Puddle Dynamics and Air-to-Fuel Ratio
Compensation for Gasoline-Ethanol Blends in
Flex-Fuel Engines*

Kyung-ho Ahn, Anna G. Stefanopoulou, and Mrdjan Jankovic

Abstract—Ethanol is being increasingly used as an alternative
fuel to petroleum-based gasoline and diesel derivatives. Currently
available flexible fuel vehicles (FFVs) can operate on a blend
of gasoline and ethanol in any concentration of up to 85%
ethanol (93% in Brazil) with minimum hardware modifications.
This flexibility is partly achieved through the closed loop air-
to-fuel ratio control which maintains automatically operation
around the stoichiometric ratio. Precise transient AFR control
depends however on a feedforward compensator that reduces
the transient effects of fuel puddle dynamics. An accurate and
tunable model of the fuel puddle dynamics for gasoline-ethanol
blends is, thus, necessary for the purpose of air-to-fuel ratio
control. In this paper, we propose a physics-based fuel puddle
model that may be used for control purposes in FFVs. In
particular, the gasoline-ethanol blend is modeled using several
chemical compounds and is parameterized by ethanol content.
The model consists of a droplet evaporation model and a single-
puddle vaporization model. The droplet evaporation model is
simulated off-line to generate port wall-impacting factors of
injected fuel to be used in a single-puddle vaporization model.
The single-puddle vaporization model is a cycle-based model that
may be simulated on-line to characterize fuel puddle dynamics
in port fuel injected engines. To verify the validity of the model,
simulation results are compared with limited experimental data.
A transient fuel compensator based on the proposed model is
also formulated.

Index Terms—Fuel dynamics, multi-component fuel, evapo-
ration, air-to-fuel ratio control, gasoline-ethanol blend, flex-fuel
vehicles

NOMENCLATURE
AFR  Air-to-fuel ratio.
B Transfer number or Spalding number.
e Volume fraction of ethanol in a fuel blend.
ECT Engine coolant temperature (K).
em Mass fraction of ethanol in a fuel blend.
D Diffusion coefficient (m?/s).
dg Droplet diameter (m).
din Port diameter (m).
f Mass fraction of a fuel component.

M Molecular weight (kg/kmol).
mgir  Cylinder air charge (kg).
Injected fuel mass (kg).
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my Fuel puddle mass at intake valve closing (kg).

m{,vo Fuel puddle mass at intake valve opening (kg).

N Engine rotation speed (RPM).

Dm Intake manifold absolute pressure (bar).

PP Partial pressure (bar).

Topp Apparent temperature (K).

VP Vapor pressure (bar).

X Wall-impacting fuel mass fraction.

Y, Mass fraction of fuel on the droplet surface.
Greek:

Oth Fuel film thickness (m).

A Relative air-to-fuel ratio.

p Fuel density (kg/m?).

Tpa Time constant for number decay (s).

I. INTRODUCTION

URRENTLY available flexible fuel vehicles (FFVs) can
operate on a blend of gasoline and ethanol in any
concentration of up to 85% ethanol. The blend is denoted
by the EXX nomenclature, where XX represents the volu-
metric percentage of ethanol in the blend. The United States
commonly uses E85 as an alternative to the normal EO or
gasoline fuel. In Brazil, however, the fuel blend also contains
water and E100 refers to a blend of 93% ethanol and 7%
of water [6]. Such fuel blends mixed with the addition of
water are not considered in this paper. Given the effect of
fuel variation, FFVs should embed engine calibration maps in
their controllers and management systems to account for this
variation. One of such calibration map would account for the
effect of ethanol concentration on the fuel puddle dynamics
and the associated fuel injection compensation for tight air-to-
fuel regulation of the stoichiometric ratio of each fuel.
Air-to-fuel ratio control around the stoichiometric ratio of a
fuel blend is important to meet stringent emission requirements
for spark ignition (SI) engines. For a given air charge, the
stoichiometric fuel is typically achieved by a combination
of feedforward and feedback control on the fuel injection.
The feedback controller is based on the measured ratio (\)
of the actual air-to-fuel ratio (AF R) to the stoichiometric
ratio (AFR,) through an exhaust gas oxygen sensor. The
A ratio is compared to A% = 1 and the error is used
by a proportional-integral (PI) controller to adjust the fuel
command. Due to the long delays in the feedback loop, most
engine controllers employ a feedforward fuel command which



TABLE 1
MODEL FUEL FOR GASOLINE

Component/ Molecular | Molecular | Normal Boiling || o\ o 907519 (51 | SAE 982724 [7] | SAE 2005-01-1127 [2] | This Paper
Mass fraction Formula Weight Point (K)
n-butane C4Hyo 58.123 272.7 - - 0.04 -
iso-pentane CsHio 72.151 301.0 0.1618 0.1330 0.16 -
cyclo-hexane CeHi2 84.162 353.8 0.2091 0.1893 - 0.65
n-hexane CeHia 86.177 341.9 - - 0.025 -
iso-octane CgHig 114.232 372.4 0.1670 0.1493 0.32 -
toluene C7Hg 92.141 383.8 0.1535 0.1824 0.255 -
ethyl-benzene CsHio 106.168 409.3 0.1559 0.1462 - 0.20
123 trimethyl-benzene CoHio 120.194 449.3 - - 0.18 -
n-decane CioHao 142.286 447.3 0.1171 0.1210 - 0.11
naphthalene CioHg 128.174 491.1 0.0355 0.0319 - 0.04
n-tridecane Ci13Hag 184.365 508.6 - - 0.02 -
ethanol CoHgO 46.069 351.4 - 0.0469 - -

is primarily derived from the estimated cylinder air charge
divided by the assumed stoichiometric ratio of the assumed
fuel blend. Furthermore, the feedforward is usually designed
to eliminate the transient effects of fuel puddle dynamics in
port fuel injected (PFI) engines.

Since the puddle dynamics and hence the fuel entering
the cylinder depend on the ethanol content, transient fuel
compensation (TFC) should be based on the gasoline-ethanol
content and should retain the ability to be used in wide range
of operating conditions. To this end, it is desirable to design
a low-order model with a few tunable physical parameters.

A model for transient fuel compensation of gasoline in the
form of a simple linear time invariant model for the fuel
puddle dynamics was first introduced by Aquino in the early
1980s [1]. Curtis et al. developed the four puddle model
(FPM) in which fuel films are distributed in four different
locations in a PFI engine and the physics of fuel vaporization
is well-exploited with use of multi-component fuel model [4].
Locatelli et al. in [13] introduced a simple control-oriented
wall-wetting model based on physical principles, where the
port injected fuel dynamics is modeled as uniform droplet
vaporization and exponential decay of the number of airborne
droplets. An extended Kalman filter is used then to identify
the physical parameters of the puddle dynamics for a gasoline
fuel in [14]. The proposed model in this paper has the same
basic structure as that of the model by Locatelli ef al. [13]
but extended to account for the vaporization of the various
primitive chemical components that comprise the gasoline-
ethanol blends. Adapting [13] for an aggregate gasoline-
ethanol fuel blend by interpolation between the gasoline and
ethanol volatility curves was found inadequate for two reasons.
First, the volatility curves obtained at standard atmospheric
pressure do not account for the strong vaporization dependency
on manifold pressure [17]. Second, the volatility curve of E85
is very steep at the boiling temperature of ethanol. There
should be then huge uncertainty in obtaining the vaporized
mass fraction in the model at liquid fuel temperature near the
boiling temperature. Almost no vaporization is obtained below

the boiling temperature and almost all vaporization is obtained
above the boiling temperature. The second inadequacy actually
arises from misinterpreting the fuel volatility experiments used
primarily for the classification of fuels [7]. Fuel volatility
curves are obtained by the distillation process in which a
volume of liquid fuel whose exposed surface area is relatively
small is boiled by applying heat to the liquid. However, in the
injected fuel spray and the fuel film on the intake wall, not
only the total volume of liquid fuel is small but also the ratio of
volume to the exposed surface area is small, thus causing more
chance of evaporation before the liquid temperature reaches
the boiling temperature. In addition, the volatility curve cannot
be utilized to evaluate certain property instantaneously since
the vaporized fraction obtained by the volatility curve is a
cumulative sum over a certain heating period.

Batteh and Curtis introduced a fuel puddle dynamic model
with alternative fuels in 2005 [2]. They used the four puddle
model but unfortunately the fuel was modeled as a different
combination of several fuel components for each fuel blend,
i.e. indolene, E22 and E85 not allowing a continuous variation
within the EO0-E85 range. Their model is actually not an
invertible model, which was not fundamentally developed for
transient compensator design.

In this paper, we present a physics-based single puddle
model using multi-component model fuel for FFVs. The model
is divided into two parts: droplet evaporation model to generate
the wall-impacting portion of the injected fuel and the single
puddle vaporization model'. To capture the characteristics
of the physical vaporization process, a multi-component fuel
model parameterized by the ethanol content is utilized. To
verify the validity of the model, model simulation results are
compared with the experimental data provided in [2] for EO,
E22 and ES85. A transient fuel compensator using the proposed
model is also formulated. Since direct pole-zero cancelation
similar to the X and 7 pre-compensator of [15] is not possible
for the nonlinear multi-component fuel puddle model, where
X and 7 are the wall impacting factor and the fuel film

IThis structure is the same as that of the model by Locatelli et al [13].
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vaporization time constant, respectively, introduced in [1], an
approximation is used to invert the model to design a TFC.
The approximation is demonstrated with a TFC simulation.

II. STUDY WITH A SIMPLE FUEL PUDDLE MODEL FOR A
SPECIFIC FUEL BLEND

In this section, we introduce a simple fuel puddle model
for a specific fuel blend with a fixed volume fraction of
ethanol, e, in the fuel blend based on the puddle model
introduced in [11] which is adapted from Aquino’s X — 7
model [1]. The purpose of this section is to demonstrate the
nonlinear variation of model parameters with change of the
ethanol content, which are identified from experimental data,
and hence to justify the need for the proposed model. The
parameter calibration of X and 7 is not a simple procedure in
general because these two parameters depend on many engine
variables such as pressure, flow and temperature [11], [3],
[16]. Adding fuel composition variability increases further the
complexity of the parameterization. Moreover, we show below
that parameterizing the puddle dynamics using the Aquino’s
model structure for the two extreme ethanol concentrations,
namely EO and E85, does not allow interpolation for capturing
the puddle behavior for intermediate ethanol blends.

The mass of the fuel puddle at intake valve opening, m[I,VO,
is equal to the sum of the previous-cycle fuel puddle mass,
my, and the fraction of the newly injected fuel m;,; that hits
the puddle. The mass of fuel at intake valve closing, m,, is
reduced by the amount of evaporated fuel during the intake
stroke, Meyap:

mp(k) = mp(k — 1) + X (k)min; (k) = Mevap(k), (1)
myeyi(k) = (1= X (k))min; (k) + Mevap(F), 2)

where my (k) is the fuel mass inducted into the cylinder at
step k, X is a time-varying parameter which is the fraction of

injected fuel that hits the puddle and m!V? (k) is expressed
by:
mlVO (k) = mp(k — 1) + X (k)min; (k). 3)

This model, (1) and (2), has exactly the same structure
as introduced in [11]. To simplify the evaporation model,
we introduce another time-varying parameter a in place of
7 so that the evaporated mass at step k is expressed as
Mevap(k) = a(k)mlVO (k). The parameter a is the evaporated
mass fraction during the intake valve open from the puddle
mass at intake valve opening. The fuel puddle model is then
expressed as:

mlVO (k) = (1 —a(k —1))m}V(k — 1) + X (k)mn; (k),
4
ey (k) = (1= X (k))min; (k) + a(k)ym]V O (k). 5)

p

For parameter identification using the experimental data for
each fuel blend, we include m;,; and my ., in our observa-
tions since m;,; can be obtained by the commanded injection
amount and my .,; can be calculated by using the measured
(and approximated) cylinder air charge, measured UEGO data
(\) and appropriate transport delay and a time lag associated

with the engine/sensor process. Let us define the following
two variables for convenience:

a(k) =1 —a(k), X&) 21-X(k). (6)

From (5), m!V© (k) is expressed as:
1 _
my* (k) =~ (mpen(k) = X(R)ymin(R)- - (D)

By eliminating m,"© in (4) using (7), we obtain:

mf.eyt(k) — minj (k) =
a(k)

alk —1)

—a(k) X (k)min; (k).

a(k — 1) (myepu(k —1) — X (k — 1)min;(k — 1))

Assume that a is approximately the same between two con-
secutive cycles. By applying a(k)/a(k — 1) = 1, the above
equation is simplified to:

M eyt (k) — minj (k) = a(k — D)my epi(k — 1)

—alk — )X (k — Vm;(k — 1) — a(k)X(k)mmj(k)@)

By introducing b(k) = a(k)X(k), (8) is expressed in a
convenient form for regression:

my,eyt(k) — Minj (k) = my ey (k —1)a(k — 1)
— Minj (k)a(k) — mmj(k — I)B(k - 1) + mmu(k)g(k‘)(g)

We used each experimental data set of EO, E22 and E85 as
shown in Fig.6 and Fig.8 for EO fuel case, for parameter
identification of @ and b and hence X and a for each fuel
blend. For the limited test data available, one engine speed
and two manifold pressures and associated air and fuel flows
during the warm-up phase for three fuels were available. The
parameters X and a were, hence, only modeled as functions of
engine coolant temperature. Parameters @ and b were actually
regressed as second order polynomials of engine coolant
temperature, FCT, with coefficients identified by standard
least squares technique. Data from the very early phase of the
engine start period were eliminated since engine RPM steeply
increases. Half of the remaining data was utilized for the least
squares fit and the other half was used for validation involving
comparison of the experimental data and the identified model
output. Fig. 1 depicts the air-to-fuel ratio comparison between
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Fig. 1. Air-to-fuel ratio comparison between the experimental data and the
identified model output for EO
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Fig. 2. Identified fuel puddle model parameters for EO, E22 and E85

the data and the model output for the data set of EQ, showing
good parameter fitting result. Fig.2 shows the identified fuel
puddle model parameters for each fuel blend versus the engine
coolant temperature. It is observed that the parameters for
EO, E22 and ES85 are different and neither parameter for
E22 can be uniformly interpolated between the EO and E85
parameters. Based on this observation, it is not clear how
many fuel blends one needs to test in order to identify and
adequately interpolate the puddle parameters in addition to the
fuel specific parameterizations for engine coolant temperature,
manifold absolute pressure and engine RPM [11]. Note that
on-line identification of the X and a parameters [20] is very
challenging due to the fast changes in the parameters space
(RPM, MAP, ECT) during typical driving scenarios. Therefore,
even though fuel puddle dynamics seems to be a fairly simple
dynamic process, a certain level of complexity involved with
a physics-based model may be inevitable to appropriately
capture the different dynamic characteristics for different fuel
blends.

III. MULTI-COMPONENT MODEL FUEL

The multi-component model fuel for gasoline can be con-
structed by selecting a combination of several fuel compounds
which mimics the volatility of real fuel as in [7]. Table I
shows such specific combinations for gasoline model listed
in [5], [7] and [2] and the combination used in this paper.
The mass fractions used in this paper were determined by
reducing fuel components and adjusting mass fractions from
the combination of mass fractions of [5] until the error between
the modeled and measured [2] A converged to a small value
after the model tuning constants were fixed to match the
experimental data for the model fuel of [5]. The experimental
data targeted to provide the model tuning are the A responses
from the engine warm-up tests with several tip-ins and tip-outs
as described in [2] and shown in section VI where simulations
are discussed.

A gasoline-ethanol blend is then modeled as a combination
of 5 chemical compounds including ethanol. Let e and e,
denote the volume fraction and the mass fraction of ethanol
in a gasoline-ethanol blend, respectively. The mass fraction
em 1s calculated by:

e

m T e (1—e)/1.056° (19

Let f;; denote the mass fraction of each component for
the gasoline model fuel where ¢ = 1,---,4 is the index
representing each component, which is directly read from the
last column in Table I. The mass fraction of each component
in the fuel blend is then expressed as:

fi = fg,i X (]- _em)a

.f5 = €m.-

i=1,---,4,

IV. DROPLET EVAPORATION MODEL

It is assumed that spherical shape droplets of the same
size are formed right after fuel injection. The total number
of airborne droplets are modeled as an exponential decaying
process [13]. The number of droplets is reduced by hitting
the port wall. Droplets vaporize while they are airborne. The
total mass of vaporization from droplets is regarded as the
fuel mass inducted into the cylinder. A mathematical model
for this process is constructed as follows. All fuel is injected
as droplets of initial diameter d3 with resulting initial droplet
mass my = %p°(d))* and initial mass of each component
in a droplet mg)i = f; - mY, where p° denotes the initial
density of mixture. Each droplet is then reduced by the droplet
evaporation. Assuming stagnant air surrounding a droplet?
and fuel vapors far from the droplet surface being zero,
the evolution of each droplet mass mg and its individual
component masses mg,; are dictated by the droplet evaporation
rate mhpy,q as in [18], [19], [25]:

d
M = —MEV,d, (11
d 1+ By .
O i = Yo : 12
TR i B, MEvV,d (12)
with
mEV’d:27T~dd~p~D~ln(Bd+1) (13)

where the drop/let diameter follows the droplet mass reduction
1/3
= ()

s
componenpt above the droplet, By is the transfer number, D
is diffusion coefficient of the fuel vapor, and the specific
volume 1/p is calculated as mass-weighted average of specific
volumes of each fuel component. Although the experimentally
observed vapor pressure for gasoline-ethanol blends deviates
from the one expected from ideal mixtures as shown in [12],
we neglect this complexity and use Raoult’s law to our control-
oriented model. According to Raoult’s law [23], the mass
fraction of each fuel component above the droplet is expressed
as:

, Y ; denotes the mass fraction of each fuel

VP X fai
Y i(VP X fai) + PPaiy - Moy - > fai/M;
The transfer number By is calculated as follows [2], [21], [23]:

B VP x fai
N PPaiT X Mair X Zz fd,i/Mi’

Y= (14)

By 15)

2 Although restrictive, this assumption is reasonable because fuel is injected
before the intake stroke, hence, before any significant air flow surrounds the
droplets.
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Calculated off-line

Multi-component
model fuel for gasoline
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Multi—component fuel — >

Fig. 3.

with the partial pressure of air calculated from

Zi VP; x fd,i/Mi
Zi f d,i / M, i ’
where summation ) . is performed over all fuel components,
V' P; denotes the normal vapor pressure of the i-th fuel compo-
nent, M; is the molecular weight of the ¢-th fuel component,
M, is the molecular weight of air (28.97 g/mol), p,, denotes
the manifold absolute pressure (MAP) and f;; is defined as
the mass fraction of the i-th fuel component in the droplet:

fai=

PPair:pm_ (16)

Mqqs M4

a7

Zi Mmdq mq

The diffusion coefficient, D, and the normal vapor pres-
sures, V' P;, should be evaluated at the droplet surface tempera-
ture. However, it is hard to exactly predict the temperature. In-
stead, we use an apparent temperature which is parameterized
by the ethanol content, e, and the engine coolant temperature,
ECT:

Tupp.a = ECT — (e +7) -na- (ECT — ECT®),  (18)

where 7, 1y and ECT? are three tuning constants. There
are publications of fuel puddle dynamic models which in-
clude temperature dynamics of explicit states, i.e. differential
equations for some temperatures, e.g. valve, cylinder and port
temperatures [2], [13]. The purpose of a dynamic temperature
model is to explicitly evaluate a physical property at the tem-
perature of a designated location. However, it is still difficult
to establish a simple dynamic model to predict the droplet
surface temperature and a dynamic temperature model usually
needs several tuning constants in the equations. A dynamic
temperature model may be introduced to our model in future
study. Nevertheless, in this paper, we regard a temperature
change approximately as a static process parameterized by
the engine coolant temperature, ECT, which is measured
on-line. The apparent temperature does not play a role of
approximating a specific temperature at a designated location.
It serves as a reference temperature which gives relative
distance of thermophysical properties relevant to the physical
process. Using (14) and (15), (12) is expressed as:

imd o VPi(Tapp,a) X fa,i
dt " > i VP(Tapp,a) X fai
Calculation of diffusion coefficient, D, for multi-component
fuel is approximated here by mass-weighted average of dif-

fusion coefficients of each fuel component and each coef-
ficient may be looked up from [26] which gives functional

~mgyv,d.  (19)

|
|
Droplet evaporation model |
|

On-line simulation
(updated every engine cycle)

FoilGi=1,j-1) X.(e, ECT, p,,) Single puddle vaporization model
i o= (continuous—time model) [~ G=1,.j) (discrete~time model) Mgy OF A

N

Implemented as

. O, O, ,ECT?®
engine maps (O, 0, Mp )

TTTTT]

e ECT p, m, m, RPM

r

Schematic of fuel puddle dynamic model for gasoline-ethanol E0-E85 blend

expression in temperature. The following relation that kinetic
theory would pose under ideal gas behavior assumption is also

utilized [9], [10]: ,
3/2
Tamwd

Pm
Calculation of normal vapor pressures, V P;, can be also done
by the functional expression in temperature provided in [26].

Let X; denote the ratio of the wall-impacting mass of ¢-
th component to the total injected mass of fuel, which is the
output of the droplet evaporation model and is the input to the
single puddle vaporization model which will be discussed in
the following section. The mass balance is then expressed as:

D~ (20)

1 tew

. ot
-0 MEV,d € "PA dt.
mg Jo

fi—Xi= 21

where 7p 4 is the time constant of the decay of the number
of airborne droplets, ¢, is the time for complete vaporization
of single droplet, i.e. mg|t—,, = 0. The time constant 7p 4
is a universal tuning constant over the whole range of ethanol
content, which should be significantly smaller than one engine
cycle duration.

According to the model from (11)-(21), X; is varying in
accordance with the variation of engine coolant temperature,
ECT, manifold absolute pressure, p,,, and also with the
variation of the ethanol content, e, i.e., X; = X;(e, ECT, py,).
If we consider the effect of flow of air, then Reynolds number
and Schmidt number should be involved in the formulation;
in this case, X; may be also dependent on the air charge
mass, engine RPM, and the port diameter as in [18] or [13].
Nevertheless, the stagnant air assumption may well capture the
whole process of droplet evaporation or the spray injection
process in port fuel injection (PFI) engines considering the
usual timing of the fuel injection to the intake port before the
intake valves open. Fig.4 shows the wall-impacting fraction
for the four gasoline components X;, ¢ = 1,---,4 for EO
and E43, and ethanol X5 for E100 and E43 as an example
of the wall impacting fractions after the model calibration
and the fuel simplification discussed in Section VI. The last
subplot of Fig. 4 shows the wall-impacting fraction for ethanol.
Fig. 4 depicts that lighter fuel components have relatively small
X,; among gasoline components since more droplet mass is
evaporated before hitting the port wall, e.g., cyclo-hexane
has very small number of X; even though its nominal mass
fraction in gasoline is the highest, i.e., 0.65 in Table I.

The evolution of the droplet evaporation and the resulting
wall impacting mass fractions can be computed off-line and
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Fig. 4. Wall-impacting factor of gasoline fuel component (X; (0, ECT, py,)
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produce a five (5) three-dimensional (e, ECT, p,,) look-up
table which can be used in the fuel puddle evaporation process.
By observing the trends of the computed X; for the different
blends (after the tuning and the fuel composition reduction
discussed later in Section VI) in Fig.4, one can see that
for example, cyclo-hexane shows that at FC'T = 290K and
Pm = 0.8 bar the computed impact factor for E43 is 0.1897 =
X1(0.43,290,0.8) ~ (1 — 0.43)X;(0,290,0.8) = 0.1780.
This motivated the computation of
Xi(ev ECT7 pm)
Xi (07 ECT7 p'rn)
_ X5(e, ECT, pp)

“ T X5(LECT, pm)’
shown in bars in Fig. 5. Fig. 5 shows that the computed values
of é; were approximately equal to the fuel ethanol content,
e for all ¢ = 1,---,5 leading to linear interpolation
with respect to ethanol concentration for the impacting factor
of each fuel component without loss of accuracy. The multi-
component fuel wall impacting factors can then be stored as
five (5) two-dimensional (ECT, p,,) look-up tables:

Xi(e, ECT, pm) =(1 — ) X;(0, ECT, py,)
for i=1,---,4,
Xs(e, ECT, py) =eX5(1, ECT, ppy).

é; =1 for 1=1,---,4,

[T

(22)
(23)

Specifically, Fig.5 shows the computed é; for different
gasoline-ethanol mixtures (22%, 45%, 64%, and 85%) in bars
of blue, cyan, yellow, and red colors and at three different
coolant temperatures (ECT) and two manifold pressures.
Fig.5 suggests that the linear interpolation, (22) and (23),
is especially a good approximation in low engine coolant
temperature range, where the wall-impacting mass fraction is
relatively high as shown in Fig.4 and hence more accuracy
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Fig. 5. Effective ethanol fraction é; in linear interpolation of X; for each
fuel component

is necessary. For more accuracy, the 5 wall impacting factors
Xi(e, ECT, py,) could be stored as three dimensional maps as
a function of finer fuel volumetric ethanol content than the one
suggested from (22)-(23) based on the two end compositions,
namely EO and E100.

Note that the total wall-impacting mass fraction of the
injected fuel is the sum of each X; over all fuel components,
X =3, X;. The total wall-impacting mass fraction, X, may
be compared with certain reference values, e.g., X obtained
by the least squares fit from section II, for initial rough
calibration. However, X alone cannot capture the vaporization
process of fuel puddle and both of the wall-impacting mass
fraction of each fuel component, X;, and aggregate factor
X are finally implemented in the single puddle vaporization
model which will be discussed in the next section.

V. SINGLE PUDDLE VAPORIZATION MODEL

Some droplets of the injected fuel hit the port wall before
their complete evaporation. That mass forms a fuel puddle on
the port wall and some portion of the puddle also vaporizes
from the puddle. The mass of each component in the fuel
puddle at intake valve opening (IVO) is equal to the sum of
the previous-cycle mass and the portion of the newly injected
fuel that hits the puddle. The total puddle mass at IVO is equal
to the sum of masses of each component:

mlVO (k) =myi(k — 1) + Xi(e, ECT, pp) X min;(k),
izla"'vj, (24)

J
myV O (k) => " m k), (25)
=1

where k denotes the event or cycle number, ¢ is index for
fuel component and j is the total number of fuel components
(j = 5). Itis assumed that the rest of injected fuel is evaporated



AHN et al.: PUDDLE DYNAMICS AND AIR-TO-FUEL RATIO COMPENSATION FOR GASOLINE-ETHANOL BLENDS IN FLEX-FUEL ENGINES 7

and enter the cylinder on the intake stroke. The puddle mass
at intake valve closing (IVC), m,,, is derived from Locatelli’s
model [13]. Assuming a cylindrical fuel puddle along the port
wall, let d;;, be the thickness of the puddle which is assumed
constant along the height of the fuel puddle. The height of
the puddle is varying according to the mass variation of the
puddle. The vaporization rate is expressed as:

p-Ap

iy, = £ D, Shy - In(1+ By), (26)
=" .p,.Sh,-Wm(1+B,), @7
din . 6th

where p is the density of the fuel puddle, A, is the surface
area of the puddle exposed to air flow, d;,, is the port diameter,
D, is the diffusion coefficient, Sh,, is the Sherwood number,
B,, is the transfer number and 71,, is the instantaneous puddle
mass such that mgy,, = —ﬁip. The fuel puddle mass at IVC,
my(k), is then obtained by integrating (27), for one cycle
duration:

mp(k) = my" O (k) (1 + B,)~®

! (28)

where 120 D, - Sh
L 0() — . 2227

N dzn . 5th
In the above equation, N denotes the engine RPM and a
correction factor, C, parameterized by the ethanol content,
e, is introduced to correct the effect of variation of fuel
film thickness according to the ethanol content variation. The
correction factor is modeled as a linear variation with the
change of the ethanol content:

Ce) =1-oe,

a (29)

(30)

where o is a tuning constant. The evaporated mass is expressed
as:

mevap(k) £ mgl)vo(k) - mp(k)

=mlVO(k) [1 - (1+ B,)™°]

=a- mIVO(k)7 (31)

where the mass fraction of evaporation from the mass at IVO is
defined as @ £ 1—(1+4B,)~®. Sherwood number is computed
as follows [24]:

u - Meair * N ) 4
Aee 120 pa-m-d2
Rep _ qulo/A din7
VA
Scp = —,
P Dp

Shy, = 0.023 - Red335c044, (32)

where p 4 denotes density of air, 4 denotes kinematic viscos-
ity of air, and mg;, denotes air charge mass per cycle. Let us
define the mass fraction of each component in the puddle at
IVO: o

my,; (k)

fri(k) & W (33)

Let VP; denote the normal vapor pressure of each fuel
component as used in the droplet evaporation model. The

diffusion coefficient, D,, and the normal vapor pressures, V P;
are evaluated at another apparent temperature for the fuel
puddle vaporization:

Toppp = ECT —e-mp, - (ECT — ECT®), (34

where 7, is another tuning constant and ECT? is the same
tuning constant used in the droplet evaporation model. Calcu-
lation of D), is similarly performed to the droplet evaporation
model (20) as D), ~ Tapp p/Dm . The variable B, is computed
similar to the droplet evaporation model as follows

2. VB X fpi(k)/M;

2 fpi(R)/M;
Ei VPi X fp,i(k)
PPair<k) X Mair X Zl fp,l(k)/MZ .
The computation at the step &k is completed by updating the

masses of each fuel component at the end of the intake stroke
accounting for the evaporated fuel:

PPair(k) = pm (k) — (35)

By (k) = (36)

mevap,i(k) = min {mzl)‘;o(k)v mevap(k) X
VPi(Tappp) x mpY O (k)
Z V Pi(Tapp,p) < mIVO(k)}

mp,i(k) = my;° (k) —

(37

mevap,i(k)- (38)

Finally, the mass of fuel inducted into the cylinder is:

(e, ECT, pm)) X Minj(k)

myey(k) = (1-X

J
+ Z mevap,i (k)
i=1

We can compute air-to-fuel ratio, AF'R and A at each step as
follows:

(39)

mazr( )
AFR(k) = ; 40)
()= mf, cyl(k) (
AF R(k)
Ak 41
where the stoichiometric air-to-fuel ratio is computed by:
AFR; =9 X ey, +14.6 X (1 — e,). (42)

Fig.3 depicts the model summary where inputs to each sub-
model and tuning constants associated with each submodel
are shown. In the droplet evaporation model, the parameter
dY indicates the initial droplet diameter right after injection.
The droplet evaporation model passes X; over to the single-
puddle vaporization model as inputs. Since X; is an integration
result according to (21), the internal states during the droplet
evaporation simulation for implementation at every numerical
computation time step do not have to be known. Therefore,
to avoid unnecessary increase of on-line computation time,
which might be caused by computing X; at every engine
cycle, the droplet evaporation model is simulated off-line to
generate X; and the results are implemented as engine maps in
the single-puddle vaporization model which updates its states
every engine cycle.



VI. SIMULATION

The resulting model takes 6 inputs, e, ECT, pn, Mairs
Minj, RPM, and uses 8 parameters, Tpa, d9, v, 14, ECT?,
Oth, 0, 7p to produce the fuel amount inducted into the
cylinder and X as shown in Fig.3. The effect and topology
of the 8 parameters in the model structure is physically
motivated. The droplet evaporation model depends on two
parameters: the droplet decay time constant 7p 4 introduced
in the model in [13] and the droplet diameter dg which is
physically necessary and is tuned according to the 7p 4 setting.
The puddle vaporization model depends on two physically
motivated parameters: the puddle thickness &y, and o intro-
duced to consider actual variation of d;;, on ethanol content.
The vaporization process depends on, and at the same time,
influences temperature through 4 parameters, v, 74, 7, and
ECT?. These 4 parameters (two for the droplet and two for
the film) are used to account for the vaporization effect on sur-
face temperature approximated as apparent temperature. This
number of parameters in the ethanol-temperature relationship
is not actually too high if one considers using an affine fit for
each fuel blend we used for calibration. For parameter tuning
and the model validation, the three different experiments of
[2] have been obtained.

The experimental data show the A\ traces measured by a
Universal Exhaust Gas Oxygen (UEGO) sensor for different
fuel blends of EO, E22 and E85, respectively, while the 4.6L
2V engine operates from cold start till full warm-up for each
blend and several steps of tip-ins and tip-outs are applied.

As stated in section III, the multi-component model fuel for
gasoline was first taken from the mass fractions in [5]. The
8 parameters associated with our model were then tuned for
that model fuel which uses 8 chemical compounds including
ethanol. The tuning of the model parameters is explained
below. First, the initial droplet diameter, dg, was chosen and
the time constant, 7p4, was tuned so that the whole droplet
evaporation process around the engine coolant temperature
range (290-370 K) and the manifold absolute pressure range
(0.1-0.8 bar) yielded a reasonable range of the wall impacting
factors, X;. The value for ECT? was determined to be close to
ambient temperature. The product of « and 74, v-714 was tuned
to yield proper shapes of A excursions for EQ, and then each
parameter was determined by matching the A excursions for
ES85. Likewise, the film thickness, &y, was tuned to match the
film vaporization rate for EO; o and 7, were tuned to match the
data for E85. In this way, true validation is obtained through
the comparison between simulation and experiments for E22.

Table II summarizes the tuned parameters and their values.
The port diameter, d;, is 0.045 m. Using these parameters,
the gasoline fuel components were then reduced to yield
similar model simulation results to those of the previously
used gasoline fuel components of [5]. Table I summarizes the
optimized fuel fractions in the last column and the following
simulations used those fuel fractions associated with a 4-
component gasoline instead of the original 7 components in
[5]. As previously discussed in section IV, X; for gasoline
components (z = 1,--- ,4) and X5 for ethanol are calibrated

TABLE I
TUNED PARAMETERS OF SIMULATION

Parameter Value ‘ Unit ‘ Model
DA 8.0 x 107% | [s]
d 6.0 x 1073
d [m] Droplet evaporation
¥ 0.80 -
Nd 0.31 -
Droplet evaporation and
ECT® 290 (K] piet evaporatt
single-puddle vaporization
o 0.60 -
Mp 0.75 - Single-puddle vaporization
Sth 3.0x 1073 | [m]

for EO and E100 cases, respectively, and all the intermediate
X;’s for intermediate fuel blends are interpolated by (22) and
(23)3. Further work is needed for establishing a further sim-
plification an or automated parameter calibration technique.
A detailed analysis of the model sensitivity on small fuel
variability, such as summer and winter grade gasoline, is also
required in the future.

Fig. 6 shows the inputs to the (puddle vaporization) model
for EO, based on the warm-up tests performed in [2]. Similar
inputs obtained from the tests performed in [2] were used for
E22 and ES85, although not shown here. The air charge associ-
ated with the six inputs was estimated using the methodology
of [8] and [22] and Ford proprietary calibration of the manifold
filling dynamic model and the cylinder pumping.

Fig.7 shows the simulated fuel puddle mass and ethanol
mass fraction in the puddle for each fuel case. The lighter
fuel components would vaporize faster than the heavier, so
the puddle mass and composition would evolve in time. Fig. 7
shows that the model predicts different fuel puddle composi-
tion from the injected fuel. Fig. 8-Fig. 10 show the simulated
A responses using the proposed model for EO, E22 and ES85,
respectively, compared with the experimental data measured
by a UEGO sensor. The agreement between the simulations
and the experimental data is quite reasonable. Model matching
is especially very good for sufficiently warmed-up operations.
The model also predicts the overall decrease in magnitude of
the A\ excursions well. It also captures the asymmetric excur-
sions due to tip-ins and tip-outs observed in the experimental
data. The verification needs to be confirmed at more operating
points to evaluate the model accuracy. However, the provided
simulation and experimental results reasonably support the
validity of the proposed model for at least some operating
conditions.

VII. TRANSIENT FUEL COMPENSATOR

Transient fuel compensation is realized by inverting the
dynamics of the fuel film and injection. This means, for a
linear fuel puddle model, cancelation of pole and zero in fuel
puddle dynamics with zero and pole in TFC transfer function
[1], [15]. However, direct inversion of pole-zero cancelation as

3Calibration for X5 with respect to E85 data is first performed and X5 for
E100 is then obtained using the calibrated parameters.
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in a linear model is not available for our fuel puddle model. To
design a transient fuel compensator, the current fuel injection,
Min;j (k), should be expressed as a function of previous states,
current output and other current inputs since current states
are not available. To this end, (39) can be utilized. However,
the term > _7_; Meyap,i(k) is expressed involving complicated
nonlinearity in m;,;(k), hence causing difficulty in getting
the inverted expression of m;,;(k) given a desired fuel in the
cylinder, mjlcejyl(k) A reasonable approximation can be uti-
lized to remedy this problem. First, let us express Mmeyap,i (k)

Model
= = = UEGO (exp)
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Fig. 8. Simulated and experimental A response for EO
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as follows using (37) and (31):
= gi(k) - mp5 9 (k),

Y2

me'uap,i(k) (43)

where

VPi(k) x m[VO(k
gi(k) £ min {1, o?(k;)zl VJ(%()k?x ;IV(O()k) } .44

The normal vapor pressure of i-th component at the current
step k, V P;(k), can be calculated using the current engine
coolant temperature, ECT'(k), and the current ethanol content,
e(k). Using (43) and (24), (39) is then expressed as:

J

- M (k) + Zgi(k) . mf)};o(k)

=1

= (1 — X (k) + Zgi(k‘) : Xi(k)> - Min; (k)
+ Zgz(k)

i

my ey (k) = (1 - X(k))

-my ik —1), (45)

where the current total wall impacting fraction, X (k), and
the current wall impacting factor for each fuel component,
X;(k), are obtained using the current ethanol content, e(k),
the current engine coolant temperature, ECT(k), and the
current manifold absolute pressure, p,, (k). To eliminate de-
pendency of g;(k) on m;y;(k) in (45), we use a simplifying
assumption that the composition of the fuel puddle is not
affected significantly by the difference between the current
injection, m;,;(k), and the previous injection, my,;(k — 1).
This assumption is reasonable for a large puddle mass, when
higher accuracy of a transient fuel compensation is required.
We can then approximate g;(k) in (44) as:

) _ _ VP(k) x mlVO(k)
gi(k) = min ¢ 1, a(k)Z,VPi(k) x mIVO(k) [’ 40

mIVO(k) = mp,i<k7 - 1) + Xl(k) X mmj(k - 1)7 47

y 2
J
gV O (k) = mptO (k) (48)
=1
and
a(k) =1—(1+ By(k)) ", (49)

In (49), a(k) can be calculated using the current inputs
according to (29) and the approximation of the transfer number
at the current step k, B, (k), can be computed as:

A (1) — > VPi(k) % fpi(k)

B,(k — = , 50
p( ) PPair(k) X Mair X Zz fp,z(k)/Ml ( )
where
R Y O(k)
fp7i(k)_ mz[)vo(k)a (51)
PP (k) = pra(k) — 2 ) X Tod B 55

S Fpi(k) /M

Using the approximation, (46), the transient fuel compensation
is then calculated from (45) as:

TFC(k) — m?,ec?yl(k) - Zl fh(k) -mp’i(k _ 1)

Mg LX)+ 5,50 - X O
where
des A M(k)
mf,cyl(k) = AFR.(K) 54)

One easier way to approximate g;(k) is to use previously
calculated g¢; in the puddle model so that g;(k) = ¢;(k — 1)
without recalculation of §;(k) as above. This simpler approxi-
mation, however, results in poorer TFC performance as shown
and discussed later in Fig.12. Fig. 11 shows the A\ and the
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Fig. 11.

Simulation of the transient fuel compensation for E22
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Fig. 12. Simulation of the transient fuel compensation for E22 with a simpler
approximation, g;(k) = g;(k — 1)

injected fuel using the compensator in (53) to demonstrate the
accuracy of our assumption and the approximation using (46)—
(52), while Fig. 12 shows the simulated A with the TFC based
on a simpler (but cruder) approximation, g;(k) = g;(k — 1).
The simulation was done under the assumption that the plant
follows the model perfectly and the states are known. A
simulation using the model for E22 with inputs p,,, Mair,
ECT and N as prescribed in the experimental data used in
section VI, and m,,; as prescribed from the proposed TFC in
(46)—(54) tuned for E22 is shown in Fig. 11. The simulated A
trace in Fig. 11 shows several spikes due to the errors caused
by the approximation but their amplitudes are negligible. This
AFR accuracy is of course achieved only with very well tuned
fuel puddle model parameters and known ethanol percentage.
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VIII. CONCLUSION

In this paper, a physics-based fuel puddle model for
any ethanol-gasoline mixture is developed. This model may
be used for air-to-fuel ratio control in FFVs with engines
equipped with port fuel injection. First, a multi-component fuel
comprised of five chemical compounds is parameterized by
ethanol content and is utilized to characterize gasoline-ethanol
blends. The model consists of a droplet evaporation model
and single-puddle vaporization model. The droplet evaporation
model is pre-simulated off-line to generate port wall-impacting
factors of the injected multi-component fuel to be used in
single-puddle. A single-puddle vaporization model is then
utilized as a cycle-based model that may be simulated on-line
to characterize the fuel puddle dynamics in port fuel injected
engines. To verify the validity of the model, simulation results
are compared with a limited number of experimental data.
A transient fuel compensator using the proposed model is
also formulated. Since direct pole-zero cancelation is not
possible for the nonlinear model, an approximation is used
to invert the model to design a TFC. The TFC approximation
is demonstrated with a simulation.

Further work will be needed to reduce the model complexity
and define the minimum set of tunable parameters. This future
investigation could lead to on-board identification of the flex-
fuel puddle model.
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