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Abstract

The cold start process is critical to control the emissions 
in a gasoline direct injection (GDI) engine. However, 
the optimization is very challenging due to the transient 

behavior of the engine cold start. A series of engine simulations 
using CONVERGE CFD™ were carried out to show the detailed 
process in the very first firing event of a cold start. The engine 
operating parameters used in the simulations, such as the 
transient engine speed and the fuel rail pressure (FRP), came 
from companion experiments. The cylinder pressure traces 
from the simulations were compared with experiments to help 
validate the simulation model. The effects of variation of the 
transient parameters on in-cylinder mixture distribution and 
combustion are presented, including the effects of the rapidly 
changing engine speed, the slowly vaporized fuel due to the 
cold walls, and the low FRP during the first firing cycle of a 
4-cylinder engine. Comparison was also made with non-tran-
sient steady state operation. It was shown that the 

injection-induced tumble ratio in the cylinder varied for 
different engine speed cases, resulting in a better fuel distribu-
tion in the low engine speed case. A relatively high turbulence 
level during the combustion process was seen in the transient 
engine speed case that led to strengthened combustion. The 
fuel tracking from the simulation indicated that about 30% of 
the fuel remained unreacted at a very late crank angle, in which 
8% was in the gas phase and 22% in the liquid phase as wall 
films. As the FRP increased, the fuel droplets became smaller, 
and more fuel vaporized before hitting the piston. But the 
splash and rebound fuel fraction off the piston bowl was even 
less, resulting in a lower overall gas-phase equivalence ratio 
in the first firing event for the high FRP case. On the other 
hand, the fuel distribution was more homogeneous under the 
high FRP condition due to the high injection velocities. There 
should be an optimal FRP value, but it was difficult to discern 
since the peak pressures in different FRP cases were similar 
and turbulence levels varied in a non-monotonic way, as well, 
which would lead to cycle-to-cycle variations in the real engine.

Introduction

Looking to the future, cold start emissions have become 
one of the major concerns for manufacturers of auto-
motive internal combustion engines. To meet the 

increasingly more stringent emissions standards, considerable 
effort has been focused on improving the cold start processes 
in both gasoline direct injection (GDI) and port-fuel injection 
(PFI) engines.

GDI engines continue to increase their market share, and 
have shown many benefits over PFI engines, the most impor-
tant of which is the better fuel economy (up to 25% potential 
improvement [1]). In a GDI engine, the fuel is delivered 
directly into the cylinder using a higher injection pressure. 
This abates problems related to the port fuel films in a PFI 
engine [2]. However, the cold start emissions, especially hydro-
carbon (HC) emissions, remain a key problem for GDI engines 
[3]. More than 80% of total tailpipe HC emissions come from 
the cold start transient processes in the Federal Test Procedure 
(FTP) [4].

Cold start is a start-up process in an engine where the 
coolant and ambient temperatures are roughly the same. More 
fuel has to be injected during the first several cycles of cold 
start to compensate for the low evaporation rate due to the low 
temperature. At the same time, the fuel rail pressure (FRP) 
increases from the lift pump pressure to the desired injection 
pressure but is still much lower than the normal working 
pressure [5]. The low FRP will lead to relatively poor atomiza-
tion [6]. The unevaporated fuel will hit the cold wall and form 
a liquid film, and then continue to evaporate. The unevapo-
rated fraction will remain as the film, hide in the crevices of 
the engine, or get absorbed into the oil films and the deposits, 
escaping the combustion process and resulting in more engine-
out hydrocarbon emissions. Moreover, the temperature of the 
catalysts used in the after-treatment systems will be below their 
light-off temperature. Hence these systems cannot be fully 
operational, and high levels of HCs will be exhausted to the 
atmosphere [7]. The current solutions to improve cold start 
emissions fall into the following two categories [8]: optimizing 
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the basic design and control strategy to improve the engine-out 
emissions, which is the focus of this research, and improving 
the exhaust after-treatment system [9, 10].

Both experiments ([11-14]) and simulations ([15-18]) have 
been concentrated on the first several cold start cycles to study 
what happens in the combustion processes and what can 
be done for further improvements. In cold start experiments, 
a goal of the researchers is to keep the engine cold and elimi-
nate wall fuel films before each experiment, which can intro-
duce some extra work and difficulties, the most important of 
which is that only one cold start experiment can be performed 
each day, in general. Computational fluid dynamic (CFD) 
methods prove then to be a useful and promising tool to visu-
alize the overall process, including gas flow, fuel injection and 
vaporization, combustion of the mixture, etc., providing 
insights for further improvements.

Xu et al. [15] used the Ford in-house CFD code to study 
the cold start performance of a GDI engine. They analyzed 
the effects of injection timing and fuel pressure at three 
different engine speeds (RPM=200, 500, and 1200) and also 
studied the effects of piston bowl designs. Malaguti [16] et al. 
used the three-dimensional CFD code, Star-CD, to investigate 
the fuel-air mixture preparation and fuel film formation at 
different ambient temperatures during engine cold start 
processes. Ravindran et al. [17] modified the G-Equation 
flamelet model to improve the model capabilities to predict 
the direct injection spark ignition (DISI) engine performance 
under cold start conditions. Kim et al. [18] focused on the 
mixture formation for different engine conditions by also 
using Star-CD. They optimized the injection strategy and 
compared the results with their engine test results. Different 
constant engine speeds were used in these papers to simulate 
the cold start conditions in different engines. However, the 
engine speed can change dramatically for the first firing cycle 
of the first cylinder that fires to the second that fires, and so 
on during the first firing cycles of the cold start process. The 
transient engine speed will introduce more challenges to cold 
start simulations and will also show different behavior from 
the constant engine speed cases.

The first several firing cycles will be the most important 
in controlling cold start emissions due to the transient behavior 
and the low fuel rail pressure and engine temperature. Only 
the very first firing event of the cold start of a GDI engine, 
which has the worst environment, is considered in this paper. 
A three-dimensional commercial software package, 
CONVERGE CFD™, was utilized to expand the understanding 
of how the engine responds to the transient engine speed and 
to the low fuel rail pressure under these conditions. The 
temporal engine speed from the cold start experiments was 
used in all of the simulations except for the specified cases with 
constant speeds used for comparison. The fuel was tracked 
once injected. The mixture formation and the mixture motion 
were studied in detail to show the importance of vapor pressure. 
Validations and comparisons with experiments were made.

Engine Configuration
A Ford 2017-model-year 4-cylinder 2.0-liter gasoline turbo-
charged direct injection (GTDI) engine was used in this 

research. The specifications of the engine are listed in Table 1. 
The engine has four cylinders with two intake valves and two 
exhaust valves per cylinder, and the compression ratio was 10:1. 
The bore was 87.5 mm, and the stroke 83.1 mm. The engine 
had a six-hole fuel injector with operational fuel pressure up 
to 200 bar. A dual injection strategy was used in the cold start 
process, with an early injection during the intake stroke to 
provide a homogeneous fuel-air mixture, serving as the back-
ground fuel vapor in the cylinder, and with a late injection 
during the compression stroke to provide local enrichment 
around the spark plug region. All of the valve and injection 
timings can be found in Table 1. With the firing order 3-4-2-1, 
cylinder number 3 was set as the first one to fire and cylinder 
1 the last. Since the interest of this paper is the very first firing 
event, which presents the strongest transient behavior, only 
cylinder 3 was simulated and compared with experiments, and 
the ignition timing for this event was 10° BTDC.

CFD Model
All the simulations in this research were carried out using 
CONVERGE CFD™ (CONVERGE below for short), a commer-
cial three-dimensional CFD package widely used in engine 
simulations [e.g., 17, 19, 20]. The modeled engine geometry is 
shown in Figure 1, with the piston at BDC. CONVERGE can 
automatically generate the grid during the runtime, which 
saves considerable time for the users. It will repeat the mesh 
generation process when the piston or the valves move, or 
create a finer/coarser mesh as needed in the simulation. The 
base grid size was set to be 4 mm for the entire domain. 
However, a fixed embedding was applied in the regions where 
finer resolution was required, such as near the valves, near 
the injector during fuel injection events, and in the spark plug 
region during the ignition period. In addition, another tech-
nique called adaptive mesh refinement (AMR) was used to 
further improve the mesh for the regions where the tempera-
ture or velocity was changing dramatically.

Two cycles were simulated in the runs, with the 1st one 
simulating the cranking cycle (without injection or ignition), 

TABLE 1 Engine specifications.

Engine Specifications Details
Type 4-stroke GDI engine

Displacement (cc) 1999

Bore / Stroke (mm) 87.5 / 83.1

Connecting Rod Length (mm) 155.9

Compression Ratio 10:1

IVO (degrees ATDC) 10.9

IVC (degrees ABDC) 71.1

EVO (degrees BBDC) 55.1

EVC (degrees ATDC) 5.1

Injector 6-hole injector

Start of early injection (degrees BTDC) 220

End of late injection (degrees BTDC) 45

Fuel Gasoline

Firing order 3-4-2-1
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needed in the experiments for engine position synchroniza-
tion, and the 2nd one simulating the first firing event of the 
cold start cycle. The firing cycle simulations started at 360 
CAD as TDC of the intake stroke and ended at 1080 CAD as 
TDC of the exhaust stroke. The initial intake pressure was set 
as the experimental intake manifold pressure and the initial 
temperature was the ambient temperature. All of the wall 
temperatures in the engine were set the same as the ambient 
temperature, considering the quite short running time of the 
engine during the cold start process. Instead of using a fixed 
engine speed, a transient engine speed curve from the experi-
ments was used in simulating the cold start process, which 
will be  shown in detail (Figure 5) in the “Experimental 
Verification” section.

The in-cylinder air or air-fuel mixture was considered a 
compressible fluid. The governing equations which described 
the conservation of mass, momentum, and energy were solved. 
The transport of species was solved as well, and turbulence 
was modeled by the RNG k-ε model [21] of the Reynold-
Averaged Navier-Stokes (RANS) method. When injected, the 
fuel went through a series of complicated processes until 
evaporated. These processes would be described using different 
models listed below and some key parameter settings are 
shown in Table 2. A Blob injection model [22] was used to set 
the injected drop sizes. The modified Kelvin-Helmholtz and 
Rayleigh-Taylor (KH-RT) models [23] were used to predict 
the drop breakup. For droplet collisions, No Time Counter 
(NTC) [24] and Post Collision Outcomes [25] methods were 

used. The effects of turbulent f low on the droplets were 
modeled using the O’Rourke model [26]. The wall film model 
was used to describe the drop-wall interactions, in which 
O’Rourke model [27] was used to simulate drop/film splashing. 
For modeling combustion of gasoline, the SAGE detailed 
chemical kinetics solver was used and a single component 
fuel, iso-octane, was used in the simulations because a detailed 
chemical kinetics mechanism is not available for gasoline. 
However, due to the importance of vapor pressure in cold start 
processes and because iso-octane has a much lower vapor 
pressure than gasoline, the vapor pressure was changed to 
that of gasoline having a Reid vapor pressure (RVP) of 7, with 
true vapor pressure (TVP) calculated from Moshfeghian’s 
correlations [28]. The combustion chemical kinetics was 
modeled using the reduced i-C8H18 mechanism with 48 species 
and 152 reactions developed based on the paper of Liu 
et al. [29].

A grid independence analysis was done using three 
different meshes with different cell sizes. The cylinder pressure 
traces for cases with different base grid sizes (6 mm, 4 mm, 
and 2 mm) are shown in Figure 2. The peak pressure went 
down by about 6 bar when the grid size varied from 6 mm to 
4 mm, but from 4 mm to 2 mm, the pressure traces were very 
close. So, 4 mm was chosen as the base grid size in the simula-
tion cases discussed in the remainder of this paper.

Experimental Verification
The engine for the cold start experiments was placed in an 
environmental chamber with controlled ambient temperature. 
The ambient and coolant temperatures were kept at 22±1 °C 
during all of the experiments. A water brake dynamometer 
was coupled to the flywheel of the engine to provide a simu-
lated idle load. The engine control unit (ECU) was replaced 
by a National Instruments cRIO system with custom 

 FIGURE 1  Engine geometry used in the simulation.  FIGURE 2  Comparisons of cylinder pressure traces for 
cases with different base grid sizes: 6 mm (blue), 4 mm (black), 
and 2 mm (orange).

TABLE 2 Parameters used in the spray models.

Models Parameters Values
Modified KH-RT 
model

KH size constant, B0 0.6

KH time constant, B1 7.0

RT size constant, CRT 0.6

RT time constant, Cτ 1

Wall film model Critical Weber number, Wecric 5.0

Critical value for splashing, 2
cricE 3330

Fraction splashed 1.0
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developed programs to control the engine functions. Two 
different fuel tanks, filled with iso-pentane and gasoline 
respectively, could be switched to the fuel lines of the engine. 
A 4-channel oscilloscope was connected to the 4 in-cylinder 
pressure transducers to display the pressure traces for each 
cylinder. A schematic figure of the experimental setup is 
shown in Figure 3; more details about the experiments can 
be found in 2 previous papers [11, 30] of our cold start study.

A rotational incremental encoder was attached on the 
flywheel and its pulse signals were captured by the oscillo-
scope and used to calculate the high-resolution instantaneous 
engine speed. The engine speed curve is critical for the simula-
tion; ten curves from different cold start experiments on 
different days are shown in Figure 4. The curves followed the 
same trend, although some variations could be seen. All were 
quite close in the range of 710 to 750 CAD, which was the 
period of turbulent combustion in the 1st firing event. One of 
these curves was arbitrarily chosen to be  used in the 

simulations after curve smoothing before ignition timing as 
there would be no big differences had other curves been used. 
Curve smoothing was applied to ignore the small oscillations 
probably due to tortional vibrations in the drivetrain. The 
transient engine speed curve used in the simulation is shown 
in Figure 5.

As seen in Figure 5, the engine speed remained around 
300 RPM prior to combustion. The cranking speed reached a 
minimum of about 200 RPM right before the first firing event 
with an increase in pressure late in the compression stroke 
due to mass addition. After the ignition at 10° BTDC (710 
CAD) and the following combustion process, the engine speed 
increased sharply to about 620 RPM within about 50 CAD, 
then kept slowly increasing. As combustion progressed and 
the exhaust valve of cylinder 3 opened (early EVO strategy), 
the engine speed would decrease gradually until the firing 
event of cylinder 4 (second cylinder to fire). A similar process 
repeated for the rest of the crank angle period shown in 
Figure 5: the engine then sped up after the 2nd cylinder’s 1st 
firing event to above 900 RPM and slowed down as most of 
the fuel in cylinder 4 was burned.

Transient behavior was also characteristic for the fuel 
pressure as seen in Figure 5. The FRP reached 57 bar in the 
cranking cycle and continued to rise during the cold start, 
but was still quite low compared to the normal working 
pressure (about 160 bar), leading to poor atomization of the 
fuel. The instantaneous engine speed and the low FRP are very 
important in the simulation to capture the performance of 
the combustion during the cold start process, which will 
be shown in the following parts of the paper.

The pressure traces in the simulation were compared with 
the experimental results for both steady-state cases with 
constant engine speed and for the cold start cases with tran-
sient engine speed. The results are shown in Figure 6. Note 
that in the test conditions of the steady-state cases, the dual 
injection strategy was also used, and the ignition timing was 
10° BTDC. Each steady-state experimental curve in Figure 6a 

 FIGURE 5  Transient engine speed (red) and fuel rail 
pressure (blue) curves of the first firing event used in 
the simulations.

 FIGURE 3  Schematic diagram of the cold start 
experiment [11].

 FIGURE 4  Transient engine speeds from 10 experimental 
results on different days.
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represents the averaged results of 100 continuous engine 
cycles. However, each cold start experimental curve in 
Figure 6b corresponds to only one cold start experiment after 
the engine had sat overnight. It is difficult to carry out multiple 
repetitions of cold start experiments in one day, due to the 
engine warming up and the residual fuel in the cylinder. So, 
the three cold start curves come from three different days. 
Overall, the pressure traces in both the steady-state and the 
cold start cases were quite close to the corresponding 
experimental curves.

Results and Discussion

Effects of Engine Speed
As shown in Figure 5, the engine speed changes with CAD 
during the 1st firing cycle of the cold start and the effects will 
be discussed in this section. Three steady state cases with 
different constant engine speeds (320, 700, and 1200 RPM, all 
the other numerical settings were the same) were simulated 
for comparison with the cold start case; the pressure traces 
are shown in Figure 7. It can be seen that the peak pressure is 
the highest in the transient engine speed case and the higher 
the RPM, the lower the peak pressure for the steady state cases. 
Two main reasons account for this: fuel distribution 
and turbulence.

Fuel Distribution The fuel distributions in the cylinder 
will be discussed first.

The tumble ratio is defined as the ratio of the angular 
speed of the flow (ωgas) about the center of the mass to the 
angular speed of the crankshaft (ωcrankshaft).

	 tumble ratio gas

crankshaft

 =
ω

ω
	 (1)

The tumble ratios in the combustion chamber are shown in 
Figure 8. They were very similar for the different engine speed 
cases before the early fuel injection event, but the induced 
tumble ratio changed when fuel was injected. As a result of 
the dual injection strategy, three sudden transitions were 
found, at around 510 (early fuel injection), at 670 (late fuel 
injection) and at 680 CAD (late fuel injection reflected by the 
piston bowl) in the low engine speed cases (RPM=320 and 
transient RPM). The changes were not so obvious in the high 
engine speed cases (RPM=700 and 1200).

 FIGURE 6  Comparisons between the simulations and 
experiments: steady-state cases with constant engine speed of 
1765 RPM (a), and cold start cases with transient engine 
speed (b).

 FIGURE 7  Predicted pressure traces with different engine 
speeds: RPM=320 (blue), 700 (orange), 1200 (green), and 
transient engine speed of cold start (black).
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Prior to the early fuel injection event, the bulk fluid 
motion in the tumble direction was stronger in the high 
engine speed cases, consistent with the very similar tumble 
ratio and the high ωcrankshaft. The same FRP, injection timings 
and injected fuel mass were used in the different cases, so the 
injection velocities were the same. The stronger fluid motion 
for the high engine speed cases was more “resistant” to the 
same injection momentum, and thus the induced tumble ratio 
was much higher for the low engine speed cases than the high 
speed cases.

Consequently, the fuel distributions at the ignition timing 
in the combustion chamber were different due to the different 
tumble ratios. The fuel distributions were mainly determined 
by a combination of the bulk flow advection and fuel diffusion. 
It is known that the turbulence intensity level (u′) scales 
linearly with the engine speed (RPM) [31],

	 ′ ∝u RPM 	 (2)

So, the diffusion rate (per crank angle) enhanced by the 
turbulence should be almost the same for the different engine 
speed cases. However, the tumble ratio in the cylinder was 
different, which would drive more fuel to other regions for 
the low engine speed cases and lead to a more uniform 
fuel distribution.

Next, the bulk flow and fuel motion in the combustion 
chamber near and after the late injection are shown in Figure 9, 
in which the equivalence ratio contours in the transient engine 
speed case are shown with the black streamlines and red 
arrows indicating the bulk flow direction. By 670 CAD, the 
early injection had established the background equivalence 
ratio distribution in the combustion chamber. Following that, 
the late fuel injection can be seen at 675 CAD. The fuel would 
hit the piston bowl and then would be deflected to the exhaust 
side, hitting the cylinder head at 680 CAD. By 680 and 685 
CAD, the fuel was divided into two parts along the contours 
of the Y plane, with one part moving back to the intake side 
from the top of the combustion chamber and the other travel-
ling further to the exhaust side. The first part would then move 
along two symmetric eddies on the intake side, shown in the Z 
plane as two lower left red arrows at 700 and 705 CAD. The 
second part would then separate out and move back from the 
periphery of the cylinder, as seen in the Z plane at 685-705 

 FIGURE 8  Tumble ratio in the combustion chamber as a 
function of engine speeds: RPM=320 (blue), 700 (orange), 
1200 (green), and transient engine speed (black).

 FIGURE 9  Bulk flow directions and equivalence ratio contours at different crank angles in the transient engine speed case
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CAD. This bulk motion in the combustion chamber deter-
mined the equivalence ratio distribution at the time of 
ignition. It should be noted that the overall bulk flows for the 
other engine speed cases were all very similar to what is shown 
in Figure 9.

The equivalence ratio distributions for different engine 
speed cases are compared in Figure 10, where two perpen-
dicular cut planes (plane X and Y) through the centerline of 
the cylinder are shown. The end timing of the late injection 
was the same for the different cases, 45° BTDC as mentioned 
in Table 1. The FRP and injected mass were kept the same for 
the different cases, while the calculated injection durations in 
crank angles were different, based on the corresponding 
engine speed. That was why the fuel injection process can 
be seen at 670 CAD for the 700 and 1200 RPM cases, while 
the same process happens somewhere between 670-680 CAD 
for the transient RPM and 320 RPM cases. It was interesting 
that more fuel (rich region, yellow color) would concentrate 
in the center region and on the Y planes in the high engine 
speed cases at ignition timing (710 CAD), while the fuel is 
relatively more uniform for the low engine speed cases. As 
discussed earlier, the tumble ratio and bulk flow are the 
main reasons.

The average equivalence ratio (Phi_ave) and the equiva-
lence ratio near the spark plug region (Phi_SP) are compared 
in Table 3. The average equivalence ratios were almost the 
same for the different cases, and all on the lean side due to the 

low evaporation rate at the low temperature. The equivalence 
ratios near the spark plug region were quite different; the 
mixture would become richer at higher engine speeds and 
was almost stoichiometric for the transient RPM and 320 RPM 
cases (the same trends could be seen in Figure 10).

To better visualize the fuel distribution for the different 
engine speed cases, the fuel was divided into different bins 
with different equivalence ratio ranges. These bins at the time 
of ignition are shown in Figure 11, where each individual point 
represents the mass fraction of the fuel falling into the speci-
fied equivalence ratio range. Most fuel fell in the range around 
0.8, which was the average equivalence ratio shown in Table 3. 
The mass fraction in the very lean bin (below 0.5) or very rich 
bin (above 1.4) was higher for the high engine speed cases (700 
and 1200 RPM) than for the low engine speed cases (320 and 
transient RPM). It is very important to know the equivalence 
ratio distribution, since different equivalence ratios will lead 
to different flame speeds, and thus different burning velocities 
of the fuel, different pressure traces, and different values of 
the indicated mean effective pressure.

 FIGURE 10  Equivalence ratio distributions at different crank angles in different engine speed cases.

TABLE 3 Average equivalence ratio and equivalence ratio 
near spark plug at ignition timing.

Cases

Average 
equivalence ratio 
(Phi_ave)

Equivalence ratio near 
the spark plug region 
(Phi_SP)

RPM=320 0.82 0.99

RPM=700 0.82 1.20

RPM=1200 0.81 1.40

Transient RPM 0.83 0.94

 FIGURE 11  Equivalence ratio distributions at ignition timing 
in the combustion chamber: RPM=320 (blue), 700 (orange), 
1200 (green), and transient engine speed (black).
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Turbulence As given by Eqn. (2), turbulence intensity 
scales approximately linearly with the engine speed. This is 
shown in Figure 12 as well, where the average turbulence 
intensity in the combustion chamber is plotted versus crank 
angle for the different engine speed cases. The turbulence level 
for the transient engine speed case was very close to the 320 
RPM case, since the transient speed stayed around 320 RPM 
for most of the time before ignition.

Shown in [31], the burning velocity (Sb) for steady turbu-
lent combustion conditions scales linearly with turbulence 
intensity. Combined with Eqn. (2), we have,

	 S u RPMb ∝ ∝′ 	 (3)

Then the mass fuel burnt (mburnt) per crank angle has 
the relation:

	 ∆
∆

∆
∆

∆
∆

m

CAD

S

CAD
u

CAD

u

RPM
burnt b∝ ∗ ∝ ∝′ ′t t 	 (4)

In general, Eqn. (4) indicates that the increased turbu-
lence level can compensate for the reduced actual time when 
the engine speed increases and, thus, gives almost the same 
combustion pressure or the same burnt fuel mass at the same 
crank angles. But some different behavior was observed for 
the transient engine speed case.

The average turbulence intensity in the cylinder normal-
ized by the instantaneous engine speed, and then scaled up 
by a factor of 1000 (to make it easier to read), i.e., 
1000 ∗ u′/RPM, is plotted versus crank angle in Figure 13, 
with the instantaneous engine speed shown as well. The 
normalized turbulence levels for the three constant engine 
speed cases were very close, consistent with u′ ∝ RPM (shown 
in Eqn. (2)), except for the crank angles after the early and 
late injections, where the different heights of the peaks are 
caused by the same injecting velocities but different engine 
speeds. But the injection-induced turbulence decays very 
rapidly with crank angle, falling to the same level at the time 

of ignition. For the transient engine speed case, the turbu-
lence did not change rapidly with crank angle when the 
engine speed changed quickly. So, the black normalized 
turbulence curve had a trend opposite that of the instanta-
neous engine speed. It is worth noting that the normalized 
turbulence level in the transient engine speed case was higher 
than the other constant engine speed cases for about 20 
degrees after ignition, which led to stronger initial combus-
tion and thus more fuel burnt after the same crank angle, 
based on Eqn. (4).

Overall Effects To summarize the effects of both fuel 
distribution and turbulence on the combustion, the mass 
fraction burnt (MFB) curves are shown in Figure 14, where 
the horizontal axis is time, with the unit of seconds, in 
Figure 14a and crank angle degrees in Figure 14b. The zero 
point of Figure 14a corresponds to the ignition timing, 
710 CAD.

Here MFB is defined as the fuel mass burnt (mburnt) 
divided by the total evaporated fuel (mevaporated) at the 
corresponding time:

	 MFB
m

m
burnt

evaporated

= 	 (5)

The fuel was burned very quickly with respect to time for 
the high engine speed cases (Figure 14a), mainly due to the 
high levels of turbulence shown in Figure 12. Again, the MFB 
vs. time curve for the transient RPM was close to the 320 RPM 
case, due to their similar engine speeds.

Instead of the absolute turbulence level shown in 
Figure  12, the RPM-normalized turbulence intensity in 
Figure 13 should be considered when comparing the MFB vs. 
CAD curves. The three constant engine speed cases shared a 
similar normalized turbulence level after ignition, while the 
equivalence ratio differences were responsible for the different 
burning velocities. It is known that the laminar flame speed 

 FIGURE 12  Turbulence intensity versus crank angle in 
different engine speed cases: RPM=320 (blue), 700 (orange), 
1200 (green), and transient engine speed (black).

 FIGURE 13  Turbulence intensity over engine speed scaled 
up by a factor of 1000 as a function of crank angle in different 
engine speed cases: RPM=320 (blue), 700 (orange), 1200 
(green), and transient engine speed (black, the instantaneous 
engine speed of this case is shown as the red dashed curve).
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is the highest when the fuel air mixture is slightly rich, or the 
equivalence ratio is about 1.1-1.2 [29]. Since each was acceler-
ated by the same normalized turbulence, the initial burning 
velocity was the highest for the 700 RPM case, was in-between 
for the 320 RPM case, and lowest for the 1200 RPM case (the 
equivalence ratio in the spark plug region was 1.20, 0.99, and 
1.40 respectively, shown in Table 3). But, as the flame propa-
gated to other regions in the combustion chamber, where the 
mixture inhomogeneities resulted in very lean or very rich 
regions in the higher speed cases (Figure 11), the MFB vs. 
CAD curve for 700 RPM, for example, was surpassed by the 
320 RPM case after 735 CAD. The fuel distribution in the 
transient engine speed case was similar to the 320 RPM case, 
but the higher normalized turbulence strengthened the 
combustion and thus the MFB vs. CAD was greater than all 

of the other cases. The trends in the MFB vs. CAD curve are 
also consistent with the pressure traces shown in Figure 7.

As shown in this section, both the equivalence ratio 
distribution and the turbulence level will be important to 
simulate the complicated turbulent combustion process. To 
capture all the details of a cold start process of an engine, a 
temporal or transient engine speed is highly recommended.

Effects of Vapor Pressure
Fuel vapor pressure is quite important for the cold start 
process to ensure enough evaporated fuel exists in the combus-
tion chamber and that an appropriate fuel/air ratio exists for 
the combustion process. Three different vapor pressures 
(shown in Figure 15) were examined, including low vapor 
pressure (iso-octane vapor pressure), gasoline vapor pressure, 
and high vapor pressure (iso-pentane vapor pressure), while 
all of the other settings in the simulations were the same.

The fuel tracking for the gasoline cold start process with 
the transient engine speed is shown in Figure 16, where the y 
axis represents the fuel mass normalized by the total injected 
mass. All the solid curves in Figure 16 should add up to 100% 
at any crank angle, which means all the injected fuel was 
covered. The red dash shows the total evaporated fuel in the 
cylinder, which was the sum of the reacted portion (green) 
and the unreacted gaseous portion (orange).

About 9.6% of the fuel, all from the early injection, flowed 
back into the intake ports before IVC, and escaped the 1st 
firing event. The fuel droplets of the injecting spray evaporated 
quite quickly, within about 10~15 crank angle degrees. Almost 
all the unevaporated fuel in the cylinder existed as wall films. 
They would start to evaporate faster after around 730-740 
CAD, which was about the peak pressure location, indicating 
the flame started to interact with the boundary layer, causing 

 FIGURE 14  Mass fraction burned versus real time (a) and 
versus crank angle (b): RPM=320 (blue), 700 (orange), 1200 
(green), and transient engine speed (black).

 FIGURE 15  Vapor pressures used in the simulations: low 
vapor pressure (blue), gasoline vapor pressure (orange), and 
high vapor pressure (green).
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a high near-film temperature, accelerating the evaporation 
process. Still about 30% of the total injected fuel remained 
unreacted at a very late crank angle, in which about 22% was 
in the liquid phase as the wall films and 8% remained unre-
acted in the gas phase. It should be kept in mind that the 
simulation did not account for fuel loss into the crankcase or 
that absorbed by the oil or by deposits, possible sinks in an 
actual engine.

The fuel distribution at the time of ignition for the three 
different vapor pressure cases is shown in Figure 17, where 
the y axis is the fuel mass normalized by the total injected 
fuel. As vapor pressure increased, more fuel evaporated and 
stayed in the gas phase, resulting in reduced wall films. The 
fuel which flowed back into the intake ports increased with 
vapor pressure as well.

The average equivalence ratios at the time of ignition for 
the low, gasoline, and high vapor pressure cases were 0.50, 
0.94, and 1.19, respectively. This led to very strong combustion 
for the high vapor pressure case, and a misfire for the low 
vapor pressure case, which is easily seen from the pressure 
traces, shown in Figure 18.

Effects of Fuel Rail Pressure
Different FRPs lead to different injection durations and 
different injection velocities for the same amount of injected 
fuel. To study these effects, three cases were simulated with 
different FRPs, including baseline (89 bar), high FRP (119 bar), 
and low FRP (59 bar). The discharge coefficient remained 
constant in these cases, and the injection duration varied with 
different FRPs to keep the same amount of injected fuel.

The turbulence intensity and tumble ratio are shown first 
in Figure 19, where the induced turbulence and induced 
tumble ratio can be found after both early and late injections. 
Similar results were observed in the engine speed section that 
the induced turbulence would decay very fast and fell to the 
same level around the time of ignition, so no marked effects 
of turbulence were expected for the combustion intensity for 
the different FRP cases. However, due to different injection 
velocities and different tumble ratios, the fuel distributions 

 FIGURE 16  Fuel tracking for the gasoline cold start 
process: wall films (blue), gaseous fuel in the cylinder (orange), 
the fuel which has been reacted (green), total evaporated fuel 
in the cylinder (red dash), liquid fuel droplets in the cylinder 
(purple), and the fuel which flows back into the intake 
ports (brown).

 FIGURE 17  Fuel tracking (mass fraction) at ignition timing 
for different vapor pressure cases: wall films (blue), gaseous 
fuel in the cylinder(orange), liquid droplets in the cylinder 
(grey) and fuel back to the intake ports before IVC (yellow).

 FIGURE 18  Pressure traces in the combustion chamber for 
different vapor pressure cases: low vapor pressure (blue), 
gasoline vapor pressure (orange), and high vapor 
pressure (green).
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in the combustion chamber are different, causing different 
burning velocities in each case.

To show the different fuel distributions, the equivalence 
ratio contours for different cases in a Z cut plane at the time 
of ignition are shown in Figure 20, where the intake side is on 
the left and exhaust side on the right in each image. The fuel 
was more homogeneous in the high FRP case, while it was 
richer on the exhaust side and leaner on the intake side for 
the low FRP case.

The average equivalence ratios for the high, baseline and 
low FRP cases were 0.80, 0.83, and 0.88, respectively, shown 
in Figure 21 together with the fuel tracking in different FRP 
cases. It was surprising that the higher the FRP, the more fuel 
was retained in the surface films and less in the gas phase. In 

general, higher FRP results in better atomization and evapora-
tion, so a higher average equivalence ratio would be expected. 
For the case of cold start, however, the fuel evaporation rate 
from the wall films is much lower than for steady state opera-
tion due to the low surface temperatures, so the droplet-wall 
interaction of the fuel has to be taken into account, deviating 
from what might normally be expected.

Different outcomes can result when fuel droplets collide 
with the wall. The droplets may form a film on the wall or 
merge with an existing liquid film and then evaporate by 
absorbing heat from the wall or the surrounding gas. Drops 
may also rebound off a wall surface or splash into several 
smaller droplets off a wall, which become easier to evaporate. 
Both the rebound and splash portion off the wall can help 
reduce the film mass and increase the average equivalence 
ratio in the cylinder. The differences in droplet radii for each 
of the different cases, as visualized in Figure 22, can help 
understand the drop behavior after the late injection. Droplets 
were smaller in high FRP cases, indicating the high FRP did 
lead to better atomization. The fuel droplets hit the piston 

 FIGURE 19  Turbulence level (a) and tumble ratio (b) in 
different FRP cases: low FRP (orange), baseline FRP (black), 
and high FRP (blue).

 FIGURE 20  Equivalence ratio distribution in the cylinder at 
ignition timing: high FRP (left), baseline FRP (middle), and low 
FRP (right).

 FIGURE 21  Average equivalence ratio and fuel tracking in 
cylinder for different FRP cases: high FRP (left), baseline FRP 
(middle), and low FRP (right).
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bowl at 674~675 CAD, and the smaller droplets, after splashing 
off the piston bowl, were also captured by the simulation.

The results of the drop-wall interaction for different FRP 
cases are shown in Figure 23, where “total hit” refers to all of 
the droplets that hit or have ever hit the walls, shown as solid 
lines, and “total hit NET” refers to the droplets that remain 
on the walls after colliding with the cylinder or piston, shown 
as dashed lines. The difference between these two series of 
curves is the rebound and splash portion. After the early injec-
tion, the total hit curve for the high FRP case was the lowest, 
indicating more fuel evaporated directly before hitting the 
walls due to better atomization. However, the total hit NET 
curves after the early injection were very close for the three 
cases, meaning less fuel rebounded and splashed off the wall 
in the high FRP case. The trends became even more obvious 
after the late injection, showing that the total hit NET curve 
of the high FRP case was the highest of the three. Because of 
less fuel rebound and splashing, thicker fuel films and less 
gaseous fuel were obtained in the high FRP case, as shown in 
Figure 21.

The empirical analysis of the drop-wall interaction based 
on the model used in the current CONVERGE simulation was 
carried out as well. Drops with Weber numbers below a critical 
value may rebound off a surface, as shown in Eqn. (6).

	 We
V d

Wei
l n

cric= <ρ
σ

2

	 (6)

where ρl is the liquid fuel density, Vn is the drop velocity 
component normal to the wall, d is the diameter of the drop, 
and σ is the liquid fuel surface tension.

The O'Rourke model [27] is used to simulate fuel splash, 
where the criterion for splash is given as Eqn. (7).
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where 3330 is used as Ecric
2  as suggested by O’Rourke and 

Amsden [27], hα is the local film thickness, d is the diameter 
of the drop and δbl is the boundary layer thickness, given by:

	 δ µ
ρbl

l

l n

d

V
= 	 (8)

where μl is the liquid fuel viscosity.
To compare the relative possibility of rebound and splash 

after the late injections in different cases, the average droplet 
velocity and Sauter mean diameter (SMD) near the piston 
bowl were used in Eqn. (6) and (7), and 45° was used to calcu-
late the normal velocity component for simplicity. Considering 
that different droplets might have different injection velocities, 
diameters and incident angles, the calculated results utilizing 
the average values, shown in Eqn. (9) and (10), were only an 
estimation for the average droplet-wall behavior.

	 We We Wei high i baseline i low( ) ( ) ( ) =: : . : : .1 11 1 0 87	 (9)

	 E E Ei high i baseline i low( ) ( ) ( ) =
2 2 2 0 93 1 1 13: : . : : . 	 (10)

In the high FRP case, the calculated average Wei was higher 
and Ei

2 was lower, indicating the fuel would be more unlikely 
to rebound or splash when FRP was increased, at least within 
the covered pressure range.

The summary of FRP effects on combustion is shown in 
Table 4. Although different turbulence levels were induced in 
different cases due to different injection velocities, it decayed 
to the same level around the time of ignition. Both the average 
equivalence ratio and the fuel distribution changed with FRP, 
leading to different combustion intensities. The higher the 
FRP, the more homogeneous the fuel distribution would be, 
but less fuel would evaporate. Finally, the overall effects were 
indicated by the cylinder pressure traces, shown in Figure 24. 
The curves overlapped over most of the crank angle range, 
and the peak pressure differences were within approximately 
20%. Nevertheless, inferred from the figure, the baseline 
would give the best performance of the three.

Three experimental results are shown for comparison 
with the simulation for the low FRP in Figure 25, where each 
solid curve represents one individual experimental pressure 
trace. The FRP used in all these three experiments was 65 bar, 
6 bar higher than the value (59 bar) used in the simulation for 
the low FRP case, but the resulting differences should not 

 FIGURE 23  Total hit (solid lines, all the fuel droplets which 
hit or ever hit the walls) and total hit NET (dashed lines, the 
fuel droplets which hit and remain on the walls): high FRP 
(blue), baseline FRP (black), and low FRP (orange).

 FIGURE 22  Droplet radii at different CADs in different FRP 
cases: high FRP (top), baseline FRP (middle), and low 
FRP (bottom).
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be very sensitive to the difference. Variations were observed 
for the three experimental pressure traces. The simulation 
curve followed the same trend and was between the three 
experimental ones. Compared with the baseline experimental 

pressure traces shown in Figure 6b, the peak pressure, for both 
baseline and these three low FRP experiments, ranged from 
about 30 to 35 bar, so it was hard to tell which FRP was better, 
based solely on the pressure curves.

It should be noted that the droplet-wall interaction was 
considered based on the wall film model in CONVERGE in 
this work. There are other models to describe the interactions 
as well, where drop behavior is defined based on different 
criteria. Besides, turbulence varies in a more chaotic way in a 
real engine, making the droplet behavior even more difficult 
to predict and leading to cycle-to-cycle variations (as shown 
in Figure 25). So, there should be an optimal FRP value, but 
it was difficult to determine. Overall, the results suggest that 
droplet-wall interactions are important when considering the 
effect of FRP and merit careful consideration in studies of the 
cold start process in engines.

Summary and Conclusions
CFD modeling using CONVERGE was applied to the 1st firing 
event of the engine cold start process. Different engine param-
eters, including transient engine speed, fuel vapor pressure, 
and fuel rail pressure, were studied to show how they affected 
the in-cylinder mixture distribution, the turbulence level, and 
the combustion intensity. Fuel tracking was performed to help 
understand the fuel behavior after injection. The transient 
engine speed and the fuel rail pressure used in the simulations 
came from the companion experiments.

The primary conclusions from this study were:

	 1.	 The fuel from the late (2nd) injection hit the piston 
bowl first, and was then deflected to the exhaust side, 
hitting the cylinder head. Finally, the fuel was 
advected back from the exhaust side to the 
intake side.

	 2.	 The in-cylinder air fuel mixture at the time of 
ignition was more homogenous for the low engine 
speed case due to a strong tumble flow induced by 
the late injection, while more fuel stayed in the very 
rich and lean regions for the high engine 
speed case.

	 3.	 The RPM-normalized turbulence levels for the 
constant engine speed cases were approximately 
independent of engine speed, except for the crank 
angles immediately following the early and late 
injections. The injection-induced turbulence intensity 
fell to the same level by the time of ignition, however. 
For the transient engine speed case, the turbulence 
did not change rapidly with crank angle when the 
engine speed changed quickly. Due to a low engine 
speed early in the transient, the normalized 

TABLE 4 Summary of the FRP effects on combustion.

Case Turbulence Equivalence ratio Distribution Average Equivalence Ratio Overall Performance
Low FRP Ave Bad Good Ave

Baseline Ave Ave Ave Good

High FRP Ave Good Bad Bad

 FIGURE 24  Pressure traces in the combustion chamber for 
different FRP cases: high FRP (blue), baseline FRP (black), and 
low FRP (orange).

 FIGURE 25  Comparisons of pressure traces between the 
simulations and experiments: simulation results for low FRP at 
59 bar (red dashed line) and experimental results for low FRP 
at 65 bar (three solid lines).
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turbulence was higher than for the constant engine 
speed cases for about 20 crank angle degrees after the 
ignition event.

	 4.	 The spark plug region equivalence ratio at the time of 
ignition for the 700 RPM case, 1.20, led to the 
strongest initial combustion of the three simulated 
constant engine speed cases. But due to the mixture 
inhomogeneities in the combustion chamber, the 
pressure trace was surpassed later by the 320 RPM 
case. The MFB vs. CAD curve in the 1200 RPM case 
was the most retarded due to the very rich fuel 
mixture near the spark plug at the time of ignition. 
Due to a more homogeneous mixture distribution 
and the higher normalized turbulence level in the 
cylinder, the MFB vs. CAD curve for the transient 
engine speed case was the most advanced of 
the cases.

	 5.	 Fuel tracking for the gasoline vapor pressure case 
showed that about 9.6% of the fuel flowed back into the 
intake ports before IVC; still 22% of the total injected 
fuel remained as liquid films on the walls at a very late 
crank angle and 8% remained unreacted in the 
gas phase.

	 6.	 As expected, more fuel evaporated, and thus higher 
combustion pressures were achieved as fuel vapor 
pressure increased.

	 7.	 For the different FRP cases, the turbulence levels were 
very close at the time of ignition, but the high FRP 
helped establish a more homogeneous 
fuel distribution.

	 8.	 High FRP contributed to more evaporated fuel before 
the fuel hitting the wall surfaces. However, the splash 
and rebound fuel fraction off the walls was even less, 
leading to less total gaseous fuel and a lower average 
equivalence ratio.

	 9.	 Considering the combined effects of turbulence, fuel 
distribution and average equivalence ratio, the 
baseline FRP case presented the best performance of 
combustion, though the cylinder pressure difference 
was not huge.

In summary, the transient conditions are very important to 
consider in the engine cold start process, and yield results that 
are different from the steady state cases. Both the engine speed 
and the FRP can affect the fuel mixture distribution in the 
cylinder and lead to different burning velocities. The transient 
engine speed, especially the low engine speed around the time 
of ignition, allows more time for flame propagation near TDC, 
resulting in higher peak pressures. This result in the simula-
tions was through the higher RPM-normalized turbulence 
level for the initial combustion. In addition, unlike the steady 
state case, the liquid film evaporation process is very slow 
during first cold start firing event due to the low wall tempera-
ture. That is why the appropriate fuel vapor pressure has to 
be  used and the droplet-wall interactions deserve 
thorough consideration.
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IVC - Intake valve closing
IVO - Intake valve opening
MFB - Mass fraction burnt
PFI - Port-fuel injection
RANS - Reynold-averaged Navier-Stokes

RPM - Revolutions per minute
RVP - Reid vapor pressure
SMD - Sauter mean diameter
TDC - Top dead center
TVP - True vapor pressure
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