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Abstract

he rising concerns of emissions have put enormous

strain on the automotive industry. Industry is, there-

fore looking for next-generation engines and advanced
combustion technologies with ultra-low emissions and high
efficiency. To achieve this, more insights into the combustion
and pollutant formation processes in IC engines is required.
Since conventional measures have not been insightful, in-situ
measurement of combustion and pollution formation through
optical diagnostics is being explored. Gaining full optical
access into the diesel engine combustion chamber is a chal-
lenging task. The late-compression flow dynamics is not well

Introduction

mplementation of strict emission norms globally and

continued pursuit for efficient engines is motivating scien-

tists to develop advanced IC engine technologies. In fore-
seeable future, the heavy vehicle industry would continue to
rely on diesel engines. However, diesel emission remains a
serious concern. During diffusion combustion phase in diesel
engines, oxidation limit of particulates and unburned fuel is
primarily influenced by the mixing rate of fuel and particulate
matter (PM) with oxidants. Turbulent flow structures are
responsible for proper mixing and late-cycle oxidation reac-
tions [1]. In compression stroke of the engine, turbulence levels
are significantly affected by large-scale flow-field [2, 3, 4, 5, 6,
7, 8]. Improved combustion and reduction in emission levels
can be achieved with optimization of in-cylinder fuel-air
mixing [9]. Strong interactions occur between squish and
swirl-flow near the end of the compression stroke. It is believed
that squish flow has a dominant effect in disturbing radial
distribution of swirl velocity and ideal solid-body like flow
structures. By virtue of this, vortices are produced, which
generate additional turbulence [2,10]. Understanding of flow
during the compression stroke is a pre-requisite for under-
standing and further optimization of diesel engine perfor-
mance, optimizing injector location, and minimizing plume-
to-plume variations. Late compression flow dynamics is
affected by many factors, out of which, most dominant factors
are swirl and tumble ratio, piston bowl geometry, squish flow
magnitude, and intake port design. Interestingly, higher swirl

understood due to limited access into the engine combustion
chamber. These flow structures contribute immensely to
fuel-air mixing and combustion. The objective of this study
is to understand the role of combustion chamber design on
vertical plane air-flow structures. A realistic bowl geometry
was modeled and simulated using CONVERGE under non-
firing conditions to study the flow dynamics. These results
were validated with the flow-field of a light-duty optical
engine, obtained through Time-Resolved Particle Image
Velocimetry (TR-PIV). Further, simulations were carried out
using two different bowl geometries. The effect of variations
in geometry on turbulent kinetic energy (TKE) was investigated.

motion (ideal solid body rotation) does not mean high TKE.
Several studies have reported lower turbulence levels with
increased swirl ratio [10, 11, 12]. Turbulence level depends
upon the production and dissipation rate, given by equation
[1] below:

DE_,

Dr (V.T) (1)

Thus, it is essential to investigate the physics of fluid-flow
dynamics, especially that of late compression flows and their
effect on mixture formation and combustion processes.
Researchers have found significant improvement in late-cycle
mixing by optimizing the piston bowl geometry [13]. Eismark
etal. [14] proposed a mechanism to understand radial mixing
and investigated the effect of wave-shaped protrusion in the
bowl. The radial mixing was found to be superior than conven-
tional design, which resulted in higher rate of soot oxidation.
Bianco et al. [15] developed a hybrid piston model by
combining stepped-lip geometry and piston with wave protru-
sion. The study predicted up to 75% soot reduction without
compromising the efficiency. Authors also highlighted further
scope in CFD optimization for in-cylinder pollutant reduc-
tion. Similar reduction in soot was also reported by optimiza-
tion of Lateral Swirl Combustion Chamber [16]. Piston
geometry optimization studies have shown promising results
for advanced low-temperature combustion like RCCI and GCI
[17, 18]. Despite the proven impact of flow dynamics on engine
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performance, investigations of the in-cylinder flow-field have
been a challenging task for the majority of researchers because
of difficulties associated with optical access into the combus-
tion chamber. Over the past few decades, computational fluid
dynamics (CFD) has emerged as an excellent design tool to
predict the in-cylinder dynamics. However, the flow and
combustion models need continuous inputs from experiments
to yield reliable results.

Globally, various studies combining PIV and CFD
packages have been done to understand the in-cylinder flow
structures and their effects on engine performance. Zha et al.
[19] conducted PIV for in-cylinder flows during compression
stroke using silica piston with re-entrant bowl geometry.
Numerical simulation was also carried out through the
CONVERGE CFD package. They concluded that for the
range of swirl ratios (2.2 and 3.5), it is the piston geometry
that affects late compression mean-flow asymmetry to a
greater extent than intake flow methods. Fridriksson et al.
[20] investigated the effect of swirl ratio and piston bowl
geometry on in-cylinder velocity profile at 30 CAD ATDC.
The observations indicated that narrow and deeper piston
geometries resulted in an increment in near-wall velocities
and reduction in rotational motion in the bowl area since
the swirling ratio changed from high to low. This leads to
reduction in convective heat loss and an increase in thermal
efficiency. Deslandes et al. [21] investigated the effect of
piston geometries with flat and bowl-in-piston designs on
the swirl center location and turbulent kinetic energy (TKE).
They found that bowl-in-piston geometry shows less disper-
sion in the swirl center position as compared to flat piston.
On the other hand, swirl intensity dispersion and TKE
slightly increases due to flow transfer from cylinder into
bowl. Achuth et al. [22] studied the effect of intake design
on tumble flow and concluded that chamber geometry signif-
icantly regulates the bulk motion and the turbulence magni-
tude. Gafoor and Gupta [9] found that the ratio of piston to
bowl diameter plays a critical role in swirl ratio optimization.
They also highlighted the effect of large swirl ratio and high
TKE on the combustion characteristics.

Despite increasing attention in the area of optical diag-
nostics of flow, the role of combustion chamber geometry is
far from understood. This issue is more critical for late
compression stages due to limited optical access. Geometric
optimization by CFD is promising but comes at the cost of
large computational time. Full geometry simulation is capable
of capturing local vortices and small-scale structures during
induction. However, most of this energy gets dissipated in the
late compression phase [23]. Therefore, sector geometry simu-
lation for geometric optimization of diesel engine combustion
chamber can be a cheaper alternative. Sector simulation has
been widely adopted for prediction of combustion [24, 25, 26].
However, not much work has been done in the area of flow
investigations. In this study, sector simulation has been used
to study late compression flow dynamics. The effect of
geometry and swirl ratio has been investigated. A simplistic
bowl and two realistic bowl geometries have been simulated
for comparison. Simplistic bowls are common to optical
engines. However, the optical access to the vertical plane is
often restricted by the bowl rim near TDC. In this study, the
vertical plane flow structure has been correlated with the

velocity field in the swirl plane. A comparison of the sector
simulation vs. full geometry simulation has been done to study
the feasibility of this method.

Experimental Setup

The experimental data used for validation were obtained at
Sandia National Laboratory using a light-duty optical diesel
engine. The optical access was possible via a fused silica
window and a realistic geometry optical piston.

The engine can be operated at different swirl ratios by
adjusting the throttle openings of tangential and helical ports.
Engine details and operating conditions are given intablel.
More details of the experimental setup can be found in the
original work [27].

Numerical Setup

Simulations were carried out using a commercial CFD solver
package CONVERGE [28]. The solver was used to solve
Reynolds Average Navier Stokes equation. Turbulence was
modeled using Renormalization Group (RNG) closure for the
two-equation k-e model. Near-wall velocity field was resolved
using the law of wall model. O’'Rourke and Amsden heat
model was used to simulate the heat transfer. The piston
surface geometry for the base model was obtained from the
ECN database. The other two geometries, cyl_bowl and erl_
bowl were adopted from the Single Cylinder Research Engine
(SCRE) at Engine Research Laboratory, IIT Kanpur. Figure 1
shows the geometry of the three different bowls used in
this study.

The velocity profile in the engine sector was initialized
by using the Bessel function [29]. The velocity profile can
be generated by using the equation

_ 0.RRgx r
o)

where v is the tangential velocity, r is the radial location,
w, is the angular speed of the engine, R is the cylinder radius,

TABLE 1 Operating conditions

Engine specifications Measurement

Bore x stroke (mm) 82 x90.4
Displacement (cm3) 477.2
Compression ratio 16.4
Squish height at TDC (mm) 0.88

Operating conditions
Intake pressure (bar) 1.5

Intake temperature (K) 37215
Engine speed (rpm) 1500
Swirl ratio 1.5,2.2,3.5

© SAE International.
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TABLE 2 Important boundary and initial conditions

Physical Parameters Set-value

Piston surface temperature (K) 450

Liner surface temperature (K) 400

Head surface temperature (K) 400

Gas composition (mole fraction) Co, 0.09
N, 0.81
0, 0.1

Ry is the steady swirl ratio, and ], and ], are the first-order and
second-order Bessel functions of the first kind, respectively
Bessel function shape parameter, alpha (o) = 2.2 was set
as per the recommendation for the modeled engine [30]. A
base grid size of 3 mm was used for the computational domain.
Adaptive mesh refinement with velocity embedding level = 3
was adopted to resolve the gradients in velocity field. The
pressure velocity coupling was solved using the Pressure
implicit splitting of operator (PISO) loops. Other important
boundary and initial conditions are given in Table 2.

Results and Discussion

Model Validation

The in-cylinder pressure traces from the experiment and CFD
during motoring are shown in figure 2. The figure shows that
the predicted profile matches satisfactorily with the experi-
mental data. The maximum error observed at TDC was ~2.4%.
The objective of this work was to study the in-cylinder flow
behavior. The flow structures were not affected by the differ-
ences in the thermodynamic properties in this range.

© SAE International.
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Velocity contours and vector fields (experiment and CFD)
are shown in tables 3-6. Same scale was used for all the
contours to facilitate quantitative comparison.

The first column shows the velocity magnitude, and the
second column shows the flow-field. Experimental results are
shown in the first row. The white annular region visible in the
experimental velocity contour was due to the image processing

TABLE 3 Velocity magnitude distribution (left column) and
flow field (right column)

SR =2.2,z=18 mm, 50 deg. bTDC

A

Experiment

Sim_erl

-

Sim_san

Velocity magnitude (m/sec)

H

0 5 10 15
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TABLE 4 Velocity magnitude distribution (left column) and TABLE 6 Velocity magnitude distribution (left column) and
flow field (right column) flow field (right column)

SR =2.2,z=10 mm. 50 deg. bTDC SR =35,z =10 mm, 60 deg bTDC

Experiment
I 1
4 o

Experiment

Sim_erl
4
4
'
s
-
L
Sim_erl

Sim_san
Sim_san

Velocity magnitude (m/sec)

0 5 10 15

Velocity magnitude (m/sec)

0 5 10 15 20 25
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TABLE 5 Velocity magnitude distribution (left column) and
flow field (right column) issues near the bowl lip region. CFD predictions of the current
SR =35, 7 =18 mm, 60 deg. bTDC work and Sandia National Laboratory are shown in second
and third rows, respectively. The data were obtained for two
different swirl ratios (2.2 and 3.5) at a distance of z = 10 mm
and 18 mm from the fire-deck. The results for SR= 2.2 were
obtained at 50° bTDC. For SR=3.5, the crank position was 60°
bTDC. As can be seen from figures (Table 3-6), the velocity
magnitude distribution was qualitatively similar to the experi-
mental results. The changes in the velocity gradients were
captured satisfactorily. However, the sector geometry (Sim_
san) was able to capture the asymmetry in velocity distribu-
tion for SRy,q,2.2 case at z= 18 mm. More symmetric distri-
bution can be observed for higher swirl level (SRyaqy = 3.5)
for experiments and simulations. Sim_san slightly over-
predicted the velocity near the cylinder wall region compared
to sim_erl. The velocity field for all these cases (experiment
and CFD) suggested that the flow in the r-e plane was domi-
nated by swirl motion. The small-scale vortices that resulted
during the suction were dissipated by the mid-compression
stroke, and bulk of energy was carried by the large swirl
vortices of the order of cylinder bore.

The variation in instantaneous global swirl ratio with
CAD is shown in figure 4 for bowls of different geometry and
SRjieaqy = 2.2 case. It could be observed that the SR is almost
similar for all the geometries up to -50°aTDC. For the most
part of the compression stroke, the flow moves upward with
the piston and there is minimal effect of the bowl geometry
on the mean flow. The change in SR takes place only after the
squish flow starts to be dominant. This usually happens

Experiment

Sim_erl

Sim_san

Velocity magnitude (m/sec)

0 5 10 15 20 25
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around -40°aTDC. A similar observation was also reported
in other studies [31]. Due to conservation of angular
momentum, as the fluid element from the squish zone enters
the bowl, its tangential velocity increases, thus increasing the
swirl. Therefore, increase in swirl near the late compression
was governed by the strength of squish and decay rate of
angular momentum. The erl_bowl attained higher SR
compared to san_bowl because of smaller bowl entry radius,
which resulted in higher squish velocity. The cyl_bowl attained
minimum SR because it has more homogenous mass

distribution thorough out the bowl region. The re-entrant type
bowls have higher mass accumulated towards the bowl
periphery due to piston-pip. The tangential velocity was higher
towards bowl periphery, which resulted in higher angular
momentum and SR. A similar trend was observed for SRc,ay
= 3.5 (not shown), as the transfer of radial momentum trans-
ferred to the fluid element in the squish zone was independent
of swirl. However, the centrifugal forces on the incoming fluid
element vary quadratically with SR which play a key role in
forming vertical plane structures in the piston bowl near
TDC [1].

Table 7 shows the in-cylinder flow structures for two
SRjicaqy= 2.2 and 3.5 in three different piston bowls at TDC.
These structures contribute to superior fuel-air mixing by
generating additional turbulence.

With increasing swirl ratio, velocity magnitude increases
because of increased in-cylinder motion of fluid parcels as
inferred from the following equation:

a)S
N ®)

2

Swirl ratio =

where w, is the angular velocity of a solid-body rotating
flow, which has equal angular momentum to the actual flow.

As shown in the figure, dual vortex formation was
observed for all piston profiles. However, in SRy,q,2.2, the
magnitude of formation of counter-clockwise vortex structure
was not as strong as in SRy,q, 3.5. Similar flow-structures
were also reported in other studies [32, 33]. Transport and
deflection of high momentum fluid by the piston bowl
geometry was the primary reason for the formation of

TABLE 7 Vertical plane flow structures inside piston bowl at TDC for different geometries
SRsteady =22

| cyl_bowl

erl_bowl

san_bowl

Safudo Velocty Magnitude (s

SRy = 39

Gy B

10 15 20 25 30 35
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observed vortices. As the piston approaches TDC, squish flow
starts increasing. These fluid parcels in the squish area are
pushed towards the bowl center. However, the centrifugal
force of the swirling fluid restricts the radial penetration.
Therefore, the squish flow bends into the piston bowl. As the
piston reaches TDC, high momentum fluid strikes the bottom
of the bowl and gets deflected upwards. By virtue of this, the
fluid parcels start moving upward and try to re-enter the bowl.
However, due to centrifugal forces, these parcels are pushed
towards the bowl periphery. Thus, a vortex gets formed near
the bowl periphery. A counter-rotating vortex also develops
near the bowl center. Careful observation in geometries of
san_bowl and erl_bowl revealed that the piston pip gradient
was almost constant for the former, wherein the latter bowl
had a steep change in the gradient. The steeper gradient in
erl_bowl deflected the fluid earlier than the san_bowl. Thus,
re-entry in the case of erl_bowl was closer to the bowl
periphery compared to san_bowl. Flow structures were
similar for the SRy,qy, 3.5 case. The velocity magnitude, in this
case, was higher compared to SR = 2.2 case due to higher
angular momentum. It was observed that the clockwise vortex
was pushed more towards the bowl periphery for all three
geometries. As a result, the interface between the two counter-
rotating vortices shifted. The formation of vortices and the
piston pip geometry affected the rigid body motion of swirl
vortices. The squish generated flow structures have a signifi-
cant contribution in turbulence generation [34]. The turbu-
lence generation is given by the following equation:

B =—<u;u'e>(ia<U’> + 0(Us) —<U9>J 4

00 or r

The first term in the bracket is the contributed by the
asymmetry of radial velocity in the r-0 plane. The difference
in the second and third term represents deviation of the flow-
field from the rigid body motion. Therefore, the gradient in
tangential velocity plays a major role in turbulence generation.
In the subsequent sections, this aspect was analyzed.

Figure 5 (a-d) shows the variation of radial and tangential
velocity profiles with distance from the bowl center for
different geometries under consideration. The radius (r) has
been normalized by bowl entry radius (R) for each geometry
to facilitate comparison. The normalized radius is given by r*
=1/R. The in-plane velocity was assumed positive for vertically
upward and horizontally rightward direction (from center
towards periphery). It was observed (figure 5 a) that the radial
velocity changed sign for all three cases as we move from the
center towards the periphery. This was attributed to the
presence of two counter-rotating vortices inside the bowl.
The sign change occurs near the interface of the two vortices.
The vortex near the center has an anticlockwise sense.
Therefore, moving from the center to the periphery, the radial
component of velocity is negative. The magnitude of radial
velocity decreases as we move towards the edge of the vortex.
The field becomes more vertical due to its curvature (as
observed from Table 7). Finally, it changes sign through the
interface of the two vortices. The radial velocity again starts
increasing with the radius as we move into the vortex near
the periphery. This vortex is clockwise. A similar trend was
observed for other two bowl geometries. Previous studies
reported that the re-entrant bowl and cylindrical bowl have

similar flow structures near the TDC [1]. However, it can
be observed that the erl_bowl and san_bowl have higher radial
velocity near the periphery compared to the cylindrical bowl.
Smaller squish height was the reason behind this. Figure 5(b)
shows the variation of tangential velocity with a normalized
radius. It was observed that the velocity profile for cyl_bowl
was closer to a rigid body like motion. The other two geom-
etries showed significant deviations from rigid-body motion.
A sudden change in gradient in velocity profile occurred right
after the radial velocity changed sign (figure 5a). This may
have been due to the re-entry of squish flow after deflecting
from the bowl, which resulted in clockwise vortex. Additional
momentum added could be the reason for increased tangential
velocity. The profile varied almost linearly, up to the periphery.
Velocity decreased at the periphery, possibly due to the wall
boundary effect.

Figures 5 (c-d) showed the variation of radial and tangen-
tial velocity for higher swirl ratios (SRyeqqy = 3.5). From figure
5(c), it can be observed that the radial velocity changed sign
at a higher radius compared to SR,q, = 2.2 case. The trend
was similar for all bowl geometries investigated. This
confirmed the shifting of vortices at a higher swirl ratio, as
discussed earlier. Therefore, the re-entry of the squish flow
occurred relatively closer to the periphery. This resulted in
higher mass accumulation and hence higher angular
momentum. From figure 5(d), the effect of vortex center
shifting can be observed. Change in velocity gradient occurs
farther away from the bowl center compared to low swirl case.
These observations were in agreement with the flow structures
observed in the figure (Table 7).

The radial variations of TKE are shown in figure 6(a-b).
Higher TKE was observed for SRy,q, =3.5 case for all geom-
etries. For SR,q, = 2.2 case, maximum TKE was attained
near normalized radius (r*) = 0.4, which was also the location
of interface of the two vortices (radial velocity changes sign,
as discussed for figure 6a). For SR,y = 3.5 case, the maxima
for TKE was attained between r* = 0.4 and 0.6 for all three
geometries. This coincided with the sudden change in the
velocity gradient of tangential velocity for the same SR,cqy
(figure 5d). Therefore, the deviation of the swirl structure from
rigid body rotation had a significant effect on the TKE. This
could be attributed to turbulence generation, as given by the
equation. The maximum TKE values for cyl_bowl and san_
bowl were similar. However, the maxima of san_bowl was
slightly shifted compared to cyl_bowl. This could be explained
with the help of radial velocity distribution (figure 5¢). As
discussed earlier, the sign change of radial velocity occurred
near the vortices interface. From figure 5(c), it can be observed
that this location was closer to the bowl center for cyl_bowl
compared to the san_bowl. This could be the reason behind
the location of maxima of cyl_bowl. The erl_bowl resulted in
the maximum TKE for both swirl ratios investigated. The
cyl_bowl attained higher TKE compared to the san_bowl near
the bowl center for higher swirl case. Due to increased centrif-
ugal forces at higher swirl level, the fluid mass is pushed
outward. In case of san_bowl, due to the presence of piston
pip, higher fraction of mass tends to accumulate towards
periphery. However, in case of cyl_bowl, the mass is more
evenly distributed. Also, the boundary layer effect of the
piston pip could have decreased the velocity near the bowl
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center for the former. This is also evident from radial and
tangential velocity distribution (Figure 5 c-d). Higher velocity
of re-entry resulted from steep piston pip gradient and deep
bowl geometry, that ensured higher value of TKE for the
erl_bowl.

Figures 7(a-b) showed the variations of mean TKE values
for all cases investigated. During the late compression stroke,
mean TKE values decreased as the piston moved closer to the
TDC for san_bowl and cyl_bowl. However, for erl_bowl, the
magnitude increased first and then decreased. Similar trends
were observed for both swirl ratios. This was attributed to the
competing effects of the decay rate of angular momentum,
turbulence dissipation, and turbulence production. Further
exploration of the role of piston pip gradient and bowl-depth
was required to gain more insights into these observations.

Swirl Ratio = 2.2
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Conclusions

In this study, sector geometry model was simulated using
CONVERGE CFD under motoring conditions. Modeling
results were validated using the experimental data obtained
from PIV experiments done in a light-duty optical engine.
Some of the major observations from the study are as follows:
The velocity contour and gradients were qualitatively similar
to the experimental results. The results were also compared
with the results of full geometry simulation. Full geometry
simulation could capture the flow field more accurately then
the one in sector case. The maximum and minimum velocity
were similar for both cases. However, the flow asymmetry
could not be captured by the current approach. This might
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lead to an incorrect prediction of emissions for partially
premixed combustion, where mixture stratification plays a
key role. Late compression flow structures were similar to the
ones reported by other studies. Thus, the approach may
be suitable for a qualitative comparison of different geometries
and optimization studies having relatively lower computa-
tional time. Minimum velocity of the same order was observed
near the central region of the piston bowls. Hence initial spray
development may not be affected by the bowl geometry.
Discrete point data obtained from the swirl plane were related
to the flow-structures inside the piston bowl. This could be of
great importance to those optical engines, which don’t do not
have access to the combustion chamber during late compres-
sion (near TDC), which is crucial for fuel-air mixing and
combustion. Locations of these vortices formed were
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responsible for the distribution of TKE in the combustion
chamber. Vortex orientation can be altered by changing the
swirl levels in the engine. The er]_bowl attained the maximum
TKE values for both swirl ratios investigated. Strong squish
flow was observed at lower swirl ratio. Higher value of TKE
was observed for cyl_bowl near the bowl center, despite having
lower global swirl ratio compared to san-bowl. Thus, global
swirl ratio may not be a deciding parameter for prediction of
in-cylinder turbulence during late compression. The piston
pip shape and gradient also have a significant effect on the
bowl vortices and TKE. Therefore, swirl ratio and piston
geometry should be optimized together to achieve superior
results. Further investigations on the effect of swirl level and
spray swirl interactions could help in developing swirl control
strategies for optimization of the engine performance for
emission compliance in future.
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Abbreviation

BTDC - Before top dead center
ATDC - After top dead center

SR - Global swirl ratio (instantaneous)

TKE - Turbulent kinetic energy
CA - Crank angle
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