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The present work aims at analyzing the fluid dynamic efficiency of a four-stroke spark-ignition engine. Specifically, a production
four-cylinder internal combustion engine has been investigated during the intake and exhaust phase. The experimental
characterization has been carried out at the steady flow rig adopting the dimensionless flow and discharge coefficients. The analysis
has highlighted the great influence of the valve lift on the volumetric efficiency of the intake and exhaust system. Furthermore,
the global investigation has demonstrated that the throttle angle has a significant influence on the head permeability during
the induction phase. Particularly, the throttling process effect increases with the valve lift. Finally, the work has shown that all
experimental data can be correlated by a single curve if an opportune dimensionless plot is adopted.

1. Introduction

A deep knowledge of the intake and exhaust processes
is fundamental to design and optimize modern internal
combustion engines (ICEs). The development of efficient
intake and exhaust systems, in fact, plays a basic role both
to reduce exhaust emissions and fuel consumptions and to
improve the performances of actual engines [1–4].

To this purpose, different investigation tools, based on
CFD codes [5–7] or experimental approaches [8–10], are
available. In particular, to investigate the fundamentals of
the intake and exhaust processes and to evaluate the fluid
dynamic efficiency of engines, steady flow testing is a widely
employed procedure in the ICE research community, owing
to the relative simplicity, the proper simulation of the real
phases, and the possibility of using real engine heads and
components [11–13].

These analyses are based on dimensionless discharge and
flow coefficients [14–17], that supply significant information
on the fluid dynamic efficiency of engines during the intake
and/or the exhaust processes. Furthermore, dimensionless
coefficients provide practical advices to engine designers and
tuners on the sizing and location of valves and ducts [13],

and they represent a fundamental reference to develop and
validate the CFD models that are adopted to simulate and
optimize the modern engines [18].

The aim of the paper is the analysis and the characteriza-
tion of the fluid dynamic behaviour of a production spark-
ignition engine during the intake and the exhaust phase. A
four-stroke internal combustion engine was examined at a
steady flow rig in order to have detailed information on the
global volumetric efficiency of the engine.

The influence of the valve lift and throttle valve opening
on the head breathability was investigated adopting the dis-
charge and flow coefficients. In fact, few quantitative studies
on the effect of the throttling process on engine volumetric
efficiency are available in the literature, in spite of the great
influence of the throttle opening on the engine fluid dynamic
efficiency. Finally, a dimensionless plot was used to correlate
experimental data.

2. Methodology

The experimental analysis focused on a production spark-
ignition engine. Figure 1 shows the engine head while
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Figure 1: Engine head.

Table 1 lists the main engine characteristics. The fluid
dynamic efficiency of the intake and exhaust apparatus was
investigated at a steady flow rig, enabling air to be forced
through the system by means of a blower. More details on
the experimental apparatus are given in the literature [19–
21]. During each measurement, the valve lift was fixed to
a selected value. For the intake process, the dimensionless
valve lift (Lv/Dv) was set in the 0.060–0.301 interval, whereas
the corresponding range was 0.072–0.358 when the exhaust
phase was characterised. Furthermore, in order to define the
influence of the throttling process on the head permeability,
the global analysis of the intake system was repeated at
different throttle valve positions.

Measurements were carried out setting the pressure drop
at Δp = 10 kPa for both the intake and the exhaust pro-
cess. Specifically, for the intake phase the pressure drop
corresponds to the difference between ambient and cylinder
pressure. For the exhaust phase the pressure drop is measured
as the difference between the cylinder and the ambient
pressure.

Table 2 summarizes the analysed configurations and the
measuring conditions.

3. Discharge and Flow Coefficient

The discharge and flow coefficients were used to define the
global fluid dynamic efficiency of the intake and exhaust
system [1]. Specifically, the dimensionless coefficients are
defined as the ratio of the measured mass flow rate ṁmeas to
reference mass flow rate ṁr

C f = ṁmeas

ṁr
. (1)

If the flow is subsonic, the reference mass flow rate is given
by

ṁr
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Table 1: Main engine characteristics.

Engine Four-stroke spark-ignition

Number of cylinders, Nc 4

Number of valves per cylinder, Nv 2

Stroke/Bore, L/B 1.167

Intake valve diameter/Bore, Di/B 0.461

Exhaust valve diameter/Bore, De/B 0.387

Table 2: Measuring conditions.

Analysed system Intake Exhaust

Pressure drop, Δp 10 kPa 10 kPa

Dimensionless valve lift,
Lv/Dv

0.060÷ 0.301 0.072÷ 0.358

Throttle angle, F 30, 40, 50, 70, 90◦ —

while, if the flow is choked, the mass flow is formalized as
follows:

ṁr = Aref · p0√
R · T0

· γ1/2

(
2

γ + 1

)(γ+1)/[2·(γ−1)]

, (3)

where p0 is the intake system pressure when the intake
phase is analysed (or the cylinder pressure when the exhaust
phase is considered), pT is the cylinder pressure when the
intake phase is investigated (or the exhaust system pressure
when the exhaust phase is analysed), T0 is the intake
system temperature when the intake phase is considered
(or the cylinder temperature when the exhaust phase is
investigated), and Aref is the reference area.

The difference between the discharge and flow coefficient
lies in the definition of the reference area Aref [9]. For the
discharge coefficient, this area is the valve curtain area and,
therefore, it is a linear function of valve lift Lv

Aref = π ·Dv · Lv. (4)

For the flow coefficient, the reference area is given by the
valve outer seat area:

Aref = π ·D2
v

4
. (5)

Furthermore, absolute flow coefficients Cabs were defined
to characterize the intake and the exhaust system efficiency
independently of the valve lift [22]

Cabs = φAm

φAd
, (6)

where φAd represents the dimensionless theoretical flow
rate downstream of the valve, based on the isentropic flow
condition
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Figure 2: Influence of valve lift on flow (a) and discharge (b) coefficients. Intake phase—Wide open throttle (WOT) configuration.
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Figure 3: Influence of cam angle on flow (a) and discharge (b) coefficients. Intake phase—Wide open throttle (WOT) configuration.

while φAm is the dimensionless actual flow rate, averaged over
the dimensionless valve lift

φAm =
∫ (Lv/Dv)max

0 ṁmeas/
(
Aref · ρ0 · a0

) · d(Lv/Dv)
(Lv/Dv)max

, (8)

where ρ0 is the air density and a0 is the sound speed.
Moreover, mean flow coefficients were calculated in line

with Li et al. [23]

Cf Mean = 1
α2 − α1

·
∫ α2

α1

Cf · dα, (9)

where α is the cam angle, 1 refers to the minimum cam angle,
and 2 refers to the maximum cam angle.

The overall uncertainty of dimensionless flow coefficients
and absolute flow coefficients was always lower than 3%, and
it decreased with valve lift and throttle angle.

4. Results

Figure 2 shows the fluid dynamic efficiency of the intake
system in terms of flow and discharge coefficients as a
function of the dimensionless valve lift (Lv/Dv). The figure
refers to the wide-open throttle (WOT) configuration. A
progressive raise in the flow coefficient is observed when the
valve lift increases, while decreasing values of the discharge
coefficient are registered for Lv/Dv > 0.090. Data reflect
the continuous upsurge in the mass flow rate entering the
combustion chamber. A plateau is reached for Lv/Dv > 0.241,
and there are negligible effects on the head breathability
owing to the dimensions of the intake port and the valve stem
that define the minimum flow area at high valve lifts. Figure 2
reveals also the presence of different regions, characterized
by decreasing slopes in the flow coefficient’s curve, which
corresponds to different flow regimes. This finding is in line
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Figure 4: Influence of valve lift on flow (a) and discharge (b) coefficient. Exhaust phase.
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Figure 5: Influence of cam angle on flow (a) and discharge (b) coefficient. Exhaust phase.

with the literature [1, 24]. Specifically, for low valve lift, the
flow remains attached to the valve seat and head due to the
high viscous phenomena. When the curtain area increases, it
is possible to observe a flow separation, firstly, at the valve
head and, successively, at the valve seat.

Figure 3 shows the two dimensionless coefficients versus
the cam angle, while Table 3 resumes the absolute dimen-
sionless coefficients. It is evident that the flow coefficient,
and in turn the mass flow rate, maintains values larger than
80% of the maximum level for about 80◦ of the cam angle,
whereas the absolute coefficients reach the 77.4% and 83.9%
of the maximum flow and discharge coefficient, respectively.

At the same time, the fluid dynamic behaviour of the
exhaust system has been evaluated. To this purpose, the
flow from the cylinder through the exhaust valve has been
characterized (Figure 4). Specifically, the same pressure drop
(Δp = 10 kPa), adopted during the fluid dynamic character-
ization of the intake apparatus, has been imposed between
the combustion chamber and the exhaust system.

Table 3: Absolute and mean flow coefficients for the intake system-
WOT configuration.

Analysed system Intake

Throttle angle, F 90◦

Absolute flow coefficient, Cf Abs 0.291

Absolute discharge coefficient, CdAbs 0.469

Mean flow coefficient, Cf Mean 0.330

Mean discharge coefficient, Cd Mean 0.427

Maximum flow coefficient, Cf Max 0.376

Maximum discharge coefficient, Cd Max 0.559

The figure depicts a continuous increase in the flow
coefficient when the valve lift increases, because of the
progressive raise in the exhaust mass flow rate. A plateau
is found for Lv/Dv > 0.323 and negligible effects on the
head breathability at high valve lifts are visible. Here, the



ISRN Mechanical Engineering 5

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
0

0.1

0.2

0.3

0.4

0.5

Throttle angle

F = 90◦

F = 70◦

F = 50◦

F = 40◦

F = 30◦

Fl
ow

co
effi

ci
en

t
(−

)

Dimensionless valve lift (−)

(a)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
0.1

0.2

0.3

0.4

0.5

0.7

Throttle angle

0.6

F = 90◦

F = 70◦

F = 50◦

F = 40◦

F = 30◦

Dimensionless valve lift (−)

D
is

ch
ar

ge
co

effi
ci

en
t

(−
)

(b)

Figure 6: Influence of throttle angle on head permeability in terms of dimensionless flow (a) and discharge (b) coefficient. Intake phase.
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Figure 7: Percentage difference in dimensionless flow coefficients
between WOT and throttled configurations. Intake phase.

dimensions of the exhaust port and the valve stem define
the minimum flow area, as already observed for the intake
system. Moreover, the analysis reveals that the discharge
coefficient presents the maximum value at Lv/Dv = 0.179.
At higher lifts, the flow separation both at the valve head
and seat reduces significantly the effective flow area and, as
a consequence, the discharge coefficient drops in line with
the literature results [1].

The two dimensionless coefficients versus the cam angle
for the exhaust system are plotted in Figure 5, whereas

Table 4: Absolute and mean flow coefficients for the exhaust sys-
tem.

Analysed system Exhaust

Absolute flow coefficient, Cf Abs 0.359

Absolute discharge coefficient, CdAbs 0.458

Mean flow coefficient, Cf Mean 0.426

Mean discharge coefficient, Cd Mean 0.448

Maximum flow coefficient, Cf Max 0.522

Maximum discharge coefficient, Cd Max 0.515

Table 4 outlines the absolute coefficients, that correspond to
the 68.8% and 88.9% of the maximum flow and discharge
coefficients, respectively. The comparison between the intake
(Figure 3) and the exhaust (Figure 5) system put in evidence
that the variation in the flow coefficient with the cam angle
is more rapid when the exhaust process is analysed.

In order to investigate the influence of throttling process
on the intake system breathability, the global analysis was
also performed at several throttle angles (Figure 6). Table 2
illustrates the analysed configurations.

Experimental data put in evidence similar behaviours
for the different throttle positions and the presence of
the three flow regimes. It is possible to observe that the
“transition” from a flow condition to another one is reached
at lower valve lift values when the flow is throttled. As
an example, the transition phenomena for the wide-open
throttle configuration (F = 90◦) occur at the valve lift
Lv/Dv = 0.120 and Lv/Dv = 0.241, while for F = 30◦, they
develop at Lv/Dv = 0.090 and Lv/Dv = 0.231, respectively.

In addition, the plot illustrates the noticeable influence of
the throttle valve opening on the volumetric efficiency of the
intake system. As expected, a progressive increase in the head
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Figure 8: Dimensionless flow (a) and discharge (b) coefficients contour plot. Intake phase.

Table 5: Influence of the throttle angle on the absolute and mean flow coefficients. Intake system.

Throttle angle, F 90◦ 70◦ 50◦ 40◦ 30◦

Absolute flow coefficient, Cf Abs 0.291 0.289 0.277 0.246 0.185

Absolute discharge coefficient, Cd Abs 0.469 0.466 0.448 0.407 0.321

Mean flow coefficient, Cf Mean 0.330 0.328 0.313 0.253 0.202

Mean discharge coefficient, Cd Mean 0.427 0.424 0.406 0.373 0.272

Maximum flow coefficient, Cf Max 0.376 0.372 0.355 0.304 0.217

Maximum discharge coefficient, CdMax 0.559 0.553 0.537 0.507 0.459
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Figure 9: Universal trend in the dimensionless flow coefficients.
Intake phase.

permeability is observed when the throttle angle upsurges.
However, this effect tends to reduce significantly with the
throttle angle and there are small effects on the fluid dynamic
efficiency of the intake system when F > 70◦. Specifically,
the percentage variations between the WOT configuration
(assumed as a reference) and the throttled configurations

are reported in Figure 7. The analysis highlights that the
differences raise with the valve lift and by throttling the flow.
Specifically, the values are always lower than 1.6% when the
throttle angle passes from F = 70◦ to F = 90◦. Conversely, by
moving from F = 30◦ to the WOT configuration, the relative
growth in the fluid dynamic efficiency is always higher than
13.3% and it is larger than 41.0% for Lv/Dv > 0.211.

This trend is also visible in Table 5, which presents the
absolute and the mean coefficients (calculated according to
(6) and (9), resp.) for the five throttle angles. Former experi-
mental results, referring to the intake system, are resumed in
Figure 8.

Finally, all the experimental data were correlated by
adopting a new dimensionless plot, defined in a former work
[25]. The previous research activity, carried out on a high
performance four-stroke motorcycle engine, put in evidence
that all the experimental data tend to distribute along the
same curve if they are plotted as

Cf

C f 0.85

= f
(

F

F0.85

)
, (10)

where Cf 0.85 is the dimensionless coefficient corresponding
to 85% of the maximum flow coefficient, and F0.85 is the
throttle angle where the dimensionless coefficient Cf is equal
to 85% of the maximum value.

Figure 9 confirms the presence of a universal trend in the
flow coefficient also for the actual engine. In particular, the
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data are well approximated by an exponential curve, whose
equation is

Cf

C f 0.85

= a + b · e−c·(F/F0.85), (11)

where the values of the three constants are a = 1.1811, b =
−6.5092, and c = 3.6459.

The result is very useful because it guarantees a drastic
reduction in the measurements that have to be done to
characterize the fluid dynamic efficiency of the engine intake
system. As a consequence, time and costs of the investigations
are decreased. At the same time, plotting the experimental
data in the suggested form facilitates the check during
the measuring phase. Obviously, further analysis should be
performed to verify the extensibility of the previous law to
other engines.

5. Conclusions

An experimental investigation was performed to analyse the
fluid dynamic efficiency of a production internal combustion
engine during the intake and the exhaust phase. Specifically,
the attention was focused on a multicylinder spark-ignition
engine.

Measurements were carried out at a steady flow rig, and
discharge and flow coefficients were used to characterise the
global engine breathability.

The global analysis has revealed the significant influence
of the valve lift on the fluid dynamic efficiency of the
intake and exhaust system. Different flow regimes have been
registered, and flow separation phenomena at the valve head
and seat have been observed at high valve lifts, in line with
the literature results.

Furthermore, the investigation has shown the large effect
produced by the throttle angle on the engine volumetric
efficiency. A progressive increase in the head permeability
was observed with the throttle angle opening. However, this
effect became negligible when the throttle opening was larger
than 70◦. Moreover, the experimental characterisation has
put in evidence that the transition phenomena from a flow
condition to another one is reached at lower valve lifts when
the flow is throttled.

Finally, the global analysis has demonstrated that a
unique trend in the fluid dynamic efficiency of the intake
system exists if an opportune dimensionless plot is adopted.
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