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In the present study, different regimes of wall impingement in biodiesel
spray were investigated in terms of emissions of diesel engines and
performance and the best model for simulating the DI diesel engines fueled
by biodiesel blends was presented. As shown by the findings, all aspects
of wall impingement were considered in Walljet model, and it properly
predicted the fuel droplet size generated by decomposition and

Keywords: penetration. Thus, it is possible to use it for simulating the biodiesel fuel
Spray spray atomization at varying engine operating conditions through the
Wall impingement adjustment of the model constants.
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1. Introduction

Wall film evolution and spray atomization can
significantly affect pollution production and
combustion efficiency. Liquid penetration in a DI
diesel engine might be greater than the distance
between the piston cavity wall and the nozzle tip,
chiefly in engines with a low swirl or during cold
starts. In this case, the spray-wall impingement can
largely increase soot emissions and unburned
hydrocarbon, particularly in the case of the
formation of a wall film. Nevertheless, without the
formation of a liquid wall film, it helps combustion
under hot engine settings since vaporization and
spray heating are intensified by drop breaking,
leading to the large-scale gas vortex forming in the
near-wall area. Consequently, for predicting the
effects of the spray-wall impingement process on
pollutant generation and engine performance in
diesel, it is necessary to completely model these
processes [1-2]. Considering the extensive use of
DI diesel engines and the strict emission standards,
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it is required to examine spray-wall impingement
approaches for understanding their impact on
engine performance.

The experiment is mainly difficult to use to
achieve information on spray-wall impingement.
Consequently, it is possible to apply computational
modeling in this case.

2. Impingement Regimes

A diesel spray impinging on a cylinder wall has
a simultaneous or sequential collision with a group
of droplets on a surface, and the impact of
neighboring droplets is felt by each droplet
collision. There are various factors that affect
droplet behavior at wall interaction, such as
diameter, droplet velocity, droplet properties, as
well as liquid characteristics, including viscosity,
surface tension, and temperature, and wall
characteristics, including temperature and surface
roughness, and wall film thickness.
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Fig. 1 shows different impingement regimes of a
droplet-wall interaction. A droplet with little
Kinetic energy attaches to the wall in an unevenly
spherical form, and its evaporation remains in the
stick regime. When a droplet hits a wet or dry wall
with moderate velocity, it results in its spreading
and combining with the wall film (wet wall), or a
wall film (dry wall) is formed. It is followed by
reflection without breaking up in case of
rebounding. When the walls are hot and dry, this
regime happens. In this case, the contact between
the wall and drop is hindered by a vapor cushion.
Rebounding is observed with a wet wall when there
is a modest impact energy and energy loss is
minimized by an air layer between the liquid film
and drop. Due to fast liquid boiling on a heated
wall, the droplet is disintegrated in the boiling-
induced break-up phase. The wall should have a
temperature close to the Nakayama temperature
(TN). It is the temperature at which the maximum
evaporation rate of droplet is reached. In the hot
surface, the droplet deformation into a radial film
occurs that breaks because of thermo-induced
instability in the case of a break-up. With
extremely high impact energy, the splash regime is
observed. It is followed by the formation of a
crown and formation of jets on the crown's
periphery, becoming unstable and being
disintegrated into a large number of droplets [3].
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Figure 1: Various impact regimes [3]
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Figure 2: Droplet impingement regimes and
transition conditions for a dry wall [3]
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Use Two essential numbers exist concerning
impingement regimes. The Weber number (We)
that assesses the relative importance of surface
tension and viscous forces working on the liquid
(1a dynamic viscosity of liquid). The other number
is the Laplace number that obtains the ratio of the
kinetic energy (d: liquid density, un: velocity
component normal to the surface, dq: droplet
diameter) and surface energy of the droplet. It is
also possible to use the Ohnesorge number
Z = La'? for representing the Laplace number.

We=p,d u’/c D
La=pyo dy/p &)

The other important factor affecting the
impingement process is the wall temperature.

Tb <TN <Tleid (3)

Three distinctive temperatures in this process are
as follows: The liquid boiling temperature Th, the
Nakayama temperature TN, where the maximum
evaporation of droplet is reached, and the
Leidenfrost temperature Tieig, Where a thin layer of
vapor is formed between the drop and surface and
evaporation is minimized. Fig. 2 shows transition
circumstances and droplet impingement regimes
for a dry wall with a fixed Laplace number and
surface roughness [4]. The wall has temperatures
below the fuel’s boiling point during injection in
internal combustion engines [4]. It reduces the
number of related impingement regimes with a dry
wall sticking, spreading, and splashing. As found
by Kolpakov et al. [5], with increasing the impact
Weber number, it increases the sticking,
rebounding, spreading, and splashing in regimes. A
new spray/wall impingement model was developed
by Ma et al. [6] based on droplet impact
measurements. They studied the morphology
dynamics of corona splash and prompt splash.
Their findings indicated their success in the
estimation of spray impingement. Du et al. [7]
examined the injection pressure impact on the
structure of the spray following wall impingement
under the constant injection mass. Their results
showed that with higher injection pressure, a
higher vapor phase spray cone angle was obtained.
Lee et al. [8] studied the spray behavior effects on
particle number emissions. According to their
findings, the in-cylinder flow considerably
influences the sprays at higher injection pressures.
They also found that higher pressure injection at
late injection timing rises particle emissions. In the
study by Wang et al. [9], the effects of wall and
diesel spray interaction on ignition stability at
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critical conditions at varying ambient temperatures
with low ambient density were empirically
examined. According to their findings, the increase
in the ambient temperature reduced ignition delay
time. Nevertheless, all ignition cases happened
nearby the wall surface and away from the axis of
the nozzle.

3. Biodiesel Fuel

Since the components of biodiesel fuels and MB
have the same ester functional group, MB was used
as a biodiesel fuel surrogate. The comparisons of
viscosities, densities, surface tensions, as well as
latent heat of vaporizations between MB (methyl
butanoate) and diesel fuel are shown in Table 1
[10]. Surface tension and density of diesel are both
below those of MB. Due to the larger MB viscosity
at lower temperatures, similar viscosities are
observed in both fuels with the temperature hitting
400 K. Two fuels have slightly different latent heat
of vaporization. The increased initial spray
momentum of MB leads to longer spray
penetration and larger densities. Due to the
importance of surface tension and viscosity
variables for droplet breakdown, a larger liquid
size and longer breakup length are required for MB

spray.

Table 1: Various characteristics of diesel and biodiesel

fuel [10]
Fuel properties Diesel Biodiesel (MB)
Density (g/cm?®) 0.840 0.898
Molar weight (g/mol) 100.2 102.1
Heat of vaporization (kJ/mol) 1329 1414
Cetane number 50.55 55.3
Boiling point (K) 372 376

Heat of combustion (kJ/mol) 2945.5 4849.2

4. Biodiesel Fuel
4.1. Walljet Model

This model is conceptually based on the spray-
wall impingement model proposed by Naber and
Reitz. Engine operation is simulated in the Walljet
model: a vapor layer is created between the wall
and droplet, and whether it falls back or slides on
the wall is determined by the droplet Weber
number [11].
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Figure 3: Wall Interaction of Droplets [11]

The critical Weber's number is 80. Although the
previous figure shows a vertical velocity
component in the wall’s tangential component and
can change with reducing the Weber number, the
phenomenon back in less than this number drops
rapidly. The following relation shows the
experimental relationship between the droplet’s
Weber number and the Weber number of drops
prior to dealing:

Wenorm,out = Cl 'We

0.687 and 0.04415 values were obtained as
empirical constants C; and C,. Consequently, the
reflection angle changes in the range of 0-5
[12, 13]. It will be discovered what tangential angle
on the surface is reflected in the shifting range of
—180<y <+180. This angle is specified by a
probability distribution function:

\|/=-gln[l-p(l-e'k )] ®)

In this situation, a random integer between 0
and 1 is created using the relation below, which
may change the parameter k:

sina= e +1 !
o ek 1 )\ (6)
1+ =
k
After the alteration in droplet diameter, Weber
numbers changes as:

o C e (4)

norm,in*

We<50 d1 :do 7
50<We <300 d1 :do f(Wenorm,in) ( )
We>300 d,=0.2 d,

4.2. Mundo Tropea Sommerfeld Model

Automotive Science and Engineering (ASE) 4094
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This model is on the basis of the studies by
Mundo, Tropea, and Sommerfeld [14]. These
authors identified splash and deposition as the two
regime types. The whole droplet is deposited on the
wall in the deposition regime, while a part of the
droplet is deposited in the splash regime and the
remaining is reflected away from the wall. The
splashing parameter K, is given as W1 in the list of
the model parameters and this parameter can define
the transition from one regime to the other.

K=W,=:/We/Re =Oh Re"% ®)
The following relations are used to calculate
Ohnesorge and Reynolds numbers:

D v,

Re: pl pi ni (9)
V.

Oh= oD (10)

K =W; =575 is independent of surface
roughness, while when specifying the quantity of
mass sprayed and the splashed droplets’ diameter,
different formulae are used for a rough and a
smooth wall.

Mo —3 989631 0-2Lx W, 2133

smooth wall ;n'
d—°=0.88—0.013><W10.8
' (11)

Mo —g 0351 0 1Lx W, #1723

m;
rough wall g
d—°=o.43—o.0003xwlo.9

The authors measured the following ratios of
entry and exit tangential and normal velocities
during the experiments:

V
“lo=1068
smooth wall
Vv

Mo =0.208
Vi,

(12)
Vto _
—©=0.965

Vi,
rough wall

v
—lo-0.407

Vi,
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4.3. Bai and Gosman Model

This model considers splashing for values
above the user-defined splashing parameter Wi. It
is possible to use model parameters W3 and W, for
changing the roughness and smoothness, and the
wet and dry conditions. The dry wall model
presents two modes as splash and adhesion [15].
With the Weber number below Wet, the droplet is
deposited on the wall, and the droplet splashes if it
is greater. The following relation is used to
calculate Wet:

We=AxLx a_0'18 (13)

where A represents a constant relying on the
surface  roughness. (rough, A = 1322)
(smooth, A = 5264). There are three modes
regarding a wet wall. With a Weber number W,
below 5, the droplets rebound. After interaction,
the droplet behaves as a solid particle with the
following velocities:

5
Vi, =3V, (14)
Vi, =€xV, (15
e=0.993-1.760, +1.566, -0.496,° (16)

The mass ratio of the entering and departing
droplets is specified as in the splashing regime
occurring above splashing parameter K>W; =57.5.

dry wall ™ —02406R
m a7
wet wall %0.2 +09R

The total number of product droplets N formed
by a splashing event is determined by this model
rather than specifying the appropriate product
droplet size.

N:a[we-] (18)

Wet

A value of 5 for the constant ap, has been
recommended by the references. As the next phase,
two product packs are created. In the first parcel,
the number of droplets is randomly selected from
the droplets’ total number, followed by the
distribution of the remaining droplets to the second
parcel. By momentum conservation and energy
considerations, the absolute velocities u; and u of
the product droplets are specified [15].

4.4. O’Rourke and Amsden Model
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A splash Mach number E [16] was calculated
by these authors rather than wusing the
dimensionless parameter K. The default value for
model parameter W1 was set as of 57.5. With the
model parameter W2 as 1, it is possible to use this
model together with the wall film model. A fixed
average wall film thickness with model parameter
W3 for W2 equal to zero can be prescribed to
approximate wet conditions. Model parameter W4
specifies the transition film thickness between dry
and wet conditions. The Mach number stays the
same for the splash.

E2 _ pJ.Dinni 1
- S .| h 5, (19)
min| —%1 +—%
D

where Dby denotes the boundary layer’s
thickness, and ho represents the thickness of the
film.

D

S, = Jrs (20)

E denotes equivalent to the splash prerequisite
for a dry wall with ho as 0. With dissipation of the
energy for viscous damping, it inhibits the droplets
splashing with thickening the wall film. The
following relation defines the ratio of entering
mass to departing mass:

Bnd- Head
It H HF
—EI + = E SEamanss HHH
HeF PSS SSonT X ! s ES5i
HEEEEEE: T 37!
HEEHH Fiss HHH
i m H ::iH Bnd- Liner
P i :Ei:
Bnd- Piston

(@
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m o A =2 2
m‘i’_mln(18><10 (E _E, )o.75j (21)

The size of the outgoing droplets is sampled
using a Nukiyama-Tanasawa distribution. Also,
using Nukiyama-Tanasawa distributions, the
outgoing tangential and normal velocities of
droplets are sampled. The final tangential droplet
direction as in the Naber Reitz model is calculated
using the same process.

5. Modeling and Numerical Method

3D modeling of the combustion chamber of a
diesel engine was used to design engine cylinder in
SolidWorks. With the piston at TDC, based on the
approach used to create a mesh in AVL FIRE
software, it is required to have a surface mesh of
the model generated by ANSYS ICEM CFD
software. At this phase, the AVL FIRE software is
used on the surface mesh. Then, engine geometry
is three-dimensionally modeled and the moving
mesh is created. The boundary surfaces with the
appropriate names are selected to apply boundary
conditions at this point. The areas on the final mesh
in the engine are depicted in Fig. 4.

(b)

Figure 4: (a) Computational grid with boundary conditions, (b) Final computational grid at BDC

Diesel engine combustion was simulated using
AVL FIRE based on a finite volume approach. To
this end, a biodiesel blend (20% MB was used as a
biodiesel fuel + 80% pure diesel fuel) through
discretizing the ruling equations of momentum,
mass, and energy continuity with the turbulence
model. An iterative process is then used to solve

the obtained algebraic equations. The Shell model
for ignition [17]. The ECFM-3Z model based on
the Coherent flame model was used for biodiesel
combustion modeling [18, 19], the Standard k-
model for turbulence [20], the Dukowicz model for
heat transfer and evaporation of fuel droplets [21,
22], the extended Zeldovich mechanism for NOx

Automotive Science and Engineering (ASE) 4096
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emission [23], and the Hiroyasu mechanism for
soot formation [24, 25] were all utilized in the
present work. The engine specifications are given
in Table 2.

Table 2: Engine specifications

Engine type One cylinder DI diesel engine

Bore x Stroke 125 mm x 140 mm

Compression ratio 16:1
Displacement 1.72 Lit
IvC 153° CAbTDC
EVO 116° CAaTDC
Number of orifices 6
Engine speed 800 rpm
Start of injection 16° CAbTDC
Initial pressure 240 kPa
Initial temperature 301 K

6. Results and Discussion

It is required to evaluate the computational mesh
for independence from the solution for ensuring the
quality of calculations and accuracy of simulation
results. For re-stimulating the engine combustion
chamber shape, the authors used 67229 and 73075
cells, which had been simulated by 61383 cells in
TDC. The cell numbers in TDC for each of the
three modalities are shown in Table 3. By making
a comparison among the in-cylinder pressure
curves, a negligible difference was found in peak
pressure between modes 2 and 3, while it is a
significant difference between modes 1 and 2. The
computational mesh with 67229 cells in TDC was
selected as the proper computational mesh given
the results achieved by considering the situation
and value of in-cylinder peak pressure and the
computation time. Considering trivial changes
between the results in the 0.25, 0.5, and 1-degree
time steps, the 1° CA time step with 67229 cells in
TDC was selected as the principal model for
reducing calculation time.

Table 3: Grid dependence study

4097  Automotive Science and Engineering (ASE)

Computational Cells at In-cylinder Peak
Mesh TDC Pressure
1 61383 7.48 (MPa)
2 67229 6.92 (MPa)
3 73075 6.97 (MPa)
6.1. Validation

The present study examined four models with
different fuel spray wall-impingements for
investigating the biodiesel spray wall-impingement
model’s impact on the emissions and combustion
in a DI diesel engine. The in-cylinder pressure with
Walljet model are shown in Fig. 5. The empirical
data utilized for validating the numerical results
were presented by Cheng et al. [26]. After correctly
calculating the ignition timing, the predicted in-
cylinder  pressure showed an acceptable
consistency with the empirical data.

7 —— Predicted

»  Measured

In-cylinder Pressure (MPa)

240 290 340 390 440
Crank Angle (degree)

Figure 5: Comparison of measured and predicted
in-cylinder pressure, Initial pressure = 0.2 MPa,
Initial temperature = 301 K, and speed = 800 rpm
[26]

Compared to the empirical diagram [26], the in-
cylinder pressure vs. crank angle for different
models of biodiesel spray wall-impingement (with
the engine utilizing 20% biodiesel fuel) is
displayed in Fig. 6. It is observed that all four
models properly forecast the qualitative behavior
of in-cylinder pressure changes. However, the
closest match to the empirical result is provided by
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the Walljet model, principally concerning in-
cylinder peak pressure and its location.

*  Measured — Walljet
81  eeeens O’Rourke / \ ---- Baiand Gosman
7] — —Sommerfeld 'I',i“{,\

In-cylinder Pressure (MPa)

240 2<.')0 340 390 4;10

Crank Angle (degree)

Figure 6: Predicted in-cylinder pressure for several
models of biodiesel spray wall impingement, Initial
pressure = 0.2 MPa, Initial temperature = 301 K, and

speed = 800 rpm

Figures 7 and 8 show the in-cylinder temperature
and heat release rate for different spray wall-
impingement models. NOx and soot emissions are
compared for different models in Figures 9 and 10.
In comparison with other models, the Walljet
model showed lower peak temperature and
premixed peak pressure, with the maximum
amount of soot and the lowest NOy pollutant. On
the other hand, the Sommerfeld model showed a
totally distinct behavior pattern.

180

\ — — Sommerfeld

g

""" O’Rourke

IS
S

----- Bai and Gosman

5
S

—— Walljet

Heat Release Rate (J/kg-K)
.
3 8 8

N
=)

N
o

0 t t t t
350 370 390 410 430 45

Crank Angle (degree)

Figure 7: The heat release rate for various biodiesel

spray wall-impingement models, Initial pressure =

0.2 MPa, Initial temperature = 301 K, and speed =
800 rpm
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Figure 8: In-cylinder temperature for various
biodiesel spray wall-impingement models, Initial
pressure = 0.2 MPa, Initial temperature = 301 K, and
speed = 800 rpm
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Figure 9: NO, emission changes in various
biodiesel spray-wall impingement models
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Figure 10: Soot emission changes in various
biodiesel spray-wall impingement models

The interaction between spray droplet and
streamline flow at 5 aTDC is shown in Fig. 11 for
different spray-wall impingement models. It is
observed that as a result of the evolution of the

Automotive Science and Engineering (ASE) 4098
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piston bowl and cylinder, the spray droplet
distributes from the central line. Better combustion
and fuel-air mixing is obtained in the Walljet
model with more evenly distributed spray droplets.
The preceding data show less precision in
forecasting spray drop mass and drop sizes in the
models proposed by Sommerfeld and Bai and
Gosman models. Additionally, the precision of
predicting the spray post-impingement
characteristics (e.g., the fraction of mass deposited

Flowvelocitymis] SprayDropletVelocitymis]

5502 179.53
40.328 181.58
14736 143.63
99144 B . 125.67
33662 S 107.72
27.98 = 2 89,767
22368 / | 7814
16776 | i 2R 5286
11.184 L i \3_:‘ L by | 35807
5502 h] x/% m 17.953
i 4 " o ] 0
N
\R
(a)

Flowevelocitylmis]
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44241
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24678
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98314
49147
i}
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161 61
14365
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10774
89.783
71.828
5387
35,913
17.957
1}

FlowWelocitymis]
§3322

on the wall, rebound velocity, velocity and size
distributions of secondary droplets) for the splash
regime by O'Rourke model is less than the Walljet
model.

The Walljet model enhanced evaporation along
with decreasing the amount of remaining fuel,
inferring a quicker disintegration and splash of
large droplets.
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Figure 11: Interaction between streamline flow and spray droplet at 5 aTDC for difference models, (a)
Sommerfeld, (b) Bai and Gosman, (¢) O’Rourke, (d) Walljet
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7. Conclusions

A Different spray-wall impingement models
were used in the present work for simulating the
biodiesel spray-wall interaction, and we
investigated the impact of these models on DI
diesel engine  combustion and  spray
characteristics. In order to run the DI diesel
engine on biodiesel, we validated and compared
the results with the empirical data. An acceptable
agreement between empirical and anticipated
results ensured the precision of the numerical
predictions obtained in this work. The
investigation of biodiesel engine spray-wall
impingement by the utilization of four models
presented the following results:

* It is crucial to understand the fuel spray-wall
impingement mechanism in order to provide an
accurate simulation of the following mixture
formation processes, and pollutant generation
and combustion.

« All fuel spray-wall impingement models
present an accurate capturing of the peak
pressures and ignition timing.

* In comparison with the estimations from other
models, the Sommerfeld model presented a
better prediction of drop mass and sizes.

» A quicker decomposition and splash of large
drops is provided by the Walljet model. It also
presents a lower amount of leftover fuel and
higher evaporation, which provides a better fit
to empirical data.
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