the pressure regulator 46 to the fuel
injection system 48. The fuel injection system 48 is
controlled by an electronic control module known as
EEC-1V fuel scheduling module 50. The fuel schedul-
ing module 50 controls the timing of the fuel injection
by the fuel injection system 48 so that the fuel spray/-
wall interaction in vaporization bed 52 is closely con-
trolled.

According to the invention, the fuel injection system
provides fuel to the fuel spray wall interaction and
vaporization bed 52 so as to prevent lean air/fuel ratios
during acceleration (especially at low temperatures).
Lean air/fuel ratios are caused by supplying excessive
amounts of fuel for a period of time which are not ap-
propriately converted into fuel vapor but instead pass in
liquid phase from the vaporization bed to the cylinders.
Likewise, when decelerating, the fuel injection system
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is controlled by ECC-1V fuel scheduling module 50 so
that the fuel puddle mass is minimized. Upon decelera-
tion the fuel contained in the puddle is limited so that a
lesser quantity of fuel is available in the puddle. This
minimizes the quantity of unwanted- fuel provided to 5
engine after it is desired to reduce the supply of fuel to
the engine. .

Operation of the algorithm by which the ECC-IV
fuel scheduling module operates will be explained by
reference to FIG. 4: The air and fuel supplied to the
engine is referred to as air mass AM and fuel mass FM
and diagrammatically shown at reference numeral 56
and FIG. 4. A first portion represented by reference
numeral 58 represents the vaporized fuel supplied to the
fuel/spray wall interaction and vaporization bed. A
second portion of the fuel shown at reference numeral
60 is the liquid fuel deposited on the fuel spray/wall
interaction and vaporization bed. The liquid portion of
the fuel is primarily composed of the low volatility
portion of the fuel. As shown at reference numeral 62,
the vaporized fuel 58 flows quickly to the engine and is
affected by the air mass, fuel vapor pressure and fuel
spray. The vaporized fuel portion has only a small delay
in reaching the cylinder. In contrast, the liquid fuel 60 as
shown at reference numeral 64 exhibits primarily slow
fuel film flow characteristics which is caused by the
impaction of the liquid phase fuel on the walls on the
intake manifold. A time delay (generally on the order of
one to two seconds) may occur in the time required to
transfer the fuel from the walls of the intake manifold to
the engine cylinder.

Liquid fuel is transported in two ways to the cylinder.
A portion of the liquid fuel deposited as shown at 66
evaporates from the surface of the film. This is gener-
ally characterized by the variable My which is repre-
sentative of the mass of the fuel evaporation. The bal-
ance of the liquid fuel 60 is transmitted to the cylinder,
as shown at reference numeral 68, as a fuel film flow
represented in the control algorithm as Mgrp, which is
representative of the mass of the fuel flowing as a film 40
along the wall.

Referring to reference numeral 70, the general for-
mula for air/fuel mixtures employed by the fuel sched-
uling module 50 is:

s
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A/F =

__AM
(1 — X)FM + Mpy + MFrro

As shown at reference numeral 72, the puddle size
Mp, which is representative of the mass of the puddle, is
also developed by the algorithm.

The specific algorithm utilized by the apparatus for
controlling a fuel injection system calculates convective
fuel vapor flow mass according to the following for-

mula: 55
0050166 * v4P *N ACT _* 4M)
D L *FMAN * N)
60

where:
VAP=puddle fuel vapor pressure (in PSI)
ACT =air charge temperature (in °R)
AM=-engine air mass flow (in pounds per second)
D=fuel wetted area characteristic diameter (in feet) 65
L=fuel wetted area characteristic length (in feet)
PMAN=manifold pressure (in inches of Hg)
N=engine speed (in RPM).

6
Also according to the present invention, the algo-
rithm for calculating conductive fuel vaporization rate
is as follows:

- MPVAPFAC

where:
Mr=injected fuel flow mass rate
Tr=puddle fuel temperature (in °F.) .
VAPFAC=0.002 for TF=0
VAPFAC=0.0021 * Trfor 0<Tr<200
VAPFAC=0.003625 * T r—0.305 for 200< Tr< 400,
The specific algorithm utilized by the apparatus for
controlling a fuel injection system of the present inven-
tion calculates fuel film flow according to the following
formula:

000342 * (%)* (64885 + Tp) * AM * ACT * PM

PMAN * N * NCYL

where:

ACT =air charge temperature (in °R)

AM=engine air mass flow (in pounds per second)

D=fuel wetted area characteristic diameter (in feet)

L=fuel wetted area characteristic length (in feet)

PMAN=manifold pressure (in inches of Hg)

N=engine speed (in RPM),

Tr=puddle fuel temperature (in °F.)

NYCL =number of engine cylinders

PM=fuel wetted area puddle mass

The means for determining the puddle fuel vapor
pressure is a sensor disposed in the intake manifold.
Alternatively, the puddle fuel vapor pressure can be
simulated based upon other parameters including intake
manifold design and fuel characteristics. '

The means for determining the air charge tempera-
ture in generating an air charge temperature signal is a
thermocouple disposed in the intake manifold.

The means for determining engine air mass flow and
generating engine air mass flow signal is a mass air flow
sensor, also known as a MAS sensor.

The means for determining the fuel wetted area char-
acteristic diameter in generating a fuel wetted area
characteristic diameter signal is calculated based upon
fuel spray and wall interaction geometry characteristics
for a given intake manifold design.

The means for determining the fuel wetted area char-
acteristic length and generating a fuel wetted area char-
acteristic length signal again is based upon fuel spray
parameters F; and wall interaction geometry for the
intake manifold. The latter is determined by empirical
test data represented by constant K in FIG. 3.

The means for determining the manifold pressure and
generating a manifold pressure signal representative
thereof is preferably a vacuum gauge. Alternatively, the
manifold pressure can be inferred or measured by a
capacitor-capsule MAP sensor.

The means for determining engine speed and generat-
ing an engine speed signal is a tachometer which mea-
sures the revolutions per minute of the engine.

The means for determining the puddle fuel tempera-
ture and generating a puddle fuel temperature signal is
a calculated value based upon the engine coolant tem-
perature Tg. Empirical test data, represented by con-
stant K3 in FIG. 3, can be determined for any given
engine.





















