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Numerical Simulation of Swirl Effect on the Flow Fields and Spray
Characteristics in Direct Injection Engine
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ABSTRACT

Since the rate and completeness of combustion in direct injection engines were controlled by the
characteristics of gas flow fields and sprays, an understanding of those was essential to the design of the
direct injection engines. In this study the numerical simulations of swirl effects on the characteristics of
gas flow fields and sprays were performed using the spray model that could predict the interactions
between gas fields and spray droplets. The governing equations were discretized by the finite volume
method and the modified k- € model which included the compressibility effects due to the compression/
expansion of piston was used.

The results of numerical calculation of the spray characteristics in the quiescent environment were
compared with the experimental data. There were good agreements between the results of calculation
and the experimental data, except in the early stages of spray.

In the motoring condition, the results showed that a substantial air entrainment into the spray volume
was emerged and hence the squish motion was relatively unimportant during fuel injection periods. As
the swirl ratio increased, the evaporation rate was increased due to the wide dispersion of the spray
droplets and the strong interaction between spray droplets and gas fields.
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by the fuel-injection system into the combustion
1. INTRODUCTION chamber toward the end of compression stroke. The
injected fuel was vaporized and mixed with the
In the direct injection engines fuel was injected high-temperature compressed air and then spon-

- OFFCHEIm 7|A|3 &t
=» SAMED 7| AHISst

-

120 Joumnal of KIS Vol. 10, Na. 3, September '%



taneous ignition of portions of the premixed fuel
and air occurred after a delay period. However the
combustion of direct injection engine was a intrinsi-
cally heterogeneous diffusive combustion, it caused
an air pollution due to the production of soot in a
combustion region of locally dense fuel-air mixture.
Therefore a number of studies of the characteristics
of flow and fuel spray in a combustion chamber
have been performed in order to decrease air pollu-
tants and increase the combustion efficiency. Since
the spray characteristics of an injected fuel gov-
erned the fuel-air mixing rate and could control
combustion, process, experimental and numerical
studies of spray characteristics have been performed
extensively. The experimental studies of spray char-
acteristics were initiated from the study of single
droplet and were extended to the motoring condi-
tion of the direct injection engine. Since the ex-
perimental studies of spray characteristics in an
motoring condition of diesel engine were extremely
difficult, most results have come from the studies of
fuel injection into constant-volume chambers filled
with the high-pressure quiescent air at the room
temperature. For this reason, most experimental stu-
dies were restricted to the measurements of spray
tip penetration, spray angle and droplets size dis-
tribution in a quiescent environment'”™.

Until recently, the detailed numerical studies of
practical sprays were impossible due to the com-
plexity of physical process and the problems of
computer storage and performance. The first step
toward the numerical studies of practical spays was
taken when a statistical formulation was proposed
for the spray analysis. The spray was discretized
into computational droplets that followed droplet
characteristic paths and was handled by solving the
Lagrangian equations for the motion of individual
droplets passing through the gas phase. Each dro-
plet was considered to represent a ‘parcel’ of spher-
ical non-interacting droplets having the same size,
velocity, temperature, etc.

In an important advance of numerical methods
for sprays, Dukowicz? suggested that the idea of
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the Monte Carlo method could be combined with
droplet method for spray analysis. The major exten-
sion of the stochastic particle method was sug-
gested by O’'Rourke®, who developed and applied a
method for calculating droplet collisions and
coalescence. Consistent with the stochastic particle
method, collisions were calculated by a statistcal
approach rather than a deterministic approach. Also
the major extension of the stochastic particle
method was the recent addition by Reitz and
Diwakar® of a method for calculating droplet
breakup. An alternative model for droplet breakup
based on an analogy, suggested by Taylor”, be-
tween an oscillating and distorting droplet and a
spring-mass system was suggested, which was cal-
led TAB method®.

Fuel sprays might impinge on the piston bowl
and crown in DI diesel engine and might have a
great influence on the mixture formation and the
combustion process. It made the liquid fuel concen-
trated at the impingement site and reduced the fuel
evaporation. Thus several approaches have been
used in multidimensional models to account for
droplet impingement on a solid wall®™V,

The fuel was dispersed in the form of droplets
and that there were fuel-rich and fuel-free zones in
the combustion chamber of the direct injection en-
gine. Whilst the small droplets approaching the
wall were deflected away, the large droplets struck
the wall and then flowed along the wall surface.
The effect of gas swirl was to spread the droplets
of fuel-rich zones and the liquid layer over the
surface. Generally in the direct injection engines as
an engine size decreased, increasing amounts of air
swirl were used to achive faster fuel-air mixing
rates. But few numerical studies of swirl effect on
the spray characteristics were made®! ™9,

In this study the numerical calculations of the
swirl effects on the spray characteristics and the
flow fields in a motoring condition of direct injec-
tion engine were performed using the spray model
that could predict the interactions between spray
droplets and gas fields. That model accounted for
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the effects of droplet evaporation, droplet breakup,
droplet collision and coalescence and the effect of
droplets on the gas turbulence. And the numerical
calculations of the spray characteristics in a quies-
cent environment were performed and were com-

pared with the experimental data'®.

2. MATHEMETICAL MODEL

2.1 Goveming equations

The gas phase conservation equations were writ-
ten in ensemble averaged form with density-we-
ighting being applied to account for density varia-
tion due to the compressibility effects. The turbu-
lent gas phase flow was modelled using the mod-
ified k- € model accounting for bulk compressibil-
ity effects due to the rapid compression/expansi-
on'®. The transport equations for mass, momentum,
specific energy, fuel vapor mass fraction, turbulence
kinetic enrgy and its dissipation rate for the gas
phase could all be written 'm the general form
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Where AV=A&A7A¢ was the local in-
cremental volme whose sides had arc lengths A €,
A7 and A ¢ and wg was the axial gas velocity
relative to the moving grid. The diffusion coeffi-
cients Ty and source terms Sy were defined in the
Ref'®. The source terms with superscript d came
from interactions with the liquid phase and were
given by
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where Ny is the number of droplet in parcel k.

Following Dukowicz® the liquid phase was mod-
elled using the stochastic method. The droplet
equations of motion were written in Lagrangian
form, thus the droplets could be tracked in time as
they passed through the gas phase. The droplet
trajectory and momentum equations were written as
follow;
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The evaporation of the droplets were calculated
by solving the Lagrangian fuel mass and energy

. conservation equations. Thus
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The major models used for droplet interactions
were the collision and coalescence model of
O'Rourke®, and the droplet breakup model of Reitz
and Diwaker®.

2.2 Boundary and initial conditions

A number of gas phase boundary conditions need
to be applied to the calculation. The wall-function
method of Launder and Spalding'” was employed.
At the valve inlet, the mass flow past the valve was
modelled as that of quasi-steady isentropic flow
through an orifice. The average properties within
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the cylinder were given by the following equations.
orifice flow © mi,=a,Cp(2 5y AP)YZ oovee. (7)

dmey (8)

overall continuity : g T
dH dP
overall energy : dtcyl =V d:yl +

2 4.
(h'm+ _ugm_)m'm‘*' ? a ',(T“,‘,—Tcyl)awi """ (9)

equation of state . Poi=R Aoy Teyy roooereeee (10)
where m, H, h, T, P were gas phase mass, enthalpy,
spectfic enthalpy, temperature, pressure.

The atomization process was not modelled, rather
the spray was, assumed to be fully atomized whilst
crossing one computational cell which was called
the injector cell. It was assumed that the injection
direction made an angle @, with the cylinder axis,
as shown in Fig. 1, and an angle @, with the x
axis of the grid, defined to be the J=2 grid line.
Further it was assumed that the radial-like gnd
lines of the injection cell made an angle @, with
the x axis. Then the injection velocity vector was
given by

y_i,,,:(U;,,j sin a, COS( a,— ag), Uinj sin a,

sin{ &~ ag), Uy cos @) eeenerennesenns (11)
and Uy was given by
2AP 05
Uinj_Co(“——‘pd ) .............................. (12)

where C, was discharge coefficient, AP was differ-
ence between the injection pressure and the press-

Fig. 1 The injection cell
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ure of the combustion chamber and #d was density
of the droplets.

3. SOLUTION METHOD

3.1 Grid system

The computational grid system which was gener-
ated analytically was illustrated in the plane view
in the Fig. 2. A grid of variable axial spacing was
used to allow for the change of the volume in the
swept and clearance volume, while a fixed grid
system was used for the region of the piston bowl.
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Fig. 2 Coordinate system and computational grid

3.2 The discretization

The finite volume method was used to transform
the partial differential equations governing the gas
phase flow into solvable algebraic equations. Here
Euler implicit temporal discretization and a hybnd
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scheme for spatial discretization were used. The
finite volume momentum equations took the follow-

ing form
Abuy = AL H AU, — 0 5aV P!
1
~ 5t = Nap(mypul c—mGpudy) o (13)

As they were expressed in the Lagrangian form
the droplet trajectory, momentum, mass and energy
equations did not require a spatial grid in order to
express them in algebraic form. The Lagrangian
trajectory and momentum conservation equations of
the & -direction were written in the Euler implicit
finite difference form as

E d+ at.“‘:i ............................... (14)
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The droplet mass and energy conservation equé—
tions were also expressed in the Euler implicit form
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where T4 was the droplet temperature and T, was
local gas phase temperature.

3.3 The solution algorithm

Since the algebraic finite volume and finite
difference equations were written in fully implicit
form and PISO(Pressure Implicit by Splitting of
Operators) algorithm was used'®.

4. RESULTS AND DISCUSSION

The numerical calculations of the spray character-
istics in a quiescent environment and the swirl effect
on the spray characteristics and the flow fields in a
motoring condition were performed using the ortho-
gonal curvilinear grid system and PISO algorithm.
The results of calculations in the quiescent environ-
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ment were compared with the experimental data'® in
order to validate the numerical method.

The grid systems and the engine specifications for
calculation were shown in Fig. 2 and Table 1. The
calculation was initiated at ATDC 90° being an
intake stroke and was ended at ATDC 380° being an
expansion stroke in a motoring condition. The crank
angle increment was 0.25°(23.2 us) for all calcula-
tions.

4.1 The spray characteristic in the quiescent
condition

The cylinderical computational domain which had
the specification as Table 1 was consisted of 20
radial, 20 circumferencial and 60 axial computational
grids. An evaporation of the injection fuel was not
considered because the temperatures of combustion
chamber and injection fuel were equal at 300K.

The result of calculation of spray tip penetration
being compared with the experimental data'®
shown in Fig. 3. There were good agreement be-
tween the result of calculation and the experimental
data, except in the early stages of the case of the
nozzle diameter 0.2mm. The recent measuerments of
electrical conductivity in the spray suggested that
there was an ‘intact core’ of essentially unbroken
liquid in the vicinity of the nozzle exit and the length
of the core could be hundreds of nozzle diameters.
Hence that discrepancy in the stages of spray was
attributed by the assumption that the spray was
already atomized at the nozzle exit. In the spray
model of this study the initial droplet sizes were
specified assuming the normal distribution within the
range 0<droplet diameter<injector nozzle diameter.

were

4.2 The swirl effect on the flow fields and the
spray characteristics in the motoring condition

As shown in Fig. 3, the results of penetration
length compared to the experimental data in the 3mm
nozzle case was better than in the 2mm nozzle case.
Hence the 3mm was used as the nozzle diameter.

The flow fields. Fig. 4 showed the velocity fields
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Penatration [ mm }

Table 1 Engine specifications and calculation
parameters quiescent condition

Bore {mm] 1190
Stroke [mm] 1450
Temperature of combustion chamber[K) 1300
Temperature of injection fuel [K] 1300

Pressure of combustion chamber[MPa] 120

Injection pressure[MPa] 11040
Injection nozzle diameter [mm] 10203
motoring condition
Engine speed [rpm] 11800
Bore[mm] 1105
Stroke [mm] 1108
Clearance [mm} 112
Piston bow! diameter[mm) 16167
Piston bowl depth[mm) 12276
Compression ratio 110
Initial temperature of combustion chamber[K] : 550
Temperature of injection fuel (K] 300
Crank angle of injection start[deg] L ATDC 341
Crank angle of injection end [deg] :ATDC 359
Injection nozzle diameter{mm) 103
Injection pressure [MPa] 120
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Fig. 3 Spray tip penetration versus time for nozzle
diameter 0.2mm and 0.3mm

of the radial-axial plane in the case of swirl ratio 2. At
ATDC 340° just before a fuel injection started, two
toroidal vortices were revealed due to the strong
squish motion produced by the pressence of bowl in
squish region and bow! respectively. At ATDC 350°
and ATDC 360° the velocity fields were strongly
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Fig. 4 Velocity fields in the plane of J=2 and J=10
Umax=8.79{m/s], Winax=54.54{m/s]

influenced by high pressure spray and the squish
motion was relatively unimportant. A substantial air
entrainment into the spray volume where it was
accelerated in the direction of injection was emerged.
The maximum velocities were between 5 and 7 times
larger than those previous to the fuel injection at
ATDC 340°. The velocity vectors being entrained by
the spray had a dominant effect on the velocity fields
near the axis of combustion chamber. The center of
toroidal vortex in the bowl was shifted toward the
axis of combustion chamber, although there remained
substantially similar toroidal vortices in the same way
at the ATDC 340°. But during the compression
stroke the swirl effect on the change of velocity fields
was appeared little in the radial-axial plane.

Fig. 5 showed the change of velocity fields in the
radial-circumferential planes at ATDC 350° for
different swirl ratios. In the plane of K=12 as a swir
ratio increased there revealed a solid-body rotation
while as a swirl ratio decreased there revealed a
spiralling motion that velocity vectors were concen-
trated toward the axis of combustion chamber. The
spiralling was presumeably caused due to the concen-
tration of the injected fuel in the vicinity of the the
axis. In the plane of K=20 there revealed a spirlling
motion and a irregular velocity vectors in the vicinity
of the axis as swirl ratio decreased. The irregular
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swirl ratio 2

swirl ratio 4

Fig. 5 Velocity fields in the planes of K=12 and K=20
Unmax=16.78[M/5], Ve, =16.89[m/s]

motion was caused due to the relative increase of
small droplets which had random motion to a much
greater extent than the large ones.

‘The fuel vapor mass traction. Fig. 6 showed the
contours of the fuel vapor mass fraction in the
radial-axial plane of J=2 and J=10. As the spray
proceeded, the mass of air within the spray increased.
The spray droplets evaporated as the air entrainment
proceeded. At ATDC 350° and ATDC 360°, as the
swirl ration increased the evaporation rate was
increased due to the wide dispersion of the spray
droplets and the strong interaction between the spray
droplets and the gas fields. As the swirl ratio
decreased, the fuel vapor increased near the bottom of
the piston bowl due to the increased spray droplets
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Fig. 6 Fuel vapor mass fractions in the plane J=2 and
J=10
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impinging on the bottom of piston bowl. Once the
spray droplets have penerated the bottom of the
piston bowl, the spray droplets was forced to flow
tangentially along the bottom wall and then evapora-
tion proceeded. At ATDC 370°, the evaporation rate
was little changed for the change of swirl ratios. But
in the case of swirl ratio 4 the fuel vapor was much
more widely dispersed in the combustion chamber
and much less dispersed near the bottom of piston
bowl! than the other cases.

Fig. 7 showed the contours of the fuel vapor mass
fraction in the radial-circumferential plane of K=12.
As the swid ratio decreased the fuel vapor was
concentrated in the vicinity of the axis of the
combustion chamber due to the spiralling motion as
shown in Fig. 5.
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Fig. 7 Fuel vapor mass fractions in the plane K=12

5. CONCLUSION
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In this study the governing equations were descre-
tized using a combination of Euler implicit dif-
ferencing in time and hybrid upwind/central dif-
ferencing in space. The numerical calculations of the
spray characteristics in quiescent condition and the
switl effect on the spray characteristics and the flow
fields in a motoring condition of direct engine were
performed using the orthogonal curvilinear gnd
system and PISO algorithm.

The following conclusions were obtained.

1) The results of the calculation showed that the
spray tip penetration length were good agree-
ments with the experimental data, except in the
early stages of spray. This discrepancy in the
early stages of spray was presumably attributed by
the assumption that the spray was already ato-
mized at the nozzle exit.

2) A substantial air entrainment into the spray
volume where it was accelerated in the direction
of injection was emerged and the squish motion
was relatively unimportant during the injection
periods. In the radial-circumferential planes as the
switl ratio increased there revealed a solid-body
rotation, while as the swirl ratio decreased there
revealed a spiralling motion and a irregular
velocity fields.

3) As the swirl ratio increased the evaporation rate
was increased due to the wide dispersion of spray
droplets and the strong interaction between the
spray droplets and the gas fields. As the swirl ratio
decreased, the fuel vapor increased near the
bottom of piston bowl due to the increased spray
droplets impinging on the bottom of piston bowl.

NOMENCLATURE

. area

. specific heat at constant pressure

* diffusivity

. momentum transfer coefficient

. thermal conductivity

:mass of a droplet with diameter Dy
- number of droplet in parcel k

»
WREBPEROD

. total pressure
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P, : vapor pressure far from the droplet
P, s : vapor pressure at the droplet surface
Q : latent heat of evaporation
R ! gas constant
W, © velocity of moving grid
wg -« axial gas velocity relative to the moving
grnd(=w—W,)
ug, V4, Wq - droplets velocity in the orthogonal
curvilinear coordinate directions §, 7 and
¢
: heat transfer coefficient
¢ the dependent variables(=l,u,v,w,f, ek,
€)
d :void fraction
P gas phase density
€4, T4, § 4 droplets position in the orthogonal
curvilinear coordinate directions &, 7 and

¢

R
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