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Fuel
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! Graduate School of Engineering, Hokkaido University, Japan
2 Graduate School of Science and Technology, Gunma University, Japan

3 Graduate School of Engineering, Chiba University, Japan

Abstract

To simulate the wall film formation and vaporization processes in gasoline direct-
injection spark-ignition engines including considerations of the physical properties and
vapor-liquid equilibrium of multi-component fuels, spray-wall interaction sub-models
were implemented with the 3D-CFD software HINOCA which has been developed for
automotive engine cylinder simulations. The models used were the Senda model for
spray-wall impingement including splash, deposition, droplet-droplet interactions, and
droplet-film interactions; the O’Rourke model for heat transfer and film vaporization; a
simple film flow model considering momentum conservation; and Raoult’s law for vapor-
liquid equilibrium. First, the model validated the calculated results for a single-
component fuel (iso-octane) through comparisons with experimental data in terms of wall
film area and heat flux between the wall and film. Second, numerical simulations were
conducted with a 5-component gasoline surrogate fuel which was designed taking into
account the average octane number, aromatic content, and distillation characteristic. The
results showed clear differences in the contributions of the 5 components to the wall film,
and the possibility that the aromatic content with higher carbon atoms could be a source
of soot formation.

Keywords: Gasoline Direct Injection Engine, Wall Film, Spray, Gasoline Surrogate Fuel

Nomenclature:

A Area [m?]

d Diameter of droplet [m]

E Kinetic energy of droplet or wall film [J]
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Ecrit Energy needed to break up droplet [J]

K Critical parameter which correlates deposition and splash [-] (= Z* Re
La Laplace number [-]

m Mass of droplet or wall film [kg]

M Total mass [kg]

Oh Ohnesorge number [-] (= VIWe/Re)

P Pressure [Pa]

0 Heat flux [W/m?]

Re Reynolds number [-]

t Time [s]

tr Time interval parameter [-] (= 4¢/7res)

T Temperature

v Velocity of droplet or wall film [m/s]

We Weber number of droplet [-]

y Mass fraction [-]

Subscripts:

1 Before impingement on wall

2 After impingement on wall

crit Critical

f Wall film

g Gas

i Component

inj Injection

/ Liquid

n Normal to wall

s Surface of wall film

t Tangential to wall

w Wall

Greek symbols:

) Film thickness [m]

ON Non-dimensional film thickness (= d/dp ) [-]
At Time interval between two continuous droplets reaching a wall [s]
® Equivalence ratio [-]

A Thermal conductivity [W/(m-K)]

u Viscosity [Pa: s]

p Density [kg/m’]

ol Surface tension of liquid [N/m]

Tair Shear force between airflow and wall film [Pa]
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Tres Droplet residence time on wall [s]

Tw Friction stress between wall film and wall [Pa]

1. Introduction

Due to the improvements in thermal efficiency and engine power output, modern
gasoline engines have employed direct-injection spark-ignition (DISI) systems. In this
strategy, however, soot may be produced as the result of the formation of a liquid film
(wall film) on the piston surface and from pool fires fed by the wall film [1][2]. To develop
DISI engines which avoid the wall film formation and reduce the mass and number of
soot particulate, it is crucial to develop numerical analysis schemes that treat the spray-
wall interaction, film flow, and film vaporization processes in more detail, as well as to
develop an understanding of the source of the soot particles.

Over the past decades, a number of spray-wall impingement models have been
developed. Naber and Reitz [3] proposed one of the first impingement models, which
considers three regimes including stick, rebound, and slide of the impinged droplets. Bai
and Gosman [4] proposed a more detailed model which includes wider impingement
regimes; adhesion (stick and spread) and splash for dry walls; rebound, spread, and splash
for wetted walls, while employing Wecrit as the critical Weber number for regime transition
criterion. Stanton and Rutland [5], assuming wetted walls, also derived a model in which
Weoit was used as the critical criterion of the regime transition. A single-droplet
experiment by Mundo et al. showed that the limit of adhesion and splash can be correlated
in terms of the Reynolds number Re and the Ohnesorge number Ok, and an additional
critical parameter K (= Oh- Re'®) was also introduced [6]. The recent study [7] has
demonstrated that using Kuhnke’s spray-wall interaction model [8], in which the effects
of the critical parameter K and a thermal parameter defined as the ratio of the wall

temperature and the droplet boiling temperature are considered, a good agreement of wall
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film height distributions between the measurements and calculations. Zhang et al.
proposed a model considering the droplet/film interaction on the film dynamics, and the
dissipative energy loss during the expansion of the lamella formed by the deformation of
the deposited droplet [9]. Senda et al. [10-11] proposed a more comprehensive model
which considers the effects of the Weber number We and liquid film thickness on spray-
wall interaction behaviors as well as a Wecrir parameter as the regime transition criterion.

For wall film vaporization, the model developed by O’Rourke and Amsden [12] is
reliable and often used in the literature, as it consists of physical processes like the wall
film energy balance, heat transfer from the wall to the film and to the impinging droplets,
and the temperature profile in the film normal to the surface. Recently, Jiao and Reitz
employed the model to simulate the soot formation from the wall film in a DISI engine
[13]. Another important aspect in the wall film vaporization is the distillation
characteristics of fuels as gasoline is multicomponent fuel, and the component remaining
in the wall film has a significant impact on the soot formation, like for example, many of
high boiling point gasoline components are aromatics [14] which tend to increase soot
emissions. A number of vaporization models have been developed for multicomponent
fuels [15-21]. However, there have been few studies that conducted extensive validation
of the models including the film evaporation process and heat flux between the wall and
wall film, although the heat flux modeling was studied well for single component liquid
[9, 22]. In addition, little has been reported on the correlation between the vaporization
process of wall films and the distillation characteristics of fuels. Kopple et al. proposed a
gasoline surrogate fuel consisting of n-hexane, iso-octane and n-decane [23]. Using this
surrogate fuel, Kopple et al. validated the heat transfer between the piston wall and wall
film [7], and showed a good correlation between the calculated mixture formation and the
measured particulate emissions [23]. Schulz and Beyrau demonstrated that this gasoline

surrogate fuel represents the wall film vaporization of real gasoline [24].
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The purpose of the present study is to develop a simulation scheme that predicts the
wall film formation and vaporization of multicomponent fuel sprays with a high degree
of accuracy, and to investigate the potential source of soot in DISI gasoline engines. Sub-
models accommodating this were incorporated into the platform software HINOCA [25].
The calculated wall film area and heat flux between the wall and wall film in this study
were validated via comparisons with data obtained by measurements developed specially
for this study, followed by modifications to the sub-models. A gasoline surrogate fuel was
designed to meet the average octane number, aromatic contents, and distillation
characteristic of real gasoline fuel. Finally, the correlation between the formation and
vaporization processes of wall films and the components of the gasoline surrogate fuel

was examined.

2. Model description

The platform software employed in this study is HINOCA [25] which is an automotive
engine cylinder simulation software, based on fully compressible Navier-Stokes
equations which are filtered for Large Eddy Simulation (LES), and employs Cartesian
grid and immersed boundary (IB) methods. The grid is set to be equally spaced for
simplicity of the code. The wall adapting the local eddy viscosity (WALE) model which
is capable of predicting wall limiting behaviors without the calculation of the wall
distance [26] is also adopted.

Spray models are based on a DDM (Discrete Droplet Model) which describes spray
droplets by stochastic particles that are termed parcels, and spherical parcels having a
diameter equal to the nozzle hole are injected. The KH-RT model [27] was used to
simulate the primary and secondary breakup processes. When a spray parcel impinges on

a wall, it is converted into a wall film parcel. This process was modeled, and here in this
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following section, where wall film models implemented in HINOCA are introduced.
2.1 Spray-wall impingement model

A number of spray-wall impingement models have been proposed [3-11]. The authors
selected a model developed by Senda et al. [10-11] as the base model since it is
comprehensive with consideration of the effects of the liquid film (wall film) thickness,
and the diameter and Weber number of the impinging droplets We1. (= p; d1vi, /0, pi :
liquid density, di : diameter of droplets impinging on a wall, and, v1.» : velocity component
of droplets, normal to a wall, with, o7 : the surface tension). Further, the present study
focuses on the wall film formation, and agreement of the wall film shape between the
measurements and numerical simulation was demonstrated with the Senda model [28].
Note that the Senda model developed in the literatures [10-11] is only applicable to a
limited range of temperatures of droplets and walls, where the boiling-induced breakup
is negligible.

Figure 1 (a) summarizes the classification of impinging droplet characteristics in the
Senda model, where the non-dimensional film thickness dw is defined as the film thickness
o0 divided by droplet diameter d1 [10-11]. The model is divided into two regimes based on
the Weber number, Wei,» of an impinging droplet as shown in Fig.1 (b).

(1) Low Weber number model (We1.» < 300)
(1-1)  Wet wall

Three types of breakup: rim type; cluster type; and column type are considered when
a droplet impinges on a wet wall, and the droplet diameter after the breakup d> is given
as a function of the non-dimensional film thickness dn to fit experimental results as
follows [29]:

d,/d; = 0.6478 — 0.5480 &6y + 1.9825 6% — 2.1082 &5 + 0.6894 & (1)

The droplet velocity after the breakup is determined with the Weber number of the

bouncing droplet. The relation between the Weber number and non-dimensional film
6
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thickness Jw is determined to fit experimental results as follows [29]:

We,, = 0.3818 — 0.00537 &y — 0.8937 6% + 0.8644 &5 — 0.2301 &3 (2-1)

We,, = —2.1518 + 1.1493 &y + 26.238 55 — 24.480 85 — 5.5650 &y (2-2)
where We.. is the Weber number, tangential to a wall, of the bouncing droplet, and Wez,»
is that normal to a wall.

(1-2) Dry wall

Almost all droplets stick when impinging on a dry wall, but some bounce after the
impingement. A subsequent droplet likely collides with the foregoing one, causing
breakup of the droplets. The probability of the breakup can be estimated with a time
interval parameter, ¢- which is defined as follows:

ty = At/T,ps 3)
where At is the time interval between the two continuous droplets reaching a wall, and zres
is the droplet residence time on the wall, expressed as follows [30]:

Tres =/ prd7/(160,) )

The model defines that the breakup occurs at the # from 0.4 to 0.6, where high breakup
probabilities were determined in experiments [29]. In the present study, the diameter and
velocity of the droplet after the breakup was calculated assigning oy = 0 in Equations (1),
(2-1) and (2-2).

(2) High Weber number model (We1,» > 300)

At We1,» numbers above 300, the model assumes that the droplet impinging on a dry
wall causes the breakup while that impinging on a wet wall leads to splashing or
deposition in the wall film. The critical Weber number, Wecrit is used as a criterion that
distinguishes splashing from deposition, according to the experimental work of Cossali
et al. [31] as follows:

We i = (2100 + 5880 §y**)La=02 -
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where La is the Laplace number (= a1 pi1 di / %, i : liquid viscosity).

The droplet diameter after the breakup and splash is determined according to the
experimental data of Mundo et al. as follows [32]:

d,/d; =3.932 x 102 x K~1416 (for rough surfaces) (6)

d,/d; = 3.903 x 1010 x K~5116 (for smooth surfaces) (7)
where K is a non-dimensional parameter defined as:

K = Oh - Re'?> (8)
with Oh = p;/ m the Ohnesorge number and Re = p; d,v; ,/p; the Reynolds
number. This study applied Equation (6) to wet walls, and Equation (7) to dry walls, in
analogy with the original model.

The droplet velocity after the wall impingement is critical to determine the velocity of
growth of a wall film as will be explained in Equation (12). The original model calculates
the velocity while solving the balance between the energy needed to break up the droplet,
Ecrir and the kinetic energies of the droplets before the impingement, E1 and after the
impingement (including droplets becoming part of the liquid film, Erand being airborne,
E») as:

Ey —Ecie = Ef + E; )
The film flow calculated with Equation (9), however, was inconsistent with the
experimental results in this study. This study then employed the film flow model proposed
by Kalantari and Tropea [33] which expresses the droplet velocity after the wall
impingement as:

Von/Vin = —1.1- We 3 (10)

vy = 0.862 v, —0.094 (11)
with vz, the velocity component, normal to a wall, and v, that tangential to a wall.

2.2 Film flow model

To calculate the flow characteristics of the wall film, a momentum balance equation
8
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was solved. In the model, parcels of injected fuel are deposited on one IB cell which is
assumed to form a rigid wall film, and the equation is expressed as:

A(Mp¥;) = X(my By — myD,) + T4 Adt — T, Adt (12)
where My and ﬁf are the total mass and velocity vectors of the wall film in a cell. The
first term on the right side is the momentum provided from impinging droplets to the wall
film, with m1 and m> the mass of the droplets before and after impingement. The 4 is the
area of the wall film and is identical with the cross-sectional area of the IB cell. The zair
is the shear force between the airflow and wall film, and the 7w is the frictional stress
between the wall film and wall.

2.3 Film vaporization model

The model proposed by O’Rourke and Amsden [12] was used to calculate the film
vaporization and heat transfer to the wall film. This model considers the change in the
structure of the turbulent boundary layers above the wall films because of the gas velocity
normal to the wall induced by vaporization and consequent convective transport. Two
assumptions are made: (1) the total transport is independent of the coordinate normal to
the wall and is the sum of the transport due to turbulent diffusion and due to convection
by the vaporization velocities; (2) there is a linear increase in the turbulent diffusivity
with the distance from the wall.

The temperature profile in the wall film normal to the wall is approximated as linear,
varying from the temperature at the wall 7\, to the mean temperature 7rin the lower half
(the half nearest the wall) of the film, and from 77 to the film surface temperature 75 in
the upper half of the film, as schematically suggested in Fig.2, where Q, and Q,, are
the heat fluxes between the gas and liquid film, and between the liquid film and wall, and
A1 1s the thermal conductivity of the liquid. The energy balance is solved considering the
heat transfer between the gas and film and the wall and film, and the changes in the

temperature resulting from the film movement and droplet impingement.
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The mass vaporization rate, M,,ap is given by

Myap = Hyln (22) (13)

where y» is the fuel vapor mass fraction, and ys is the equilibrium vapor mass fraction at
the surface temperature. One of the authors (Kobashi) has developed a method for
estimating the vapor-liquid equilibrium of vaporizing multicomponent sprays with the
Soave-Redlich-Kwong equation of state combined with the UNIFAC method [34], but
Raoult’s law for an ideal multicomponent mixture was employed for simplicity in this
study since the fuels used were with non-polar molecules, and all numerical simulations
were implemented at atmospheric pressure.

H; is expressed as:

— Pglz ; + +
H, =——F—— if >
Y v ScL+S%ln(%) y Ye
— Pgltz ; + +
Y = Jrse if y* <y; (14)

where Scr and Scr are the laminar and turbulent Schmidt numbers, u. is the frictional
velocity defined as u: = (zw/pg)*>, y* =y uc /oL, y is the distance normal to the wall, 7 is
the wall shear stress, and v.. is the kinematic viscosity. The transition between the laminar
and fully turbulent region, y} is 11.05, and Karmann’s constant, x is 0.433, according
to the literature [12].

The wall film thickness, ¢ was calculated as follows:

%
5§ == (15)
where Y.V}, is the sum of the volume of parcels adhering to a wall defined by a Cut-Cell

method, and A is the cross-sectional area of the wall.
3. Experimental Setup and Procedures

3.1 Measurement of wall film area

10
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In a constant volume vessel, the temporal development of the wall film area was
measured with the refractive index matching (RIM) method which allows photography
of the wall films based on the principle that the light transmission decreases when liquid
is deposited on a frosted glass wall [2]. A schematic of the experimental system is shown
in Fig.3. The fuel was pressurized by the high pressure pump and injected into the vessel
in which the frosted glass wall was placed. Use of continuous light emitted from the metal
halide lamp (Photron: HVC-UL) and a high speed digital camera (Vision Research:
Phantom-MIRO) allowed sequential imaging of deposition and flow of the wall film from
the rear of the wall. Electrical signals sent from the pulse generator were utilized to
determine the fuel injection period as well as the triggers for the injection and image
recording.

The arrangement of the sprays and the wall are shown in Fig.4. The injector was
equipped with a 6-hole nozzle. Spray from the No.6 nozzle impinged on the wall at an
angle of 23° from a distance of 22 mm, while sprays of the No.2, 3, and 4 nozzles which
were in the same plane and impinged at the angle of 45°. As the sprays of the No.1 and 5
nozzles geometrically do not result in wall impingement, the numerical simulations were
implemented only for the sprays No.2, 3, 4, and 6. The rear view image in Fig.4 (c) is an
example of the RIM image with the numbers of the sprays superimposed near the
positions where impingement takes place. The dark areas represent regions where the wall
film has formed, while the thicker film is located near the position of spray impingement
and appears white as the wall film here became thicker than the surface roughness of the
frosted glass.

3.2 Measurement of the wall heat flux

The experimental setup for the measurements of the wall heat flux is shown in Fig.5.

As shown in Fig.5 (a), the wall was placed below the injector, and a Loex-bodied thin-

film thermocouple developed by Enomoto [35] was embedded in the wall. The body
11
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material of the Loex has a density, heat capacity, and heat conductivity closely equivalent
to the wall material. The diameter of the body of the thermocouple was 3.0 mm, and the
diameter of the electrically-insulated center wire made of constantan was 0.15 mm. A thin
copper film, about 10 um thick, was formed to establish a hot junction of the Loex —
constantan with a very low heat capacity on the top surface of the thermocouple, while a
cold junction was made inside the body of the thermocouple at the distance of 3.5 mm
from the top surface. Another thermocouple, of iron — constantan, was embedded near the
cold junction and with the cold junction immersed in ice water. Overall, it was possible
to measure the temperature differences between the hot and cold junctions of the Loex —
constantan thermocouple and to calculate the wall heat flux as the absolute temperature
of the cold junction was measured with the iron — constantan thermocouple. The accuracy
of the measurement system has been investigated by Enomoto who reported that the wall
heat flux measured was about 5 % higher than the true value [35].

The thermoelectrical power from the thermocouple was amplified and recorded with
the data logger. The temperature of the wall surface was controlled with a heater, based
on the temperature measured by the iron — constantan thermocouple. The fuel was
pressurized with nitrogen gas and introduced to the injector. Electrical signals sent from
the pulse generator were used to determine the fuel injection period as well as the triggers
for the injection, data logging, and image recording. The wall film images were recorded
with the high speed digital camera (NAC: HX-3) and the wall film was illuminated with
the metal halide lamp (Photron: HVC-UL), and recorded from a position diagonally
above the wall.

Figure 5 (b) shows the layout of the fuel sprays and thermocouple for the measurement
of the wall heat flux. The fuel injector equipped with a 6-hole nozzle was different from
the one used in the film area measurements. The fuel spray injected from one nozzle hole

orthogonally above the wall impinged on the thermocouple embedded in the piston while
12
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the other sprays were masked with the metallic plate. The gap between the target spray
and metallic plate is large enough, and it was confirmed that the other sprays have a

limited impact on the target spray after the wall impingement with the movie.

4. Validation of the Model with iso-Octane

4.1 Wall film area

Table 1 details the conditions under which the wall film areas were compared in the
measurement and calculations. A single component fuel, iso-octane (2,2,4-
trimethylpentane, iCsHis) was injected from the 6-hole nozzle with nozzle diameters of
0.13 mm into a constant volume vessel at room temperature and atmospheric pressure.
The injection pressure, pinj was changed as the variable.

Figure 6 shows the images of (a) the wall film photographed with the RIM method
from the rear of the frosted glass wall, and (b) the calculated wall film thickness, with the
injection pressure, pinj of 13 MPa. In Fig.9 (a), the darkly colored areas represent regions
where the wall film formed, and the thick film near the location of the spray impingement
appear as white. In Fig.7 (b), the overall shape of the calculated wall film is very similar
to the photograph, the calculated thicker region presented in red corresponds to the white
regions in the measured image. The thicker films formed at the location far from the spray
impingement points, and the film thickness other than the thicker region was in the order
of 10 um. These observations are in agreement with film thickness distributions of a
literature [36], in which the experimental conditions are similar to the present study.

Figure 7 shows profiles of the wall film area plotted for different injection pressures
pinj. Here, the film area in the calculations was defined as the sum of the areas where the
film thickness was larger than 1 um, corresponding to the detectable level in the

measurements. The measured results show that the wall film area increased with time
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until 5.5 ms, and then it maintained a nearly constant size. The higher injection pressure
increased the wall film area. The calculations captured the changes in the initial spreading
process of the film area, and the fact that the film area increased with increasing injection
pressure, however the calculations underestimate the film area at the lower injection
pressure. The reason for this discrepancy may be due to underestimation of the impinging
droplet diameter at the lower injection pressures, and may be attributed to the droplet
breakup model and the critical Weber number.

4.2 Heat flux between the film and wall

The heat flux between the film and wall, Q,, would be an appropriate factor to
validate the model as it plays an important role in the wall film vaporization as well as
because accurate predictions of wall film formation and movement are required in the
predictions.

Table 2 details the conditions under which the measured and calculated wall heat flux
values were compared. A single component fuel, iso-octane was injected from an injector
equipped with a 6-hole nozzle with nozzle diameters of 0.248 mm. The long injection
period of 4 ms was adopted to measure the heat flux in a quasi-steady state. The heat flux
was measured for one spray impinging on the wall as explained in Section 3.2, while the
calculation assumed a single-hole nozzle with the same diameter. In the calculation, the

heat flux between the film and wall, Q,, was calculated as follows:

Tf_TW

Quw =N (16)

where /i is the liquid thermal conductivity.

Figure 8 shows photographs and calculated images of the wall film at 7 ms after the
start of injection where the wall film is in the quasi-steady state. In Fig.8 (a), the photos
were taken from the diagonally upward direction at an angle of 45° as shown in Fig.5 (a),

making the scale of the picture longitudinally compressed. The calculated images in Fig.8
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(b) superimposes dashed circles equivalent to the measured diameter of the wall film.
Unlike the situation in Fig.7, the calculations overestimated the wall film spread. This
may be due to differences in the wall surface roughness, or due to differences between
the effect of the oblique and orthogonal impingements. However, the calculations
captured the experimental observation that the edge of the wall film was thicker than the
central portion. There was boiling at the center of the wall film in both the (a)
photographed and (b) calculated images at 7. of 100°C which is slightly higher than the
boiling point of iso-octane. Further, at the 7 of 120°C, the boiling was taking place over
the whole of the wall film in the photograph (a), and the calculation shows less wall film
in (b), indicating that actually most of the wall film had vaporized.

Figure 9 plots the profiles of the heat flux of the measurements and calculations, where
the wall temperature, 7 was set at 120°C. In the calculations, the heat flux was calculated
for the region just below the nozzle, considering the area equivalent to the top surface of
the thermocouple. The direction of the heat transfer toward the wall was defined as
positive. Since the temperature of the fuel spray is lower than the wall temperature, the
heat transferred from the wall to the spray or wall film results the negative value. Both
the measured and calculated heat fluxes decreased rapidly immediately after the spray
impingement, and they gradually increased from 4 ms after the start of injection when no
spray reached impingement to the wall. Averaging the heat flux from 1 ms to 2.5 ms after
the start of injection, the measured value was -4.1 MW/m?, with the calculated value -3.5
MW/m?, a difference of about 15%.

Figure 10 plots the change in the heat flux with the wall temperature 7, as measured
and calculated. The heat flux decreased with the increase of the T\. According to Schulz
et al. who determined the transient wall temperature and heat flux at the spray
impingement zone using an infrared thermography for an extensive range of influencing

factors, the heat fluxes during the spray impact are -3 MW/m? at the T3 of 80°C and -4
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MW/m? at the T, of 120°C [37], which correspond to the heat flux measured in the present
study. There were the differences in the absolute values of the heat flux between the
measurements and calculations, but the decreases with 7' are practically identical, with
similar global gradients.

Figure 11 plots the change in the heat flux with the distance from the nozzle to the
wall as measured and calculated. The heat flux increased with the increase of the distance.
The trend corresponds to the results of Schulz et al. [37], but it has a limited impact on

the heat fluxes measured and calculated within the range of the present study.

5. Formation and Vaporization of the Wall Film with a Gasoline Surrogate Fuel

5.1 Specification of the gasoline surrogate fuel

The composition of the gasoline surrogate fuel was determined to meet the octane
number, aromatic content, and distillation curve of the regular gasoline available in Japan.
It was assumed that the RON (research octane number) can be expressed as a volume-
averaged property, and the distillation curve was calculated following a calculation
method reported elsewhere [38]. It assumes an open system where the vaporized fuel is
vented. The heat, Q is continuously supplied from outside the system to the liquid, and
consumed in increasing the temperature up to and vaporizing the liquid. Considering a
vapor-liquid equilibrium (VLE), the composition in the liquid and vapor phases is
calculated and renewed at every time step, via a VLE calculation with NIST
SUPERTRAPP [39] which solves the Peng-Robinson equation of state [40].

Table 3 (a) details the components selected as the composition of the gasoline
surrogate fuel, the properties, and the mixing fractions. The five components are needed
to reproduce the desired distillation curve. Considering that the aromatics have higher

boiling points than a range of other gasoline components [14], 1,2,4-trimethylbenzene
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(CoHi2) was chosen as the highest boiling point component, however, iso-butylbenzene
(Ci0H14) was used as a substitute in the calculations due to the lack of information on the
thermodynamic properties of 1,2,4-trimethylbenzene. Iso-pentane was chosen as the
lowest boiling point component since it exhibits low reactivity (high RON), and it is liquid
at the conditions involved here and is simple to handle. The medium boiling point
components: n-heptane, iso-octane, and toluene, function to adjust the RON and aromatic
content.

The properties and distillation curve of the gasoline surrogate fuel are shown in Table
3 (b) and Fig.12. The properties of the surrogate fuel are closely identical to the reference
regular gasoline (commonly available in Japan). The distillation curve appears well
matched, except for the disagreement at the distillation ratios from 40% to 80% and near
the end point.

5.2 Formation and Vaporization of the Wall Film

In this section, first, the accuracy of the present model is evaluated by comparing the
film area of the gasoline surrogate fuel as measured and calculated. Second, the
vaporization process of a wall film of the gasoline surrogate fuel is discussed with the
calculations.

The conditions under which the film area was evaluated are identical with Table 1,
with the injector - wall arrangement, that in Fig.3 and 4, except for the wall temperature
Tw of 60°C and the fuels tested. The fuel was injected with the pressure of 13 MPa into
ambient air at atmospheric pressure.

Figure 13 shows the changes in the calculated film mass distributions of (a) the
gasoline surrogate fuel and (b) the iso-octane. For the gasoline surrogate fuel there were
no significant observable changes in the distributions of the wall film mass as shown in
Fig.13 (a). The wall film vanished from the thinner film with (b) iso-octane since the heat

flux inversely increased with the film thickness as expressed in Eq.(16).
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Figure 14 plots (a) the measured and calculated area of the wall film and (b) the
calculated film mass of the gasoline surrogate fuel and iso-octane at the wall temperature
Tw of 60°C. In Fig.14 (a), the measured film area of iso-octane (red open squares)
decreased due to the vaporization noted from 5 ms after the start of injection. The wall
film of the gasoline surrogate fuel (blue open circles) show a wider film area than that of
iso-octane, which decreased at a slow rate. This tendency matched with the experiment
of Schulz [24]. The calculations underestimated the film area of the gasoline surrogate
fuel (solid blue line). This is because iso-pentane which is the lowest boiling point
component may be assumed to form a vaporized layer on the wall immediately after the
wall impingement and this layer reduces the heat flux from the wall to the film in the
experiment, a process that was not incorporated in the calculations. Other than this
inconsistency, the calculations demonstrate good agreement with the measurements and
capture the changes in the vaporization process from 5 ms after the start of injection. The
changes in the calculated film mass in Fig.14 (b) reflect the results with the measured
changes.

Figure 15 plots the calculated profiles of the mass fraction of the components present
in the wall film of the gasoline surrogate fuel. Compared with the original mass fractions
detailed in Table 3, it is clear that most of the iso-pentane (solid black plot) vaporized
immediately after the wall impingement. For the medium boiling point components: iso-
octane (solid blue line), n-heptane (dashed black line), and toluene (solid gray line), the
wall temperature 7' of 60°C is lower than their boiling points, and the vaporization was
at slower rates. At 20 ms after the start of injection, the highest boiling point component
iso-butylbenzene (dashed red line) formed the largest quantity of the wall film as little
had vaporized at the wall temperature here. Considering that the aromatic contents have
higher boiling points among a range of gasoline components, they would present the

possibility to yield soot, feeding the pool fires occurring in the warm-up operations of
18
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6.

Conclusions

The present study developed a CFD model to predict the wall film formation and

vaporization of multicomponent fuel sprays. The calculated results with the model were

validated by a comparison with actual measurements. Finally, the model was used to

understand details of the wall film behavior of a gasoline surrogate fuel. The conclusions

may be summarized as follows:

1.

The calculations with the developed model reproduce the observed trend that the film
area increases with increases in the fuel injection pressure.

The calculated film thickness at the edge of the wall film is thicker than at the central
portion, similar to the observation in the experiments.

With iso-octane (boiling point 99.3°C), boiling occurs from the center of the wall film
at the wall temperature of 100°C, and the whole wall film boils at the wall temperature
of 120°C. The calculated results are consistent with these observations.

The heat flux from the wall to the wall film increases with the increase in the wall
temperature, and the calculations also reproduce this change well.

At the wall temperature of 60°C, the wall film of the gasoline surrogate fuel exhibits
a very low vaporization rate, compared to that of pure iso-octane. This is because the
highest boiling point component in the surrogate fuel remains unevaporated in the
wall film. As aromatics are generally the higher boiling point components in gasoline,

they are potential sources of pool fires and soot in DISI gasoline engines.

In order to additionally validate the calculated film formation and evaporation processes,

at higher ambient pressure, further measurements should be planned.
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Table 1

Conditions for the film area measurements and calculations with iso-octane

Ambient pressure [MPa] 0.10
Ambient temperature [°C] 20
(o]

Wall temperature, T [°C] 20
Nozzle diameter [mm] 0.13
Injection pressure [MPa] 5,13, 20
Injection period [ms] 2.5
Fuel iso-octane

((:8fi18)

38



1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
1254
1255

Table 2 Conditions used in evaluating the wall heat flux of iso-octane

Ambient pressure [MPa] 0.10
Ambient temperature [°C] 20
Wall temperature, T [°CT | 30,60, 100,120
Nozzle diameter [mm] 0.248
Injection pressure [MPa] 10
Injection period [ms] 4
Impinging distance [mm] 30, 40, 50
Impinging angle [°] 90
Total Injection quantity [mg] 109
Fuel iso-octane
(C.H.,)
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Table 3 Gasoline surrogate fuel proposed in the present study

(a) boiling point and RON of single component fuels and their mixing fraction

(b) properties of gasoline surrogate fuel, compared with regular gasoline

referenced

(a)

Boiling RON [ Volume fraction Mass fraction

point [°C] [vol.%] [wt.%]
iso-pentane (C_H_ ) 28.0 96 45 39
n-heptane (C_H_)) 98.4 0 10 10
iso-octane (C_H, ) 99.3 100 20 20
Toluene (C_H,) 110.6 111 10 12
1,2,4-trimethylbenzene (CQHQ)* 169.4 108 15 19
* replaced by iso-butylbenzene (C10H14) in the present study

Gasoline Reference

surrogate fuel

regular gasoline

RON [-] 90.5 90.8
Aromatic content

(b) [vol.%] 25.0 25.4

_Density [kg/m’] 711 730

Viscosity [uPa-s] 404 N/A
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