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Abstract. Sustainable transportation solutions for the future would require
advanced powertrains which can meet the goals of emission and fuel con-
sumption reduction. One option could be high-efficiency spark ignition (SI) in-
ternal combustion engines using conventional or renewable fuels. Such SI
engines in the future may operate under lean conditions at which the air is in
excess with respect to the fuel. Typically, ignition and complete combustion of
such a lean mixture of air and fuel is a challenge owing to the reduced charge
reactivity. One solution is to enhance the in-cylinder charge motion to increase
the flame velocity. However, this charge motion can affect the initial spark
breakdown and the consequent flame kernel development. Therefore, in order to
estimate the flow field around the spark plug, a simulation study is undertaken.
The simulations are performed using ConvergeTM three-dimensional simulation
suite (version 2.3). ANSYS EnSight (version 10.1) is used for post-processing
of the simulation data. Two types of flow fields are simulated. The first flow field
simulates a cross-flow of air across the electrode gap of a conventional J-type
spark plug under ambient pressure. The flow upstream of the plug is laminar,
and the flow velocity is varied. This part of the study is used to determine the
effect of the spark plug geometry on the flow. The second condition simulates
the in-cylinder flow field of a two-valve, single-cylinder engine. The intake air
flow rate is the main variable. The numerical estimation of the flow velocity and
the turbulence around the spark gap are correlated with the experimental results.
Preliminary results indicate that the spark plug can generate turbulence in its
wake under steady flow conditions and the vorticity magnitudes can be corre-
lated to the electrical parameters. In the engine, the flow field in and near the
spark gap may not correlate with the bulk air motion.

1 Introduction

The quest for sustainable transportation solutions has prompted research and devel-
opment into advanced powertrains that can meet or exceed standards for emissions and
fuel efficiency. Such advanced powertrains may continue to use spark ignition
(SI) internal combustion engines with conventional or low-carbon footprint alternative
fuels [1–3]. Since gasoline-fueled SI engines dominate the international passenger
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vehicle market, improvements in efficiency can make a significant impact on energy
security and environment [4]. Lean and diluted combustion have been proposed as two
effective methods for increasing the efficiency of SI engines and decreasing the engine-
out emissions [5, 6]. Conventional SI engines typically operate under stoichiometric
conditions with all the intake air being utilized for complete combustion of the fuel. For
lean combustion, intake air supply is more than what is required for complete com-
bustion of the fuel. For diluted combustion, the fresh intake air is mixed with the
recirculated exhaust gas (process referred to as exhaust gas recirculation (EGR)) before
this mixture is introduced into the cylinder. In addition to reducing nitrogen oxides
(NOx) emissions due to lower flame temperature, EGR also has a positive impact on
fuel consumption due to reduced throttling losses [7–10]. However, operating the SI
engine under lean conditions or with EGR dilution reduces the reactivity of the fuel–air
mixture which could lead to poor ignitability. This in turn would limit the level of
dilution due to the onset of misfire [5]. Another adverse consequence of lean or diluted
combustion is the lower flame speed [11]. The lower flame speed could reduce the fuel
efficiency due to incomplete combustion of the fuel–air mixture.

One of the strategies to counter these effects and accelerate the flame velocity is to
increase turbulence inside the cylinder by enhancing the motion of the fuel–air mixture.
It has been established through experimental and numerical studies that the fluid flow
characteristics of the in-cylinder mixture affect the combustion process at a funda-
mental level [12]. Faster flame speed in an SI engine can help in boosting the thermal
efficiency and reducing the NOx emissions by extending the stable lean burn limit, thus
making very diluted fuel–air mixtures viable for engine operation [13]. However, this
increased in-cylinder turbulence can have adverse effects on the initial spark break-
down and the subsequent flame kernel development process. Excess turbulence can
also lead to extinguishment of the flame. Instability in the early stages of combustion
can significantly contribute toward cyclic variations in the engine operation [14–16].
Studies have shown that the plasma channel in the spark gap tends to stretch and follow
the flow field [17, 18]. While this stretch helps in increasing the total surface area of the
spark plasma, the energy density of the spark channel can diminish to a large extent,
depending on the flow velocity. Consequently, the air–fuel mixture can either fail to
ignite entirely or the initial flame kernel can form and then later be extinguished due to
the inability to sustain the combustion [17]. In order to mitigate the negative effects of
turbulence on the formation and sustainability of the spark channel, it is imperative to
understand the flow field around the spark plug during ignition timing. Eventually, this
flow field may be controlled to optimize the combustion event.

There has been a substantial amount of research on the effects of air motion on the
spark ignition using constant volume combustion chambers as well as research engine
platforms [16–22]. Sayama et al. studied the spark ignition and early flame develop-
ment at lean air–fuel ratios of 20–30 under high-velocity flow conditions of *65 m/s
at the spark gap in a swirl chamber. The authors found that the spark channels stretched
downstream of the spark plug to follow the flow field and frequent restrikes or short
circuits were apparent [17]. The findings also demonstrated that the degree of dilution
had a significant effect on flame development and sustainability following the initial
spark event. Aleiferis et al. used a single-cylinder optical research engine with a pent-
roof combustion chamber and variable valve actuation to study the effect of flow
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characteristics and spark plug orientation on early flame kernel development and cyclic
variations [18]. Direct imaging demonstrated the effect of orientation of spark plug with
respect to the flow on the spark channel stretch and the subsequent cyclic variations in
the flame development. Additionally, they observed that the flame kernel shape was
never spherical and the aspect ratio indicated the dominant effect of large-scale tur-
bulence features. Johansson investigated the effect of several important parameters
including flow field, gas composition, and temperature on the early combustion [16].
He concluded that substantial amount of fluctuations during early combustion at high
engine load conditions can be attributed to the flow field turbulence and the mixture
composition near the spark plug.

Arcoumanis and Bae studied ignition of propane–air mixtures using laser Doppler
velocimetry (LDV) and shadowgraphy in a constant volume combustion vessel [19].
They reported that the orientation of spark plug with respect to the mean flow had
greater effect at higher velocity as compared to low-velocity cases. Plug orientation
with ground electrode downstream of the flow had the highest flame velocity, whereas
the upstream ground electrode configuration dampened the effect of turbulence and
slowed down the flame speed possibly due to shrouding of the flow by the ground
electrode. Ballal and Lefebvre investigated the effect of air flow on electrical param-
eters of spark ignition in a specially designed wind tunnel at different pressures and
velocities of up to 100 m/s [20]. Their findings demonstrated that spark duration
decreased with increase in velocity, whereas the minimum energy required for suc-
cessful ignition showed an increasing trend. Yu et al. studied spark discharge affected
by directed flow on the spark gap in a constant volume combustion chamber through
optical diagnosis and measurement of electrical parameters [21]. The authors observed
the stretch of the spark plasma channel underflow with continuous breakage and re-
establishment of the channel (termed as restrike process). The frequency of this restrike
process increased with increase inflow velocity, thereby highlighting the difficulty in
maintaining the spark plasma channel under high flow conditions.

Based on the authors’ search, the flow conditions around the spark plug at the time
of ignition have a profound effect on the spark discharge and the subsequent formation
of the spark flame kernel. Given the difficulty in the ignition of lean or diluted fuel–air
mixtures, the importance of the flow structure is of greater significance. Therefore, in
the present research, the authors have undertaken a simulation study to estimate the
flow field in the vicinity of the spark plug during the spark event. This study is divided
into two parts. The first part of the study simulates a simplified condition in which a
steady and uniform cross-flow of air is directed across the electrode gap of a con-
ventional J-type spark plug under ambient conditions. The objective is to determine the
effect of the spark plug geometry on the flow field around the spark plug. The second
part of the study simulates the in-cylinder flow field of a two-valve, single-cylinder
engine during the spark timing window. The simulations are performed using Con-
vergeTM three-dimensional simulation suite (version 2.3). ANSYS EnSight (version
10.1) is used for post-processing of the simulation data. The flow field is quantified
around the spark plug, especially the spark gap, under different throttle openings and
engine speeds. The broader objective of this study is to provide the engine operating
conditions which could be favorable to initiate the spark discharge.
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This paper is organized as follows. The methodology including the engine research
platform which is used to validate the in-cylinder flow field model and the details of the
CFD simulation parameters are described in the following section. The simulation
validation results are presented in the subsequent section followed by the results for the
steady cross-flow and the in-cylinder flow field. The final section describes the sum-
mary and main conclusions of this research.

2 Research Methodology

2.1 Engine Research Platform

The test engine used in this study was a Yanmar NFD-170, a two-valve single-cylinder
stationary diesel engine, which was heavily modified and instrumented for spark
ignition research. This included reducing the compression ratio of the diesel engine to
9.2:1 by modifying the piston bowl. The specifications of the engine are summarized in
Table 1. The engine was connected to a General Electric® 26G215 direct current
(DC) dynamometer. Intake pressure was controlled through an electronic pressure
regulator. The intake air flow rate was measured using a ROOTS volumetric flow
meter. The spark plug used for ignition was a conventional J-type resistive spark plug
with 14 mm metric thread. In-cylinder pressure was recorded using Kistler piezo-
electric pressure transducer and was synchronized with the crank position using a
crankshaft rotary encoder and camshaft sensor. National Instruments-Data Acquisition
(NI-DAQ) card along with the LabVIEW 2010 software package was used to record
the pressure data at 0.1-crank angle degree (°CA) resolution. This engine research
platform is instrumented for detailed emission measurement. For this study, the engine
research platform was only used to determine the motoring pressure traces (no com-
bustion) for validation of the simulated gas exchange process.

2.2 CFD Simulation

Two types of flow field were simulated using Converge™ three-dimensional simulation
suite. For the first case, a steady and uniform cross-flow of air across the spark gap was

Table 1. Engine specifications

Engine Yanmar NFD-170

Engine type 4-stroke spark ignited
Bore (mm) 102
Stroke (mm) 105
Displacement (cm3) 858
Connecting rod length (mm) 165
Compression ratio 9.2:1
Intake valve closing (BTDCa) 135°
Intake valve open interval (CAb) 229°
aBefore Top Dead Center
bCrank Angle
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simulated at different flow velocities to investigate the effect of spark plug geometry on
the flow field (Fig. 1). A steady-state density-based solver was used. The spark plug
was placed in a large volume to ensure that the flow is fully developed before it reaches
the spark gap. For the cross-flow case, a constant inlet velocity boundary condition was
used. Wall temperature and initial pressure were 298°K and 1 bar, respectively. The
base grid size was 4 mm with the fourth level of grid refinement near the spark plug,
reducing the grid size in the vicinity of the spark plug to 0.25 mm. The Renormalized
Group (RNG) k-e turbulence model was used to model the turbulence.

Second case was the engine motoring simulation at different intake mass flow rates
and engine speeds. A transient density-based solver was utilized along with the RNG k-
e turbulence model. Since the intake port geometry has a significant influence on the in-
cylinder flow [13], the intake port geometry was modeled with high accuracy. To this
end, a flexible foam mold cast of the intake port was made and laser scanned. The
geometry input for the engine motoring cases is shown in Fig. 2.

The simulation time period extended from 360° BTDC to 100° after TDC.
Selective grid refinement was performed to get a balance between computational
accuracy and simulation time. Base grid size of 4 mm was used for the model. Third-
level grid refinement was performed at the intake valve region during the intake valve
event and in the vicinity of the spark plug in the spark discharge window of 100°
BTDC to −30° BTDC. Additionally, adaptive mesh refinement (AMR) using velocity
was activated in the cylinder region. For the engine motoring case, the intake manifold
pressure measurement at 0.1° crank angle resolution was used as a boundary condition
for the intake port inflow boundary. The intake and exhaust valve lift profiles were
determined experimentally from the test engine and were used as input for the intake
and exhaust valve moving boundaries. The wall temperature was 353 K for the
boundaries in contact with the in-cylinder gas in accordance with the coolant tem-
perature of the test engine setup. The boundary conditions are listed in Table 2. To
account for the crevice volume effect, the effective compression ratio was adjusted to
8.7 for all flow conditions. ANSYS EnSight 10.1 was used to post-process the simu-
lation results data and visualize the flow. The next section describes the validation
results.

Fig. 1. Spark plug model for cross-flow case
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3 Validation of Engine Motoring Simulation Gas Exchange
Process

The first step in simulating the in-cylinder flow field is to accurately model the gas
exchange process. An accurate modeling of the gas exchange process should provide
similar profile between the experimental motoring pressure trace and the simulation
pressure trace. This comparison is presented in Fig. 3. The experimental and simulated
motoring pressures are well correlated for all mass air flow rates.

The mass air flow rates (MAF) of up to 4.8 g/s are achieved under normally
aspirated conditions with gradual opening of the throttle. Thereafter, the throttle
position is kept constant, and the boost pressure is increased gradually to increase the
MAF to 15.1 g/s. Table 3 summarizes the validation conditions and lists the error

Fig. 2. Geometric model for Engine motoring

Table 2. Engine model boundary conditions

Boundary Boundary condition

Intake/exhaust port No-slip stationary wall
Cylinder head No-slip stationary wall
Inflow Manifold pressure
Outflow Zero-gradient pressure
Intake/exhaust valves No-slip moving wall
Spark plug No-slip stationary wall
Cylinder No-slip stationary wall
Piston No-slip moving wall

Table 3. Validation conditions and errors

MAF [g/s] pint [kPa gauge] Dpmax_err [%] MAF [g/s] pint [kPa gauge] Dpmax_err

3.05 0 −0.02 7.40 40 1.30%
4.20 0 −0.29 10.00 80 1.78%
4.80 0 −0.24 15.10 95 0.49%
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between the experimental and simulated maximum pressure (denoted by Dpmax_err),
calculated using Eq. (1) (expressed as percentage). All errors were below 2%.

Dpmax err ¼ pmax exp � pmax sim
� �

=pmax exp ð1Þ

where pmax_exp and pmax_sim refer to the experimental and simulated maximum in-
cylinder pressures, respectively.
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4 Results and Discussion

This section is divided into two subsections. The first subsection describes the results of
the cross-flow simulation. The second subsection describes the results of the engine
motoring simulation.

4.1 Steady and Uniform Cross-Flow Simulation

The steady cross-flow simulation is performed at inflow velocities of 10, 20, 40, and
100 m/s. The flow conditions in the spark gap are expected to affect the initial
breakdown and spark kernel formation. Therefore, the average values of turbulent
velocity and turbulence intensity are calculated in the spark gap over a cylindrical
volume which is 0.9 mm in diameter and 0.77 mm in height bringing the total volume
to approximately 0.5 mm3.

Figure 4 shows the turbulent velocity and the turbulence intensity in the
gap. Turbulent velocity “u0” is defined as the root mean square value of the fluctuating
velocity components. Mathematically, it is calculated from the turbulent kinetic energy
using expression given by Eq. (2) [23].

u0 ¼
ffiffiffiffiffiffi
2
3
k

r
ð2Þ

where “k” represents the turbulent kinetic energy of the flow. Turbulence intensity “I”
is the ratio of turbulent velocity to the mean flow velocity magnitude “U” and is given
by Eq. (3).

I ¼ u0

U
ð3Þ

Figure 4 shows the results of spark test under steady cross-flow of air on the spark
gap. The maximum values are also shown for each inflow condition (square markers) to
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highlight the variation in the measurement volume. The turbulent velocity (calculated
from the root mean square of the fluctuating velocity) increases with increasing inflow
velocity. The spark plug electrodes act like bluff bodies in the flow, generating tur-
bulence in their wake. The variation in turbulent velocity in the spark gap is limited at
low inflow velocities but this variation increases at the highest inflow velocity of
100 m/s. However, given the small dimensions of the electrodes and the gap itself, the
turbulent velocity does not increase at the same rate as the mean stream velocity when
the inflow velocity increases. Therefore, the turbulence intensity shows a decreasing
trend with increasing inflow velocity.

At no flow condition, after the spark breakdown, a steady arc can be maintained
between the two electrodes [21]. However, with increase in the cross-flow velocity, the
arc stretches until it breaks and must be re-established, which leads to the oscillations in
the current signal as shown in Fig. 5, left. The frequency of the re-establishment of this
plasma channel is termed as the restrike frequency. The restrike frequency increases
with increase in the cross-flow velocity as shown in Fig. 5 right. Figure 6 shows the
simulation results for the turbulent velocity (left) and the vorticity (right) in the form of
contour plots at three different cross-flow velocities of 10, 40, and 100 m/s. The
turbulent velocity predicted downstream of the spark plug is probably due to the bluff
body effect. The center of the spark gap typically has no turbulence, but the turbulence
around the electrodes may affect the plasma channel. The recirculation zone down-
stream of the gap increases in area with increasing cross-flow velocity. Again, the range
of turbulent velocity also increases with increasing cross-flow velocity which causes
the increase in the turbulent velocity in the gap (Fig. 4). The vector quantity of vorticity
can be physically interpreted as the number of rotations of the eddies per unit time.
Mathematically, vorticity represents the curl of the velocity vector. The tensor form of
vorticity calculations is given by Eq. (4) [23].
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where ui, uj, and uk are the x, y, and z components of the velocity, respectively.
As illustrated in the contour plots, the vorticity increases with increasing cross-flow

velocity. Vorticity and restrike frequency follow a similar increasing trend with
increasing the cross-flow velocity. At 10 m/s and 40 m/s cross-flow velocities, the
vorticities are in the range of 6000–12000 s−1 and 24000–36000 s−1, which seems to
correlate with the restrike frequencies of the spark discharge (Fig. 5) at these cross-flow
velocities (5000 s−1 and 24000 s−1, respectively). The cross-flow simulation study
gives an estimation of the influence of the spark plug geometry in generating turbu-
lence in its wake.

10 m/s

40 m/s

100 m/s

Fig. 6. Steady cross-flow at 10, 40, 100 m/s – turbulent velocity (left) and vorticity (right)

Preliminary Simulation Study of Flow Field Around a Spark Plug 43



4.2 Engine Motoring Simulation

In this subsection, the results for simulation of one gas exchange cycle of the engine are
described. A cycle is described from 0 to 720 °CA with the compression TDC at 360 °
CA. Increasing the mass air flow (MAF) of the engine while maintaining the same fuel
injection quantity would make the fuel–air mixture leaner. Two types of methods to
increase the MAF into the engine are studied—increasing the throttle opening and
increasing intake pressure at a constant throttle opening. The typical spark timing
window of 300 to 360 °CA is investigated.

Since the focus of this research is the flow field around the spark plug, two planes
are selected for analysis which pass through the electrode gap denoted by the cross-
flow plane and the J-plane (illustrated in Fig. 7). Similar to the steady cross-flow
analysis, the average of the magnitudes of velocity and root mean square velocity, and
the turbulence intensity are calculated in the spark gap over a cylindrical volume which
is 0.9 mm in diameter and 0.77 mm in height bringing the total volume to approxi-
mately 0.5 mm3. This gap averaging volume is highlighted in Fig. 7. Similar to the
validation conditions, the engine speed and intake temperature are constant.

4.2.1 Increasing Throttle Opening
During the engine test, the throttle is opened gradually to increase the MAF from 3.05
to 4.8 g/s under normally aspirated intake condition. The corresponding manifold
pressure profiles are used as the boundary conditions for the inflow boundary in the
simulations. In this MAF range, there is no significant difference in the calculated
magnitude of the flow velocity in the spark gap (Fig. 8, left). The overall flow velocity
magnitude is highest between 310 to 320 °CA and shows a decreasing trend as the
piston approaches TDC.

The turbulence intensity increases since the gap velocity magnitude decreases
(plotted with round markers in Fig. 8, right) but the turbulent velocity magnitude
remains in the range of *1 m/s. The turbulent kinetic energy (TKE) decreases since it
is a function of the gap velocity (plotted with square markers in Fig. 8, right). Again,
the two MAF levels show similar results. Figure 9 shows plots of the maximum
velocity magnitudes on each of the analyses planes in the gap. The maximum velocity

Cross-flow 
Plane view 
direction

J-Plane 
view 
direction

Gap Averaging 
Volume

Fig. 7. Result analysis planes and gap averaging volume
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in the cross-flow plane is estimated to be between 315 and 330 °CA, and the trends of
velocity are similar at the three MAF levels. The velocity in the J-plane reaches a
minimum magnitude between 325 and 335 °CA. The velocities in the J-plane for the
4.2 and 4.8 g/s MAF cases are similar, but the velocity is highest in the 3.05 g/s case.

In order to interpret these results, a detailed study of the flow field in the vicinity of
the spark plug is required. The velocity and the vorticity contours are shown in Figs. 10
and 11, respectively, in the cross-flow plane over the 310–360 °CA range for the
4.8 g/s MAF case. The velocity vectors are also shown in Fig. 10. Between 310 and
340 °CA, the flow in the gap is directed from −X to +X direction (coordinate system in
Fig. 7). Thereafter, the flow direction begins to switch which can explain the local
minima in the maximum cross-flow velocity magnitude in the gap (Fig. 9, left). The
flow field in the cylinder is affected by both the geometry of the intake port and the
geometry of the combustion chamber. As the piston reaches TDC toward the end of the
compression stroke, the squish effect can cause a change in the global air motion in the
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cylinder which in turn can cause the switch in the flow direction through the gap. There
is a recirculation zone formed downstream of the ground electrode which is most
evident at 330 °CA. The vorticity magnitude in this zone and in the gap is in the range
of 6000–8000 s−1, which is similar to the steady cross-flow vorticity results for *8–
10 m/s cross-flow velocity (Fig. 11). The vorticity decreases as the piston approaches
TDC. This would imply that some of the best conditions for sustaining the arc would be
closer to the TDC after 340 °CA. However, in the case of lean combustion, the spark
timing typically has to be advanced to provide sufficient time for the combustion to
complete. Therefore, it may be required to initiate and sustain ignition under high flow
conditions.

Figure 12 shows the velocity and vorticity contours in the J-plane for the 4.8 g/s
MAF case. Analogous to the cross-flow plane, the bulk flow direction changes from
outward of the ground electrode to heading toward the ground electrode at 350 °CA.
Again, this indicates a switch in the bulk in-cylinder gas motion. There are two
recirculation zones in the −Y and the +Y direction (global coordinates in Fig. 7) on
both sides of the central electrode with vorticities in the range of 6000–8000 s−1. The
vorticity decreases as the piston moves closer to TDC. The ground electrode may play a
crucial role in the spark kernel formation. It could shield the gap from flow effects
during the initial stage of the spark discharge, and later may hinder the flame propa-
gation as the flame kernel ignites the remainder of the fuel–air mixture. Under this
particular operating condition and for this engine geometry and spark plug orientation,
it would seem more beneficial for the flow to assist the flame in propagating away from

320 CA 330 CA310 º º º

ººº
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Fig. 10. Velocity contours with vector arrows in the cross-flow plane for MAF of 4.8 g/s
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the ground electrode and into the combustion chamber which may not occur at late
spark timings.

4.2.2 Increasing Intake Pressure
The next set of results simulates the engine operating conditions at which the throttle
opening is held constant, and the intake pressure is increased to increase the MAF from
7.4 g/s to 15.1 g/s. Again, the manifold pressure profile is used as the pressure
boundary condition for the inflow boundary. Figure 13, left shows the magnitude of the
gap velocity for the 7.4 and 15.1 g/s MAF cases. The trends differ significantly with
piston movement. With increasing intake pressure, the gap velocity decreases. The
maximum gap velocity in the analysis planes is given in the appendix.

The turbulent intensity and the turbulent kinetic energy are inversely and directly
correlated to the gap velocity, respectively (Fig. 13, right). Beyond 330 °CA, the
turbulent kinetic energies for 7.4 and 15.1 MAF cases are similar. The increase in
intake pressure is expected to enhance the flow in the cylinder due to a higher pressure
differential. However, it may not necessarily increase the flow velocity in the spark
gap. In fact, increase in intake pressure and consequent increase in the MAF increase
the overall in-cylinder swirl ratio and tumble ratio (shown in Fig. 14). The 3.05 g/s
MAF case is also shown for reference. Due to the orientation of the spark plug (Fig. 7),
the gap velocity is affected primarily by the swirl motion and the tumble across Y-axis.
Flow is shielded by the ground electrode in the X-axis tumble plane. Swirl ratio during
the suction stroke increases with an increase in intake MAF, but this swirl motion is not
sustained through the compression stroke and the trend is inverted near the spark

320 ºCA 330 ºCA310 ºCA

350 ºCA 360 ºCA340 ºCA

Fig. 11. Vorticity contours in the cross-flow plane for MAF of 4.8 g/s
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timing window. MAF seems to have negligible effect on the tumble around Y-axis near
the spark timing window. This reduction in intensity of swirl motion near the spark
window can contribute toward reduced flow velocity magnitude in spark gap. Addi-
tionally, a reversal in cross-flow direction can be observed near TDC (shown in
Fig. 15), which may be a consequence of the change in overall in-cylinder flow field.
This implies that the flow in the spark gap can reduce even when the bulk gas velocity
is boosted.
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Fig. 12. Velocity and vorticity contours in the J- plane for MAF of 4.8 g/s
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Engine Speed: 1300 rpm Tint: 298 K
pint: 1.4/1.95 bar abs Throttle: Constant
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Figure 15 illustrates a comparison of the velocity contours at the two MAF cases
along with the velocity vectors in the cross-flow plane. The flow field around the spark
plug on the cross-flow plane is distinct for each case. For the 7.4 g/s case, the flow
direction changes beyond 330 °CA possibly due to the change in the flow direction of
the bulk gas. The swirl ratio also changes sign at the same crank position (Fig. 14) for
the 7.4 g/s case. Moreover, there is the formation of a recirculation zone downstream of
the ground electrode. Highest vorticity magnitude in the gap is calculated at 310 °CA.
The vorticity in this case is again in the range of 6000–8000 s−1 and reduces subse-
quently as the turbulence decays.

The peak velocity of *10 m/s is determined at 310 °CA and reduces as the piston
moves toward the TDC (Fig. 15). For the 15.1 g/s case, the flow field is much more
dynamic. However, the gas flow velocity in the gap never exceeds 5 m/s in the 300 to
360 °CA range. Higher velocity regions (>12 m/s) can be seen near the spark plug
which indicates that the bulk gas velocity may be higher than the gap flow velocity.
Various recirculation zones are also predicted near the electrodes with vorticity in most
of the regions in the range of 6000–8000 s−1 (Fig. 16). Maximum vorticity around the
gap can reach 8000–10000 s−1. Vorticity reduces as TDC is approached. For this
particular engine configuration and operating conditions, with increasing pressure, the
flow velocity in the spark gap reduces.

In the J-plane, the vorticity of the recirculation zones around the electrodes is higher
for the 15.1 g/s case compared to the 7.4 g/s case (Fig. 17). The vorticity magnitude in
the gap on the J-plane for the 15.1 g/s case is lower than the 7.4 g/s case and is in
accordance with the reduced flow strength in the spark gap with increasing pressure.
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Fig. 16. Vorticity contours in the cross-flow plane for MAF of 7.4 and 15.1 g/s
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Detailed empirical studies of the in-cylinder flow field are required to validate the
simulation results. Such studies typically require engines with optical access. An
indirect method could be analysis of the spark current profile since a relationship
between the empirical spark restrike frequency and the simulated vorticity is observed
in this study.

5 Summary

The authors performed CFD analysis of the flow fields around a spark plug under
steady and uniform flow, and under engine motoring conditions. Motoring simulations
were performed with increasing MAF. Two methods to increase the intake MAF were
studied—opening throttle and increasing intake pressure. These simulations utilized the
empirical intake manifold pressure profile as the inflow boundary condition. The
engine motoring simulation cases were validated with engine pressure data to ensure
that the gas exchange process was accurately modeled. The main conclusions of this
CFD study are as follows:

• Under steady and uniform cross-flow, the spark plug acts like a bluff body, and
turbulence is generated in the wake of the plug.
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Fig. 17. Vorticity contours in the J-plane for MAF of 7.4 and 15.1 g/s
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• The vorticity of the eddies which are created in the wake of the spark plug cross-
flow is of the same order as the frequencies of the arc restrike in empirical study of
the spark discharge with cross-flow.

• There are no significant differences in the flow profiles with increasing throttle
opening over the MAF range studied. The gap velocity and turbulent kinetic energy
decrease as the piston approaches TDC. The gap velocity direction is also switched
near TDC. Different recirculation zones are identified with vorticity magnitudes
similar to the steady cross-flow cases.

• When the intake pressure is increased to increase the MAF, there are major dif-
ferences in the flow field between different MAF cases. The gap velocity decreases
with increasing MAF. The bulk gas flow velocity increases with increasing MAF
but it may not increase the flow speed in the spark gap.

• The gap velocity and the turbulent kinetic energy in the gap decrease as the piston
approaches TDC.

• The vorticity of the flow field around the spark gap is higher for the highest pressure
case in comparison to the lowest pressure case.
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Nomenclature

AMR Adaptive Mesh Refinement
BTDC Before Top Dead Center
CFD Computational Fluid Dynamics
DC Direct Current
EGR Exhaust Gas Recirculation
IC Internal Combustion
k Turbulent kinetic energy
MAF Mass Air Flow
NOx Nitrogen Oxides
RNG Renormalized Group
SI Spark Ignition
TDC Top Dead center
U Mean flow velocity
u’ Turbulent velocity
e Dissipation Rate
x Vorticity
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Appendix: Maximum Velocity Magnitude in the Analysis Planes
with Increasing Intake Pressure

See Fig. 18.
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