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Abstract

Spray-wall interactions in diesel engines have a strong influence on turbulent flow evolution and mixing, which influences the engine’s thermal
efficiency and pollutant-emissions behavior. Previous optical experiments and numerical investigations of a stepped-lip diesel piston bowl focused on
how spray-wall interactions influence the formation of squish-region vortices and their sensitivity to injection timing. Such vortices are stronger and
longer-lived at retarded injection timings and are correlated with faster late-cycle heat release and soot reductions, but are weaker and shorter-lived as
injection timing is advanced. Computational fluid dynamics (CFD) simulations predict that piston bowls with more space in the squish region can
enhance the strength of these vortices at near-TDC injection timings, which is hypothesized to further improve peak thermal efficiency and reduce
emissions. The dimpled stepped-lip (DSL) piston is such a design.

In this study, the in-cylinder flow is simulated with a DSL piston to investigate of the effects of dimple geometry parameters on squish-region vortex
formation via a design sensitivity study. The rotational energy and size of the squish-region vortices are quantified. The results suggest that the DSL
piston is capable of enhancing vortex formation compared to the stepped-lip piston at near-TDC injection timings. The sensitivity study led to the
design of an improved DSL bowl with shallower, narrower, and steeper-curved dimples that are further out into the squish region, which enhances
predicted vortex formation with 27% larger and 44% more rotationally energetic vortices compared to the baseline DSL bowl. Engine experiments
with the baseline DSL piston demonstrate that it can reduce combustion duration and improve thermal efficiency by as much as 1.4% with main
injection timings near TDC, with 69% increased soot emissions, but no penalty in NOx emissions.

Introduction

The shape of a diesel piston bowl strongly influences the engine’s thermal efficiency and emissions characteristics, as it affects the spray-wall
interactions and fuel-air mixing processes. Studies have shown, for example, that a stepped-lip (SL) piston, also known as a chamfered-lip piston,
leads to enhanced mixing-controlled heat release rates with improved thermal efficiency [1-6], but not all studies found similar thermal efficiency
gains [7, 8]. Improvements in thermal efficiency were partly attributed to lower heat transfer losses [5, 9-11], although other studies have found that
wall heat losses were not always the cause [4, 12]. Other causes are improved fuel-air mixing with enhanced air utilization, which also reduces smoke
emissions [1, 4, 6, 13-16]. Enhancement of fuel-air mixing is attributed to the formation of a dual vortex structure as fuel spray interacts with the
stepped-lip piston surface. [4, 6, 13, 17, 18]. Busch et al. [3, 19] used CFD to predict enhancement of vortices in the squish region with the stepped-
lip piston. Evidence of such vortices was observed previously in an optical engine study [18] and was correlated with improved efficiency and smoke
emissions at retarded injection timings as they enhance mixing-controlled heat release. However, as injection timing was advanced towards TDC, the
strength and longevity of such vortices diminished, reducing the efficiency benefits 3, 4, 18, 19].

The stepped-lip piston design was reported as early as 2007 [16], which achieved reduced soot emissions and slight improvements in fuel efficiency
using this piston design. In the same year, a patent was filed by Hino Motors [2] which features the stepped-lip piston design. They show a portion of
the injected fuel is directed upwards by the stepped surface as it is also moving radially outwards into the squish region. Two counter-rotating
vortices form to increase fuel-air mixing in the combustion chamber. In 2011, a patent was filed by Ricardo for a stepped-lip piston design known as
the Twin Vortex Combustion System [14], with an annular lip that protrudes further out into the combustion chamber [20]. The annular lip is used to
increase the residence time of the swirling motion when fuel is injected and directed into the lower part of the combustion chamber, thereby
increasing fuel-air mixing. In the same year, Ford engineered a chamfered re-entrant bowl [9] featuring a near-vertical step. Metal engine
experiments show improvements in emissions and fuel consumption, which they attributed to better air utilization in the squish region and a
reduction in the total surface area leading to less wall heat transfer [1]. In 2013, Doosan developed the Ultra-Low Particulate Combustion strategy
featuring a tapered step, effectively splitting the combustion chamber into two combustion zones [6]. Their experiments show that the stepped-lip
piston enhanced the soot-NOx tradeoff with optimized spray targeting. In 2016, Daimler announced their stepped-lip piston design for Mercedes-
Benz with improved air utilization, higher efficiency, and lower emissions with reduced heat losses [21].
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Piston bowl designs have continued to evolve beyond the stepped-lip piston design. A double stepped-lip piston was simulated and its bowl geometry
was optimized through a design of experiment study [22].The optimal piston has a slightly lower bowl volume and 0.05 higher compression ratio
than the baseline piston. Experiments with the optimized piston revealed increased torque and reduced fuel consumption, likely due to higher squish
velocity leading to better fuel-air mixing. Recently, a patent was filed for such a double stepped-lip design, which shows decreased soot with
maintained NOx and hydrocarbon emissions as fuel-air mixing is improved in the squish region, with lower liner soot-in-oil [23]. Another novel
piston design is the Volvo wave piston, which features radial waves in the piston bowl to improve air utilization and fuel efficiency at high loads [24,
25]. Such waves were also featured in a stepped-lip piston to further improve air utilization at high loads [26]. An annular bump ring has also been
used in to introduce additional vortices in the combustion chamber to enhance mixing [27]. A novel dimpled-stepped lip (DSL) piston geometry was
designed and simulated with CFD in a small-bore diesel research engine and was shown to improve vortex formation even with near-TDC injection
timing [3], which was therefore hypothesized to increase thermal efficiency and reduce soot emissions. The objective of this work is to test this
hypothesis.

This paper presents a CFD and experimental study in a medium-duty diesel research engine with a DSL piston to analyze the effects of dimple
geometry parameters on squish-region vortex formation. In the first part of the study, the CFD simulations are presented. The dimple parameters are
systematically varied in a design sensitivity study. The spatial distribution of factors affecting radial momentum and vorticity are qualitatively
compared against the simulation results from the same engine with a baseline stepped-lip piston design. In addition, the rotational energy and size of
these vortices are quantified. In the second part of the study, the performance and emissions of a single-cylinder diesel research engine equipped with
a DSL piston are compared to the baseline engine with a stepped-lip piston for a part-load operating point.

Methodology
Simulation Setup

The engine simulated is the Sandia single-cylinder, medium-duty diesel research engine, based on the Ford 6.7L combustion system [28]. This four-
valve engine is built with the production piston/rod assembly and fuel injector, with bore and stroke equal to that of the production engine. Table 1
contains the engine specifications. Simulations are carried out in the FRESCO CFD solver [29]. Turbulence closure is modeled using the generalized
renormalization group (GRNG) k-¢ model [30], with near-wall flow and heat transfer modeled using Han and Reitz’s law-of-the-wall model [31, 32].
Fuel injection and spray phenomena are modeled with a Lagrangian-Droplet/Eulerian-Fluid approach, and have been validated and optimized against
Engine Combustion Network (ECN) Spray A data [33, 34] without further tuning due to good agreement with experimental liquid and fuel vapor
data [35]. Further details on the sub-models for the spray modeling can be found in [3]. Figure 1 shows the computational domain of the engine,
where a body-fitted unstructured hexahedral mesh is used for the full engine model. It is comprised of approximately 1 million cells at bottom dead
center. It was found previously that modeling the full engine geometry with non-axisymmetric cylinder head features was needed to predict accurate
flow evolution in a small-bore diesel engine with a stepped-lip piston [36].

Intake region

i

Exhaust region

Figure 1. Computational domain.

Table 1. Engine specifications.

Bore 99 mm
Stroke 108 mm
Displacement volume 831.35 mL
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Compression ratio 16.35:1

Injector nozzle holes 8-hole piezo

Nozzle hole radial position 1.365 mm

Nozzle hole axial position from fire deck | 1.114 mm

Injector protrusion depth 2.5 mm

A multi-cycle RANS non-combusting simulation is performed by starting at exhaust valve opening (106 crank angle
degrees (CAD) after top dead center of the compression stroke (aTDCc) in cycle O, initialized with a swirl ratio of 1.99.
Then, cold flow is simulated in cycle 1 to remove any initial condition bias and to establish the flow, and fuel is injected in
cycle 2, following the same procedures as [3]. Boundary conditions are listed in Table 2. A dual-pilot, single-main injection
strategy with constant dwell between each injection is used and block-shifted to match two injection timings based on
experiments in order to analyze effects of injection timing on spray-wall interactions and flow evolution. Here, the
simulations are performed in the medium-duty diesel engine with an early, near-TDC injection timing, and an
intermediate injection timing as shown in Table 3. For the purposes of the simulations, the main fuel injection quantity is
unchanged between the two injection timings. The simulated injection profiles are shown in
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Table 2. Boundary conditions for the simulation.

Engine speed 1600 RPM
Piston surface temperature 486 K
Head surface temperature 486 K
Liner surface temperature 476 K

Intake pressure (constant, applied at intake surge tank entrance) | 137 kPa

Intake plenum temperature 468.1 K
Intake port surface temperature 375K
Intake valves temperature 416 K
Exhaust valves temperature 446 K
Exhaust port surface temperature 456 K
Exhaust plenum temperature 468.1 K

Exhaust pressure (constant, applied at exhaust surge tank exit) 146 kPa

Intake charge composition 17.963 vol% O,, 79.441 vol% N,, 2.596 vol% CO, (20% simulated EGR)
Fuel 63.5 vol% 2,2,4,4,6,8,8 — heptamethylnonane, 36.5 vol% n-hexadecane
Injection pressure 1615 bar

Table 3. Injection timings and fuel mass injected.

SOI Early injection SOI Intermediate
timing (CAD aTDCc) ;r}gg:(tjls)n timing (CAD Fuel mass (mg)
Pilot 1 -16.225 -12.225 2.2
Pilot 2 -4.1 -0.1 2.1
Main 5.7 9.7 38.3
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Figure 2. Injection profile of the early near-TDC and intermediate injection timings.
To analyze the effects of piston bowl geometry on vortex formation, two piston meshes are simulated in this study: the baseline stepped-lip (SL)

piston, and the dimpled stepped-lip (DSL) piston. Their mesh topologies are shown in Figure 3. The dimples of the DSL piston are aligned with the
spray axis of each of the eight nozzles.
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SL piston

DSL piston

Figure 3. Mesh configurations of the SL and DSL pistons.

Geometry Variations

The DSL piston’s dimple geometry is varied in a sensitivity study. The stepped-lip piston profile (Zs.) is defined in r-z coordinates by a connected
series of lines and circular arcs as shown in Figure 4. Sweeping this profile 360° around the piston axis creates the baseline stepped-lip bowl
geometry, which is shown as a dashed line. The DSL piston geometry is based on the same lines and arcs. To create the dimples, the three circular
arcs and two linear profiles that define the step are shifted downward by a distance d that varies with azimuthal angle 6:

1 + cos(Bnpores) 0
d=do\ =™

(M

Here, d is dependent on the dimple depth d, and the azimuthal order O, which is the ratio of the dimple width to the azimuthal steepness. holes is
the number of injector nozzle holes, which in this case is 8. Figure 4 indicates which segments are shifted vertically. The length of the short linear
segment that connects the circular arcs defining the toroidal bowl and inner rim of the step region is adjusted to maintain continuity as the dimple
depth changes. If the value of d is sufficiently large for a given value of 8, the linear segment is removed, and a non-linear solver is applied to ensure
tangency of the two remaining circular arcs to one another. A sigmoid function describes the s-shaped curve connecting the final arc of the step to the
outermost horizontal segment. In this work, this curve is defined by a logistic function:

2 ifd=0
ZpsL, logistic = P
1+ exp(—k(r —x.)) otherwise

@
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The steepness of this curve is defined by the parameter k, and X, determines the horizontal location of the midway point of the curve. Zpsy, 1ogistic iS
shifted and normalized to ensure continuity at its end points.
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Figure 4. SL piston geometry is made of a connected series of lines and circular arcs (represented by different colors), which are swept 360° to create
the SL piston. The DSL piston is based on these lines and circular arcs with segments shifted vertically downwards to create the dimples.

The DSL profiles are computed iteratively as follows:

1.  The three-dimensional DSL geometry is created using the desired values of dimple depth do, azimuthal order O, dimple radial steepness X,

and dimple radial extent Xc.

2. The bowl volume is computed from the surface-normal vectors using the divergence theorem.

3. Bowl dimensions are scaled by the cube root of the ratio of the baseline SL bowl volume to that computed in step 2 and the bowl is
regenerated (see step 1).

These steps are repeated until convergence of the bowl volume to within 10 mm? is achieved, typically within one or two iterations. This represents a
maximum deviation in bowl volume of less than 0.03%.

The parameters that are varied in this study are do, k, 0, and .. Each of these parameters are varied while the other three are kept constant, to isolate
the effect of each parameter on spray-wall interactions and vortex formation. The effect of varying each parameter is shown in Figure 5. The baseline
DSL bowl has a 2 mm dimple depth, radial steepness of 1, order of 2, and horizontal location of 3.5 mm.
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Figure 5. Effects of changing dimple depth d,, radial steepness k, horizontal location x., and azimuthal order O on DSL piston geometry.

Experimental Setup

Engine experiments are carried out in the Sandia medium-duty diesel research engine as specified in Table 1. A schematic of the engine is shown in

Figure 6. More information on the engine setup can be found in [37].
The engine is operated at part-load, as summarized in Table 4. A
dual-pilot, single main injection strategy with constant dwell between
each injection is used, and block-shifted by 2 crank angle degrees
(CAD) to analyze effect of injection timing on engine efficiency and
emissions. The main injection duration is adjusted to maintain a
constant IMEP,, for each injection timing, in contrast to the
simulations where the main injection quantity is held constant for
each injection timing. However, such adjustments were on the order
of tens of microseconds which are not expected to have a significant
effect on spray-wall interactions as described in the simulations. The
injection energizing durations were determined using a hydraulic
injection analyzer. Table 4 lists the start of energizing (SOE) time for
each injection. The intake mass flow rate is kept constant, with
constant intake compositions computed using a representative fuel
flow rate to simulate a 20% EGR rate. Exhaust gases are diluted and
cooled using nitrogen dilution before entering the exhaust surge tank.
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Table 4. Engine operating part-load condition. Intake [CO,] 2.596 vol%
Exhaust back pressure 146 kPa
Intake temperature 44 °C
Exhaust dilution flow rate | 10 g/s nitrogen
Coolant temperature 90 °C
. Rail pressure 1615 bar
Engine speed 1600 RPM

Injection strategy 2 pilots, 1 main

IMEP, 8.55 bar = 0.1 bar

Injection sweep Blockshift entire injection strategy by 2 CAD
Intake flow rate 14.9 g/s

SOE pilot 1 -18.6 CAD aTDCc to -8.6 CAD aTDCc
Intake pressure (not 137 kPa
controlled) SOE pilot 2 -6.9 CAD aTDCc to 3.1 CAD aTDCc
Simulated EGR 20% SOE main 2.7to 12.7 CAD aTDCc

Intake [O,]

17.963 vol%

Intake [N;]

79.441 vol%

Exhaust
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Figure 6. Experimental setup.

Cylinder pressure was measured with an AVL GH14P pressure
transducer, mounted in a glow plug adaptor. Smoke was measured
with AVL 415S smokemeter. CO, NOx, and unburned hydrocarbons
were measured with California Analytical Instruments’ 300 NDIR,
600-HCLD, and 600-series FID analyzers, respectively.

The engine experiments were performed to provide insights into the
engine’s efficiency and emissions characteristics to two different
piston bowl geometries: the baseline stepped-lip piston bowl, and the
baseline dimpled stepped-lip piston bowl (shown in Figure 3). Fuel is
injected using a centrally mounted 8-hole piezo injector. The dimples
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in the DSL bowl are aligned to each of the eight spray plumes to
within 5°. The two piston bowl geometries are shown in Figure 7.
Thermodynamic estimation of the compression ratio using method as
described in [38] suggests that the DSL piston is within 0.1 points of
the baseline SL piston. The surface area of the DSL bowl is
approximately 2.4% smaller than the SL bowl.



baseline

DSL piston

-

Figure 7. SL and DSL pistons used in engine experiments. The DSL
piston has been machined in-house from a piston blank.

Thermodynamic Analyses

The cylinder pressure measurements, intake flow rate and
compositions, fueling rates, and emissions measurements are used to
perform heat release rate analysis. The rate of heat release is
computed using the first law of thermodynamics:

d dv 1 dP d
QHR — Y P— + Ve + Qwall
do —y—1 do y—1 do  db

)

The cylinder pressure trace P is filtered using a low-pass filter with a
3-dB cutoff frequency of 3.5 kHz. Then, the heat-release rate is
computed as a function of crank angle for each of approximately 260
cycles. The heat-release data shown here represents the ensemble
average of these heat-release traces. V is the cylinder volume. ¥ is the
ratio of specific heats, which is computed as a function of
temperature and modeled mixture composition. The mixture
composition comprises of the fresh intake charge with EGR
components, and products of a complete, stoichiometric combustion
computed with the mass fraction burned. Fuel liquid/vapor and
incomplete combustion products are not considered in the calculation
of y.

dQwau .

The wall heat loss — = is given by

AQwan _ hwoschni4
d\';a = O;\C/ = (Tcyl_Twall)

“4)
Here, 4 is the instantaneous combustion chamber surface area, Tcyi is
the bulk gas temperature computed from ideal gas law, Twau is the
wall temperature, assumed to be 90 °C, and N is the engine speed in

revolutions per second. Rwoschni is the corrective heat transfer
coefficient computed using the Woschni correlation [39-41]:

— 0.8
hWoschni = CmBiolzpo'sTcyOl'SLlﬁ[Clvpiston + CZ (P - Pmot)]

®)
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B is the bore diameter, P is the combustion cylinder pressure, Prmot is
the motored cylinder pressure computed similar to [40], and Vpiston is
the mean piston speed. The constant C; during the closed portion of
the cycle is given by:

mBR

C1=2.28+0.308 >3

(©)

These values are taken from [39], with S being the stroke of the
engine, R the swirl ratio assumed to be 1.7 [28]. € and C> are
calibrated for each operating condition and injection timing according
to Dernotte et al. [40]. First, C is calibrated using only the motored
pressure traces until the integrated apparent heat release is equal to
the integrated wall heat loss. Once Cp, is obtained, C> is then adjusted
using fired cylinder pressure traces until the average integrated heat
release at exhaust valve opening, Qur evo, is equal to the amount of
fuel energy released as heat:

QurEvo = quel released = mfuelQLHVncomb
@)

Mgyel is the measured fuel mass per cycle, @rnv the lower heating
value as described in Table 5. For this study, Cr, is obtained for the
SL and DSL piston separately, and C2 is obtained for each injection
timing. Note that using the same Cr, and C2 values for all
experimental datasets reveals similar trends in the heat-release rate
analysis.

Table 5. Certification diesel fuel properties.

Property Value
Lower heating value (MJ/kg) 42.93
Density (kg/m?) 0.8689
Cetane number 46

Ncomb the combustion efficiency calculated using the exhaust
emissions measurements:

MexhaustYuracQLuv + YcoQruv, co)
MryelQLuv

Neomp =1 —

®)

Here, Yurc and Yco are the mass fractions of the unburnt
hydrocarbons and CO, Qruv co is the lower heating value of CO
(10.10 MJ/kg), and Mexhaust and Mgyer are the mass flow rates of the
exhaust and fuel.

The mass fraction burned (MFB) is equal to

QHR

MFB =
QurEVO

©



Here, QHr is the cumulative heat release. The thermal efficiency is
obtained from net indicated work W;, boundary work over entire
cycle, and fuel energy released:

W;
e = QurEVO
10)
The wall heat transfer is also normalized as:
. Qw
%= Qunevo
(1)

The degree of constant volume combustion (dCVC) is obtained from
the heat release trace and characterizes the degree to which the heat
release rate represents ideal, constant volume combustion. Increasing
dCVC generally means that the heat release is taking place earlier
during the expansion stroke and more work can be extracted from the
gas in the cylinder. The dCVC is calculated using

1 Va+Va1"d
dCVC=—f<1—(d c) QHR)
NottoQ@HR, EVO 14 ae

(12)

Here, V. is the clearance volume, V4 the displacement volume, V the
instantaneous volume, and 7otto is the Otto cycle efficiency:

— 1—y
Notto = 1-— Tc

(13)

Where 7¢ is the compression ratio and ¥ the specific heat ratio equal
to 1.33.

Results
Simulation Results

DSL Baseline vs SL pistons

The spray and flow development on a vertical cut-plane aligned with
one of the spray axes is depicted in Figure 8. The SL piston with
early injection timing (left column), SL piston with intermediate
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injection timing (center column), and the DSL baseline piston with
early injection timing (right column) are shown. The cutting plane is
colored by the fuel-air equivalence ratio, ®- The black contour
represents the stoichiometric (P=1) isosurface. Note that the spray-
wall interactions and turbulent flow development vary from spray to
spray due to local features on the cylinder head, i.e. valve recesses
[36], mesh-dependent effects, and flow asymmetry, but all important
features discussed here are predicted to occur in each of the sprays.
Therefore, only a single vertical cutting plane is shown.

At 6 CAD after the start of the main injection (aSOImain), the spray
has already impinged on the lower bowl rim. This impinging spray
separates at the rim into two portions, a lower portion that enters the
toroidal part of the bowl, and an upper portion that deflects upwards
along the vertical step, towards the cylinder head, and into the squish
region. At 8§ CAD aSOlImain, Figure 8 shows that due to lower charge
density and changes in piston position, fuel splitting, and momentum
distribution, more of the fuel enters the squish region in the SL piston
at the intermediate injection timing than the early injection timing. In
the DSL simulation, the upper portion of the spray is deflected
upwards towards the head surface by the step. Since the step region
of the DSL bowl is lower than in the SL piston at the early injection
timing, this deflection is not as strong in the DSL bowl.

At 10 CAD aSOlImain, the fuel has begun to impinge on the head
surface. Part of the spray is driven inwards towards the bowl above
the step, while part of the flow is driven outwards into the squish
region. The inwards and outwards flows are stronger in the SL piston
when injection timing is retarded. The outward flow is also directed
downwards towards the piston surface in the intermediate injection
timing simulation. In the DSL piston, the outward flow is as strong as
that of the SL piston with intermediate injection timing. The inward
flow in the DSL piston is stronger than the SL piston with early
injection timing.

At 12 CAD aSOImain, the outward flow is directed towards the
piston surface in the SL and DSL pistons with early injection timing
simulation. At the intermediate injection timing, the piston has
moved further downwards, and the outward flow is directed more
perpendicular towards the piston surface. By 14 CAD aSOImain, the
outward flow starts to form a clockwise vortex in the squish region.
They are predicted to be weaker in the SL piston with early injection
timing, and stronger when injection timing is retarded, as evident by
the larger recirculation zone. In the DSL piston, the space in the
squish region that is available in the SL piston at intermediate
injection timing is recovered by the added dimple at advanced
injection timing. This allows more of the spray and its momentum to
enter the squish region to form the clockwise recirculation zone.
These dimples have been predicted to promote vortex formation in a
small-bore diesel engine in a previous study [3].



SL Intermediate

DSL Baseline Early

8 CAD aSOlmain

17.7 CAD aTDCc

slower spray penetration, "
with stoichiometric w
isosurface furthest ¥
away from cylinder head

10 CAD aSOlmain

weaker
outwards flow

strong inward ﬂowhJ

stronger

outwards flow if

directed downwards ¥
towards piston surface

stronger inwards and
outwards flows compared
¥ toSL early injection ¥

12 CAD aSOlImain

outward flow is
directed towards
piston surface

14 CAD aSOlmain

19.7 CAD aTDCc

small recirculation
zone forms in squish
region

%

strong recirculation }r
zone forms in squish {
region

23.7 CAD aTDCc

a stronger X
recirculation zone Vr
forms in squish v
region ,',r

19.7 CAD aTDCc

D U el (M/5)
4 20
3 15
2 10
1 5
10 0

Figure 8. Equivalence ratio and in-plane velocity on a vertical cutting plane (through nozzle 6 axis). Black line is the stoichiometric isosurface.

Magenta-colored large vectors are added to show the recirculation zones. As can be seen, two recirculation zones form in the squish region: a

counter-clockwise vortex above the step near the cylinder head, and a clockwise vortex in the squish region. The squish-region clockwise vortex
appears stronger in the SL intermediate injection timing and DSL baseline early injection timing.

To understand the mechanisms of squish-region vortex formation, the
radial momentum equation is analyzed in detail. This is done by
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analyzing each term of the radial Navier-Stokes equation, normalized
by the local velocity:
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Figure 9 shows the radial acceleration on the vertical cutting plane at
10 CAD aSOImain, along with inserts of the radial pressure gradient
and the vertical convection terms showing their contributions to the
radial acceleration in the entrance to the squish region. Each term is
normalized by the local velocity magnitude and has units of 1/CAD.
The inward acceleration near the cylinder head, as indicated by the
blue region, is due to negative (adverse) pressure gradients around
the head of the spray. This area of adverse pressure gradient forms
due to increasing pressure in the radial direction near the cylinder
head surface as the spray enters and stagnates in the squish region, as
described in [3, 19]. A region of lower adverse pressure gradient is
found along the center of the spray. Near the piston surface, the
adverse pressure gradient increases again. Coinciding with the
adverse pressure gradient near the cylinder head is a region of strong
positive vertical convection of radial momentum towards the cylinder
head surface. Near the piston surface, the radial momentum is
transported downwards resulting in negative values of the vertical
convection term. The vertical convection term competes with the
radial pressure term, resulting in a positive outward acceleration at
the center of the spray, and negative, inward acceleration near the
piston and head surfaces.
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injection timing: there exists a larger gap between the two adverse
pressure gradient areas near the surfaces of the head and piston due to
the lower piston position. The location of the pressure gradient
inversion to positive values is located at the bowl rim regardless of
dimple depth. The area of positive vertical convection term is also
larger. This results in a larger area of stronger, positive radial
acceleration of the fuel spray into the squish region. The SL piston
with early injection timing shows a smaller gap between the two
adverse pressure gradients near the surfaces, and a smaller region of
positive vertical convection. This results in a less beneficial
alignment between the two terms, and a smaller region of positive
acceleration into the squish region. In contrast, the recovery of the
space in the squish region in the DSL piston at early injection timing
allows for a larger gap between the negative radial pressure gradients,
and the distribution of radial pressure gradient is more angled
following the curvature of the dimple. The area of positive vertical
convection term is also larger. This leads to a larger area of positive
radial acceleration compared to the SL piston, even at advanced
injection timing. At the piston surface, a small region of negative
radial acceleration exists, which indicates that fuel spray is being
driven inwards, providing the mechanism for the clockwise rotation
in the squish region. This negative radial acceleration term is larger in
the DSL bowl than in the SL piston at either injection timings due to
a more negative radial pressure gradient zone in near the dimple
surface. The spatial distribution of radial acceleration, radial pressure
gradient, and vertical convection of radial momentum is very similar
to results from a small-bore diesel engine, where the vertical
misalignment between positive vertical convection term and negative
radial pressure gradients better improves the outward acceleration of
the spray [3]. However, the entire front of the spray encounters a
highly negative pressure gradient zone, which causes a competing
inward acceleration at the front of the spray.
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Figure 9. Radial acceleration, radial pressure gradient, and vertical convection of radial momentum, normalized by local velocity, on a vertical cut-
plane at 10 CAD aSOImain, showing better misalignment between radial pressure gradient and vertical convection of radial momentum with the
DSL piston, leading to more radial acceleration towards the squish region in the DSL piston despite near-TDC injection timing. Blue colors indicate
inward acceleration towards the center of the combustion chamber, red colors indicate outward acceleration towards the liner.

In addition to the radial acceleration terms, the toroidal vorticity
(normal to the vertical plane) can be used to show how rotational
flow structures resulting from the fuel injection and spray-wall
interactions are formed. The normalized toroidal vorticity is
calculated using:

ou, Oouy) | ou, 0u,
(ay —w)sm@ — (G5~ F)coso

Wy = M

(15)

M is the engine speed in revolutions per CAD. Positive Wg is
associated with counter-clockwise rotation and negative Wg with
clockwise rotation.

Note that vorticity can exist without rotational flow as it is also
generated in shearing flow. Therefore, the existence of vorticity does
not necessarily indicate the existence of a vortex. To visualize vortex
cores, the Q-criteria can be used [42]. The Q-criterion is calculated
using:

1
0 =500 ~Is1?) >0

(16)

It defines a vortex as a region where the magnitude of the vorticity
tensor {2 dominates the magnitude of the strain rate tensor S. In this

study, a threshold of @ =5 X 106512 is used to visualize the vortices
generated by the spray-wall interactions. This threshold value was
chosen to best visualize the squish-region vortices and minimize
structures identified by the Q-criteria near the surfaces. Higher
threshold values cause such vortices to disappear. As such, this
vortex-identification method is sensitive to the chosen threshold
value and there is no consensus as to what threshold value to use
[43]. However, comparable values may be found in the literature for

the analysis of engine flows and range from 1 X 10° to 2 X 107512
[44, 45].
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Figure 10 shows a vertical cut-plane of the vorticity, with the black
outline indicating the location of the stoichiometric isosurface, and
the thicker grey outlines represent the extents of the toroidal vortices
as identified by the Q-criterion threshold. The blue colors indicate
negative, clockwise vorticity, and red colors indicate positive,
counter-clockwise vorticity. By using both the vorticity and Q-
criterion, it can be seen that as the spray impinges on the bowl rim at
6 CAD aSOImain, negative vorticity is generated in the resulting
boundary layer. The region of negative vorticity is larger in the
intermediate injection timing of the SL piston, as the fuel spray
impinges on a larger surface near the bowl rim. The vorticity is then
transported upwards and outwards into the squish region,
contributing to the formation of the clockwise vortex. This vortex is
just forming at 8 CAD aSOImain in the SL piston with early injection



timing, while it is larger as injection timing is retarded. In the DSL timing. This is likely due to the larger positive radial acceleration in

bowl, a similar-sized vortex as that of the SL intermediate injection the center of the fuel spray in the DSL bowl, transporting more of the
timing has also formed near the dimple surface. This vortex contains more negative vorticity into the squish region. The larger negative
negative vorticity of a larger magnitude compared to the vortices radial acceleration at the bottom of the spray helps to create a

found in the SL piston at either injection timing. At 10 CAD stronger recirculating flow region and therefore a stronger and larger
aSOImain, as the vortex develops further, it increases in size and is vortex.

largest in the DSL piston. At 12 CAD aSOImain, the vortex remains
larger in the DSL piston than in the SL piston at either injection
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Figure 10. Toroidal vorticity on vertical cut-plane. Black line is the stoichiometric isosurface. Grey, thicker outlines are the vortices identified by Q-
criteria with a threshold value of 5x10¢ 1/s%. Clockwise vortices with negative vorticity are found in the squish region. The formation of these
vortices is stronger in the DSL piston, despite earlier injection timings.

Sensitivity Study Results o 1 Zl ,_1 Z my((z; — Z)Ur; — (i — Te)Uz1)?
tT 2 LN T @i—22 + (ri—10)?

In order to quantify the vortex enhancement due to dimple geometry

variations, the toroidal rotational energy and size of the squish-region (17)

vortices are calculated. The rotational energy is defined as
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Here, subscript { represents each cell inside the Q-isosurface, I; is the
moment of inertia, ®; the angular velocity, M; the mass, Ur,; and Uz,
the velocity components in the radial and z-directions, 7; and Z; are
the radial and z position, and 7¢ and Z, the rotation center of the
vortex core, defined as the position with maximum Q value. The
CFD data is first filtered to remove cells located outside the vortices,
cells with positive vorticity, and cells not in the squish region (

Q< 5e6 1/52, wg >0 1/CAD, and 1; < 0.035 m), The rotational
energy is obtained over the filtered cells { on each azimuthal plane 6
from 1° to 360° in 1° increments. Finally, the total rotational energy
is summed over all azimuthal planes. In addition, the size of the
vortices is captured by the total volume of the filtered cells over all
azimuthal planes.

Figure 11 shows the total rotational energy and volume
of the squish-region vortices as a function of CAD of the
SL piston with early and intermediate injection timings,
and the DSL pistons in the sensitivity study with early
injection timing. The SL piston with early injection timing
has the lowest peak rotational energy and smallest total
volume overall. By retarding the injection timing, the
peak rotational energy increased slightly with larger
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total volume. This reflects what is seen in
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Figure 10: the squish-region vortex is larger for the SL
intermediate injection timing, and likely more energetic
due to it containing more negative vorticity compared to
the SL early injection timing. By using a DSL piston, even

larger peak rotational energy and larger-sized vortices
are produced despite the early injection timing. This was
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Figure 10, as the simulation predicts larger vortices with even more

with sharper dimple features, i.e. increased azimuthal order, increased

negative vorticity in the DSL baseline piston. The sensitivity study

radial steepness, and increased horizontal location of the dimples.

shows that to increase rotational energy, the DSL geometry should
have shallow dimple depths, but sharper geometric features, i.e. large
azimuthal order 0, increased radial steepness k, and larger radial
extent X¢ of the dimples.
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Guided by the sensitivity study, an improved DSL bowl is generated
which has the smallest dimple depth of 1 mm, the largest azimuthal
order of 3, the highest radial steepness of 4, and the largest horizontal
location of 6 mm. The improved DSL piston side and top profiles are
shown in Figure 12, alongside the SL piston and the baseline DSL
piston. The dimple in the improved bowl has a much flatter dimple
with steeper radial and azimuthal curvatures, resembling a double
stepped-lip piston [22, 23].
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Figure 12. Baseline and improved DSL piston side profile and top
view. The SL piston side profile is added as reference.

Figure 13 shows the radial acceleration, radial pressure gradient, and
vertical convection of radial momentum terms of the SL piston with
intermediate injection timing, and the baseline and improved DSL
baseline pistons with early injection timing. The area of positive
outward radial acceleration of the improved DSL bowl is larger
compared to the baseline DSL and the SL pistons, and connected to
the region of positive radial acceleration downstream of the head of
the spray. The shape of the dimples in the improved bowl helps to
reduce the adverse pressure gradient in the center of the spray. This
allows for more of the positive vertical convection term to contribute
to the positive radial acceleration term.
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Figure 13. Radial acceleration, radial pressure gradient, and vertical convection of radial momentum, normalized by local velocity, on a vertical cut-
plane at 10 CAD aSOImain. The DSL improved bowl has larger region of stronger, positive (outward) radial acceleration towards the squish region
compared to either the DSL baseline bowl with early injection timing, or the SL bowl with intermediate injection timing. Blue colors indicate inward
acceleration towards the center of the combustion chamber, red colors indicate outward acceleration towards the liner.

The toroidal vorticity is shown in

10 CAD aSOlmain

Baseline DSL Early

Figure 14, along with the stoichiometric isosurface whe(m?@ A D)

‘ﬂEdO@@LlcEa]ﬁyl by the Q-criteria in th

uis

utmﬁpfl@

15.7 CAD aTDCc

515_}’ Uutllllcb aL lU C['XJJ aouuuaul nb bllUWll, IJIC SU
vortex formed in the improved DSL piston is larger 4
i co L " svol

nd
rtic
ge
W

larger vortex containing large amount of
more negative vorticity is formed

15.7 CAD aTDCc

Page 18 of 25

e thicker,
edyon
\tains
which
sortices.
85

1S seen in

ces is also

befeline

-2.5

-5



10 CAD aSOImain

Baseline DSL Early

Improved DSL Early w, (1/CAD)

15.7 CAD aTDCc

5

2.5

larger vortex containing large amount of -2.5
more negative vorticity is formed

15.7 CAD aTDCc I
5
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criteria with a threshold value of 5x10¢ 1/s2. Much larger and more energetic squish-region vortex is predicted to form in the improved DSL piston at
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early injection timing.

Experimental Results

The heat-release rate vs MFB are shown in the top figure in Figure 16
for the SL and DSL pistons with near-TDC injection timing at 2.7
CAD aTDCec. For both pistons, the peak heat release occurs before
the crank angle where 50% of the heat is released (CAS50). The heat
release is enhanced by using the DSL piston at this injection timing.
The bottom figure shows the heat-release rate as a function of crank
angle after SOEmain (CA aSOEmain) for the near-TDC injection
timing. The heat release of the pilot injections is lower in the DSL
piston, while that of the main injection is higher than the SL piston.
The higher heat-release rate during the main injection supports the
CFD-predicted hypothesis that more energetic squish-region vortices
promote faster mixing-controlled heat release.

Figure 17 shows the burn duration CAsg.g9 of the SL and baseline
DSL pistons as a function of injection timing. With main injection
timings between 2.7 and 8.7 CAD aTDCec, the SL piston shows a
monotonic decrease in CAsg.go to a minimum of about 29.4 CAD,
with about the same burn duration for main injection timing at 10.7
CAD aTDCec. Retarding the injection timing further leads to an
increase in CAsq.go. In contrast, the CAsg_99 of the baseline DSL
piston decreases between injection timings of 2.7 to 6.7 CAD aTDCc
and are shorter than the CAs.9 of the SL piston. After 6.7 CAD
aTDCc, the CAsg.9 of the baseline DSL bowl increases. At near-TDC
injection timing of 2.7 CAD aTDCc, the CAsq.99 of the baseline DSL
piston is almost 4 CAD shorter than the SL piston due to faster
mixing-controlled heat release.
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Figure 16. Top: Heat-release rate vs MFB for the near-TDC
SOEmain of 2.7 CAD aTDCc showing faster mixing-controlled heat
release with the DSL piston compared to the SL piston. Bottom:
Heat-release rate vs CA aSOEmain for the near-TDC SOEmain of
2.7 CAD aTDCec.
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Figure 17. CAsp.90 VS SOE .. The scatter band represents +16 of the
more than 250 fired cycles, while each data point represents the
ensemble average of these cycles. T-tests reveal that these results are
statistically significant.

Thermal efficiency, normalized wall heat loss, and dCVC as a
function of main injection timing are shown in Figure 18. The
thermal efficiency gains and dCVC increases appear to be closely
correlated. This correlation was established in a previous study on the
engine performance using a conventional re-entrant bowl and a SL
bowl, where they found that thermal efficiency gains with the SL
piston were entirely attributed to higher dCVC values [4]. At near-
TDC injection timing of 2.7 CAD aTDCc, the DSL piston is able to
achieve a 1.4% relative gain in thermal efficiency compared to the SL
piston. As injection timing is retarded, thermal efficiencies decrease
with both piston geometries. After a main injection timing of 8.7
CAD aTDCec, the thermal efficiency gains with the DSL piston are
lost. The dCVC is larger at the near-TDC injection timing for the
DSL piston, but as injection timing is retarded, the dCVC of the DSL
piston decreases below the values of the SL piston. At 2.7 CAD
aTDCc injection timing, the calculated wall heat loss is about 2.3%
smaller with the DSL piston, which is consistent with the 2.4%
reduction in piston surface area. As injection timing is retarded, the
wall heat loss decreases in both pistons, with lower heat loss
persisting with the DSL piston. At 12.7 CAD aTDCc injection
timing, however, the wall heat loss in the DSL piston increased by
0.3%.
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Figure 18. Thermal efficiency and degree of constant volume
combustion s function of main injection timing. At near-TDC
injection timing, the DSL piston has a 1.4% relative thermal
efficiency gain compared to the SL piston, and higher degree of
constant volume combustion.

Smoke and NOx emissions are shown in Figure 19 for operation with
the DSL and the SL pistons. At the earliest, most efficient injection
timing, the engine produces 69% more smoke with the DSL piston
than with the baseline SL piston. As injection timing is retarded, both
pistons result in decreasing smoke emissions. At the latest injection
timing of 12.7 CAD aTDCec, the smoke emissions increased again for
the DSL piston. NOx emissions are largely unaffected by piston
geometry until the latest injection timing of 12.7 CAD aTDCc, where
NOx is reduced with the DSL piston. These increased soot emissions
observed with the DSL piston are a repeatable finding that is contrary
to the hypothesis that stronger vortices will improve air utilization
and reduce soot emissions. The reasons for this observation are not
yet understood, but one possibility is the change in fuel splitting that
the DSL piston creates: more fuel will be directed upward in the
squish region of the DSL combustion chamber than of the SL
combustion chamber. There may be a limit to the amount of fuel that
can be fully oxidized in that region. Future studies will include the
improved DSL piston design shown in Error! Reference source not
found., as well as variations of spray targeting to investigate the
effects of changing fuel splitting. In addition, combustion CFD
simulations will be performed to study where soot is being formed in
the combustion chamber.
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Figure 19. Smoke and NOx emission as function of main injection
timing. At near-TDC injection timing, smoke emissions with the DSL
piston is increased by 69% compared to the SL piston, while NOX
emissions is unaffected.

Conclusions

This study features CFD simulations and experimental studies to
compare the performance of two piston bowl designs in a medium-
duty research engine. The production stepped-lip piston is compared
against a dimpled stepped-lip piston. The simulations show that:

1. Spray-wall interactions in the step region result in strong
adverse pressure gradients near the cylinder head and
piston surface. The misalignment of these regions with the
spray’s outward momentum enable spray penetration into
the squish region. By advancing injection timing towards
TDC, the space in the squish region is decreased, bringing
these regions of adverse pressure gradients closer to one
another and acting to impede penetration into the squish
region.

2. Introducing dimples with the dimpled stepped-lip piston
design helps restore the separation between the regions of
strong adverse pressure gradients, allowing for stronger
outward radial acceleration at the near-TDC injection
timing.

3. The adverse pressure gradient near the piston surface is
stronger with the dimpled stepped-lip bowl than with the
conventional stepped-lip piston, leading to stronger inward
acceleration at the bottom of the spray. This combined with
the stronger outward acceleration along the center of the

spray leads to a stronger clockwise recirculating flow in the
squish region of the DSL piston. This helps to produce
larger, more rotationally energetic clockwise vortices in the
squish region in the DSL piston than those produced in the
SL piston at near-TDC injection timing.

4.  Clockwise, negative vorticity is generated in the shear layer
when the spray impinges on the bowl rim and is convected
into the squish region. The magnitude of this vorticity is



larger in the DSL piston and is associated with stronger
clockwise vortices.

5. A sensitivity study shows that to produce stronger and
larger vortices at near-TDC injection timing, DSL pistons
should be designed with shallower dimples, steeper
curvatures, and located further into the squish region. Such
an improved DSL bowl is predicted to improve rotational
energy by 44%, with 27% larger total volume of the squish-
region vortices compared to the baseline DSL bowl.

A piston has been produced with the baseline DSL bowl and used in
single-cylinder engine experiments. Initial experiments at a part-load
operating point demonstrate that:

1. The baseline DSL piston results in thermal efficiency gains
of 1.4% relative to the efficiency achieved with the baseline
SL piston, with a higher degree of constant volume
combustion and faster mixing-controlled heat release.

2. The DSL bowl results in soot emissions that are increased
by 69% at the near-TDC injection timing, but with little
change in NOx emissions. Future experiments and
simulations will provide further insight into the effects of
DSL geometry and spray targeting on this observation.
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Nomenclature
aSOEmain After start of energizing of the
main injection
aTDCec After top-dead center
compression
CAD Crank angle degrees
CAS0 Crank angle where 50% of heat

is released
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Computational fluid dynamics
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combustion
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Engine Combustion Network
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Smoke emissions index
Exhaust valve opening

Net indicated mean effective
pressure
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Revolutions per minute
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Start of energizing
Start of injection
Top-dead center
Dimple depth

Offset distance

Radial steepness
Azimuthal order

Horizontal location of midway
point of the dimple sigmoid
curve

Number of injector holes

Stepped-lip piston vertical profile

Dimple stepped-lip piston
vertical profile

Integrated heat release
Wall heat transfer
Lower heating value

Indicated boundary work over
entire cycle

Ratio of specific heats
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Cylinder pressure
Cylinder volume
Crank angle degree

Combustion chamber surface
area

Corrective heat transfer
coefficient

Woschni tuning parameter
Motored velocity scale factor

Combustion-induced velocity
scale factor

Bulk gas temperature
Wall temperature

Engine speed in revolutions per
second

Engine speed in revolutions per
CAD

Bore

Stroke

Motored pressure trace
Mean piston speed
Swirl ratio
Combustion efficiency
Thermal efficiency
Otto cycle efficiency
Exhaust mass flow rate
Measured fuel mass per cycle
Fuel mass flow rate
Mass fraction
Compression ratio
Cylinder volume

Displacement volume

Ve Clearance volume

Lo Equivalence ratio

u Velocity vector

Uy, Uy, U, Cartesian velocity components

U, Ug, U, Radial, tangential, and vertical
velocity components

XY,z Cartesian position

r 0,z Radial, tangential, and vertical
position

p Density

/] Pressure

u Dynamic viscosity

Tij Reynolds stress

t Time

we Toroidal vorticity

Q Q-criterion

Q Vorticity tensor

M Strain rate tensor

E ot Rotational energy

m; Cell mass

e Ze Rotation center of vortex core

w; Angular velocity of cell

I; Moment of inertia of cell
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