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Abstract 

The aim of the paper is to investigate the influence of novel opening strategies for intake valves on 

the permeability and in-cylinder flow of a multivalve spark-ignition internal combustion engine. 

Specifically, the deactivation of an intake valve and asymmetric valves lifts are analysed and 

compared to the standard symmetric valves opening.  

To this purpose, a computational fluid dynamic (CFD) analysis is performed by using a finite 

volume code and an experimental activity is done at a steady flow rig. 

The investigation is carried out for different intake strategies and engine load conditions and the 

comparison between CFD and experimental flow coefficients shows a good agreement. 

The results demonstrate that the proper combination of different valves strategies permits the effect 

of the throttling process at medium and low engine load to be minimised, improving the 

breathability of the intake system, and creating more organised and energised mean flow structures 

within the combustion chamber. 
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1. Introduction 

The development of more efficient internal combustion engines (ICEs) requires a detailed 

investigation of the intake phase in order to reduce both fuel consumptions and exhaust emissions 

and to improve the performances of actual engines [1-5]. To this purpose, special attention should 

focus on the throttling process and on the intake valves opening. At medium and low engine loads 

the throttle valve introduces significant pumping losses, decreasing the engine head permeability 

and increasing fuel consumption [6-8]. For this reason, in the last few years many researchers and 

automotive manufacturers have been developing innovative intake strategies to guarantee a more 

efficient process. Variable valve timing (VVT) systems are widely used to reduce the throttle effect. 

Specifically, early intake valve closure (EIVC), late inlet valve closing (LIVC), and reduced valve 

lift permit interesting improvements in fuel economy and exhaust emissions at part load [9-12].  

Furthermore, in multivalve engines the deactivation of an intake valve is considered a promising 

strategy to increase efficiency at low engine load [13-16]. As an example, Moore et al. showed the 

positive effect of valve deactivation on the combustion stability, fuel consumption, and emissions in 

a 2 litre gasoline direct injection (GDI) engine for loads lower than 6 bar bmep (brake mean 

effective pressure) [13] and similar results were registered by Patel et al., who analysed a single-

cylinder direct injection spark ignition engine [16]. Jovanović et al. focused attention on a 4-valve 

engine and illustrated that the valve deactivation strategy induced a stronger in-cylinder flow 

structure near to the top dead centre with the generation of a swirling flow and a proper flow spatial 

distribution [17]. At the same time, Wilson et al. noticed an improvement in the combustion stability 

and a decrease in the specific fuel consumption and emissions when asymmetric valve lifts are 

adopted at part load [18].  

The literature demonstrates that engine performances are noticeably influenced by the in-cylinder 

phenomena and further investigations on multivalve production engines are necessary to guarantee a 

profound understanding of these promising intake strategies [14,19]. Several research approaches, 

based on numerical and/or experimental techniques, are available to analyse in detail the fluid 
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dynamic behaviour of real internal combustion engines [20-22]. Specifically, Computational Fluid 

Dynamics (CFD) is a widespread technique emerged from the significant increase in the 

computational power and the availability of parallel codes able to predict the flow field in complex 

geometries [23-29]. At the same time, the steady flow rig is an extensively employed equipment, 

owing to the proper characterisation of the real phases and the possibility of analysing production 

engines and components [30-34]. As an example, Rabault et al. analysed the intake flow in a diesel 

engine in terms of flow coefficients and PIV measurements adopting a steady flow test bench [35] 

while Hartmann et al. characterised the flow at the exit of the intake valves and within the 

combustion chamber of a single-cylinder engine in steady-state conditions adopting a numerical and 

an experimental approach [36]. According to Pajković and Petrović, in fact, the influence of 

dynamic effects on the fluid dynamic performances of the intake apparatus of internal combustion 

engines is negligible, as a consequence, the intake systems are usually characterised in steady-state 

conditions, at constant ambient-cylinder pressure drop and fixed valve lift [37]. Similar evidences 

were found by Smith et al., Weclas et al., and Desantes et al. [38-40].  

This paper aims to investigate the influence of alternative intake strategies based on the inlet valve 

deactivation and asymmetric valve lifts on the breathability and in-cylinder flow of a four-stroke 

multivalve production engine. A comparison with the standard configuration characterised by 

symmetric valves opening is also performed.  

To this purpose SolidWorks Flow Simulation software has been used for the CFD analysis [41]. 

The code is based on the finite volume discretization and the immersed-boundary method [42-43], a 

very effective approach to simulate efficiently the flow field within the intake system of a 

production engine. At the same time, flow coefficients are measured at a steady flow rig to provide 

global information on engine head breathability and to validate numerical results [44-46]. 
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2. Experimental apparatus 

The experimental investigation is focused on a production multivalve spark-ignition engine, whose 

main characteristics are listed in Table 1. The fluid dynamic efficiency of the intake system is 

analysed at a steady flow rig (Figure 1), enabling air to be forced through the system by means of a 

blower (A) while the valve lift is fixed to a selected value [47-48]. A by-pass valve (B) permits 

imposition of the pressure drop between the ambient and the combustion chamber (C). Temperature 

and pressure transducers (D) are used to characterise the ambient conditions and those inside the 

cylinder, while a laminar flow meter system (E) is adopted to measure the global mass flow rate. 

 

Engine Four-stroke 

Ignition method Spark-ignition 

Compression ratio, rc 10 

Number of cylinders, NC 2 

Number of intake valves per cylinder, Nv 2 

Stroke/Bore, L/B 1.068 

Intake valve diameter/Bore, Di/B 0.373 

Throttle diameter/Bore, Dt/B 0.745 

Table 1: Main engine characteristics. 

 

The engine head is examined in terms of global performances. In particular, the flow coefficients 

are used to define the head breathability. The global analysis is carried out at several throttle valve 

positions in order to define the influence of the throttling process on the engine permeability.  

Measurements are taken for a fixed ambient-cylinder pressure drop (Δp = 8.3 kPa), while the 

dimensionless valve lifts (Lv/Dv) are set in the 0.067 ÷ 0.333 interval. In order to investigate the 
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influence of alternative intake strategies on the fluid dynamic efficiency of the induction apparatus, 

investigations have been performed for: 

i) the standard symmetric valve opening (SV configuration): the same valve lift is imposed 

for the two intake valves (Lv,1 = Lv,2 = Lv); 

ii) the asymmetric valve opening (AV configuration): the two intake valves are 

characterised by different lifts (Lv,1 ≠ Lv,2); 

iii) the deactivated valve strategy (DV configuration): only an intake valve is open while the 

other one is closed (Lv,2 = 0) 

where Lv,1 and Lv,2 are the lifts of the intake valves 1 and 2 respectively. 

The three configurations were examined at wide-open throttle (WOT -  F = 90°) condition and at F 

= 30° in order to evaluate the influence of the throttling process on the engine breathability. 

Furthermore, the measurements have been repeated also at F = 70° and  F = 50° for the traditional 

symmetric valve opening. Table 2 summarises the analysed configurations and the corresponding 

measuring conditions. 

 

 Intake valve strategy 

Symmetric 

(SV) 

Asymmetric  

(AV) 

Deactivated 

(DV) 

Ambient-cylinder pressure drop, Δp 8.3 kPa 8.3 kPa 8.3 kPa 

Dimensionless valve lift, Lv/Dv 0.067 ÷ 0.333 0.067 ÷ 0.333 0.067 ÷ 0.333 

Dimensionless valve step, ΔLv/Dv 0.033 0.033 0.033 

Throttle angle, F 30, 50, 70, 90° 30, 90° 30, 90° 

Table 2: Investigated engine configurations and measuring conditions. 
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2.1 Flow Coefficients 

The flow coefficients are used to define the global fluid dynamic efficiency of the intake system 

[49-50]. Specifically, the dimensionless coefficients Cf are defined as the ratio of the measured 

mass flow rate measm!  to reference value mr : 

r
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If the flow is subsonic, the reference mass flow rate is given by:  
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while, if the flow is choked, the mass flow is formalised as follows: 

( )12
1

2
1

0

0

1
2 −⋅

+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

+
⋅

⋅
⋅=

γ
γ

γ
γ

TR
pAm rr!       (3) 

where: p0 is the intake system pressure; 

 pC is the cylinder pressure; 

 T0 is the intake system temperature; 

 R is the specific gas constant; 

 γ is the specific heat ratio; 

 Ar is the reference area, equal to the valve outer seat area [50]: 
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The overall uncertainty of dimensionless flow coefficients, evaluated according to the literature [51-

52], is always lower than 2.1%, and it decreases as valve lift and throttle angle increase.  
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3. Geometrical model and examined configurations 

The CFD simulations are carried out for the 3D geometry shown in Figure 2. This is a complex 

geometry, mainly made up of the intercooler exit duct and the throttle valve (A), the intake 

manifold (B), and the engine head with the intake valves and cylinders (C).  

Simulations were performed for the different intake strategies defined previously. Specifically, for 

symmetric valve opening two different positions of the throttle valve (F = 90° and F = 30°) were 

used, whereas the asymmetric and deactivated configurations were examined in wide-open throttle 

configuration (Table 3).  

To analyse the flow within the combustion chamber three planes perpendicular to the cylinder axis 

(T1, T2 and T3) and three vertical planes (L1, L2 and L3) were considered, as visible in Figure 3.  

 

Valves 

configurations 

Dimensionless 

“Valve 1” lift 

Lv,1/Dv  [-] 

Dimensionless 

“Valve 2” lift 

Lv,2/Dv  [-] 

Throttle angle 

F  [°] 

Symmetric valves  

(SV-F90) 

0.333 0.333 90 

0.200 0.200 90 

0.067 0.067 90 

Symmetric valves  

(SV-F30) 

0.333 0.333 30 

0.200 0.200 30 

Asymmetric valves 

(AV-F90) 

0.333 0.200 90 

0.333 0.067 90 

0.200 0.067 90 

Deactivated valve 

(DV-F90) 

0.333 0.000 90 

0.200 0.000 90 

Table 3: Analysed configurations with CFD. 
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4. Discretisation and boundary conditions 

An immersed boundary (IB) approach for a cell-centred finite volume solver [41] was adopted to 

compute the turbulent flow field in the engine using Cartesian grids. The IB method [53-55] is 

based on a special treatment of the boundary conditions that simplifies the grid generation process 

by allowing the use of structured grids even in complex geometries. Consequently, the time 

required for mesh generation and successive refinements is greatly reduced with respect to the 

body-fitted approach. Figure 4a shows a section of the mesh near the intake valve, while Figure 4b 

depicts the three-dimensional structured hexahedral grid of the engine head. 

The governing equations are discretised in a conservative form. The Favre averaged Navier-Stokes 

equations were used and the turbulence was solved by employing the low Reynolds number form of 

the k-ε model proposed by Lam-Bremhorst [56]. This approach extends the validity of the Jones 

and Launder model [57] through the viscous sub-layer to the wall, additionally modifying the 

turbulent transport equations and the turbulent viscosity by means of the so called low-Reynolds-

number (dumping) functions. The near wall treatment is based on the Two-Scale Wall Functions 

(2SWF) model [58], which is designed to predict laminar, turbulent and transitional boundary 

layers. 

The upwind approximation of the inviscid fluxes is second-order accurate and based on an 

implicitly treated modified Leonard’s QUICK approximation [59] and on the Total Variation 

Diminishing (TVD) method [60-61] to preserve local monotonicity of the solution. 

Time implicit first-order accurate approximations of the momentum, energy and k-ε equations are 

used together with an elliptic type discrete pressure equation, derived by algebraic transformations 

of the discrete mass and momentum equations (SIMPLE-like approach), to advance the solution in 

time efficiently. The linear system of equations is solved using a preconditioned generalised 

conjugate gradient method [62] with ILU preconditioning. To solve the algebraic system arising 

from the discrete pressure-correction equations, an iterative procedure based on a multigrid method 

developed by Hackbusch [63] is used. 
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Table 4 provides some information about the fine mesh used to discretise the computational domain 

and the related computational cost in terms of CPU. Grid independence has been ensured by 

successive solution-adaptive mesh refinements. The convergence was checked by monitoring the 

variations in the mass flow rate between the inlet and the outlet sections of the computational 

domain as a function of the iterations. The calculations process was stopped when a very low 

percentage variation between inlet and outlet mass flow rate was reached (<10-6). All the 

simulations were performed in parallel using 8 computing cores (Intel Xeon E5620 with a clock of 

2.40 GHz). 

Total cells ∼ 6,000,000 

Fluid cells ∼ 3,500,000 

Interface cells ∼ 2,500,000 

Iterations ∼ 700 

CPU time ∼ 155,000 s 

Table 4: Grid resolution and computational resources. 

 

 

 Fluid dynamic parameters Turbulence parameters 

Inflow: Total pressure: 99,800 Pa 

Temperature: 295.85 K 

Intensity: 2.00 % 

Length: 0.005 m 

Outflow:  Static pressure: 91,464 Pa 

Temperature: 295.85 K 

- 

Wall:  Heat flow = 0 (adiabatic wall) 

Velocity = 0 (no-slip condition) 

- 

 

Table 5: Boundary conditions. 

 

Table 5 summarises the adopted boundary values. The inflow section of the computational domain 

corresponds to the exit of the intercooler and the outflow to the cylinder exit. Specifically, the 
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cylinder length was fictitiously extended to 20 times the engine bore in order to enable constant 

pressure conditions at the exit section to be fixed. Experimental pressures and temperatures were 

used at inlet and outlet sections. Moreover, the velocity components on the wall were set to zero 

(non-slip condition).  

 

 

5. Results 

5.1 Experimental analysis 

Dimensionless flow coefficients were used to characterise the global fluid dynamic efficiency of the 

four-valve spark-ignition engine and to validate numerical results. Specifically, the investigation was 

performed first for the standard (SV) configuration at different throttle angles in order to evaluate 

the influence of the throttling process on the intake system permeability. 

Figure 5 shows the experimental flow coefficients as a function of the dimensionless valve lift 

(Lv/Dv). The results demonstrate the presence of different flow regimes, characterised by decreasing 

slopes in the flow coefficient curve, according to the literature [49,64]. Particularly, at low valve 

lift, the flow remains attached to the valve seat and head due to the high viscous phenomena. A 

flow separation occurs, first, at the valve head and, successively, at the valve seat when the lift 

increases. The analysis evidences that the “transition” from one flow condition to another is reached 

at lower valve lift values when the flow is throttled. In fact, for the wide-open throttle configuration 

(F = 90°), the transition phenomena take place at Lv/Dv ~ 0.16 and Lv/Dv ~ 0.23, while for F = 30° 

they occur at Lv/Dv ~ 0.12 and Lv/Dv ~ 0.16, respectively. 

As expected, a continuous rise in the head permeability is observed when the throttle angle 

increases, owing to the progressive upsurge in the mass flow rate entering the combustion chamber. 

However, this effect tends to reduce significantly with the throttle angle and there are negligible 

effects on the fluid dynamic effectiveness of the intake system when F ≥ 70°. In this case, the 

percentage differences with the wide-open throttle configuration are always lower than 3.2% and 

become lower than 1.2% when the dimensionless valve lift is larger than 0.13. The maximum flow 
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coefficient is 0.38 and similar values are found for dimensionless lifts larger than 0.27 when the 

dimensions of the intake ports and valve stems define the minimum flow area. A percentage 

decrease in head permeability lower than 15% is found moving from F = 70° to F = 50°. 

Conversely, a noticeable decrease in the dimensionless parameter and, as a consequence, on the 

engine fluid dynamic efficiency is registered when the throttle angle is lower than 50° with a 

reduction that is always higher than 30% moving from F = 50° to F = 30°.  

In order to reduce the effect of the throttling process on the engine head breathability and to improve 

the mean flow structures within the combustion chamber, new intake strategies were investigated. 

Specifically, the asymmetric (AV) configuration - characterised by different valves lifts for the two 

intake valves - and the deactivated valve (DV) strategy - with only an intake valve open - were 

analysed and compared to the standard symmetric valve (SV) configuration (Table 3). Figure 6a and 

6b show the deactivated and asymmetric strategy, respectively.  

Experimental results confirm the presence of different flow regimes and highlight the large influence 

of the throttling process on the engine permeability.  

For the deactivated (DV) configuration (Figure 6a), the decrease in the flow coefficient is always 

higher than 24% moving from the wide-open throttle configuration to F = 30° and the difference 

reaches 42% when the dimensionless valve lift is larger than 0.23. The comparison with the standard 

configuration at the same throttle angle shows the noticeable reduction in the flow coefficients when 

an intake valve is closed. Specifically, the mean percentage decrease in the mass flow rate entering 

the combustion chamber is equal to 49.8% when F = 90° and it is about 28% when the flow is 

throttled (F = 30°).  

Furthermore, the analysis reveals that the proposed deactivated strategy in the wide-open throttle 

configuration guarantees similar flow coefficients and mass flow rates of the standard intake valves 

when F = 30°. The result suggests to adopt the unthrottled deactivated strategy to control the engine 

power at low load, owing to the possibility to guarantee the same mass flow rate entering the 

cylinder with a lower curtain area and to obtain higher flow coefficients when the same curtain area 
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is used. This is due to the lower pressure losses at the throttle valve, the better filling of the 

combustion chamber, and the improved fluid dynamic efficiency of the wide-open throttle 

configuration. 

Figure 6b illustrates the flow coefficients of the asymmetric (AV) configuration as a function of the 

throttle angle and dimensionless valve lift. As already observed, the higher the throttle angle, the 

higher the mass flow rate and, consequently, the engine permeability. The comparison with the 

standard control strategy shows that the asymmetric configuration permits to reproduce all the 

operating ranges of the standard configuration. It further enables a larger flexibility in the operating 

conditions and engine control, due to the possibility to impose different lifts between the two intake 

valves. As an example, when F = 90° the flow coefficient in the standard configuration is equal to 

0.30 at Lv/Dv = 0.167 while the corresponding dimensionless parameter (at Lv,1/Dv = 0.167) ranges 

between 0.22 (Lv,2/Dv = 0.067) and 0.35 (Lv,2/Dv = 0.333) when the asymmetric valve opening is 

adopted.  

The experimental analysis highlights that the proper combination of the deactivation (DV) and 

asymmetric (AV) strategies gives a larger flexibility in the mass flow control, with the possibility of 

reproducing all the operating range of the standard configuration. Specifically, the deactivation of an 

intake valve is suggested at low engine load, whereas the asymmetric valves configuration is useful 

for medium-high mass flow rates. The advantage is the opportunity to create a different and more 

organised in-cylinder charge motion, as it will be shown in the next section. 

 

5.2 Numerical analysis 

To investigate in more detail the flow field within the combustion chamber and to evaluate the 

influence of the different intake strategies on the fluid dynamic behaviour of the engine, a 3D 

numerical analysis was performed. Figure 7 illustrates the comparison of experimental and 

numerical flow coefficients. The analysis highlights that the numerical model characterises the 

global fluid dynamic efficiency of the engine head with a good accuracy for both standard (SV) and 
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innovative (AV and DV) configurations, with a mean percentage difference with respect to the 

experimental measurements of 4.6%. The maximum value (9.3%) has been registered for the 

symmetric valve opening with throttled flow (F = 30°). This value stems from the corresponding 

low flow coefficient (0.15) even though the absolute difference between numerical and 

experimental data is equal to 0.014. It is worthy to notice that for all the investigated configurations 

the absolute differences are at least one order of magnitude lower than the corresponding 

experimental results.  

 

5.2.1 Flow field analysis  

The assessment of the numerical model permitted the influence of the throttle valve and the effect of 

the proposed strategies on the intake phase behaviour to be analysed in more detail. 

Figure 8 shows the pressure distribution within the intake system for the standard (SV) 

configuration with 30° (Figure 8a) and 90° (Figure 8b) throttle valve opening. The comparison was 

carried out at the same pressure difference between ambient and cylinder (Δp = 8.3 kPa), according 

to the experimental analysis. 

It can be noticed that under the part load condition, the pressure drop mainly occurs at the throttle 

valve (Δpt = 6.61 kPa) and two different pressure fields are produced upstream and downstream. 

Conversely, at full load the influence of the throttle is negligible (Δpt = 0.75 kPa) and the pressure 

drop is distributed along the intake system.  

In order to evaluate the influence of the innovative intake strategies on the in-cylinder flow field, 

numerical results of deactivated (DV) and asymmetric (AV) valves opening configurations were 

compared with the standard symmetric (SV) approach at partial and high load condition, 

respectively. 

 

5.2.2 Part load conditions 
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The previous global analysis demonstrated that similar mass flow rates are reachable at part load by 

using the standard (SV) throttled configuration or the deactivated (DV) strategy in WOT 

configuration. Moreover, the adoption of the alternative approach offers the possibility to 

significantly reduce the pressure losses at the throttle valve, to modify the in-cylinder flow field, 

and to improve the global engine efficiency. To this purpose, symmetric (SV) and deactivated (DV) 

valves opening configurations were compared at similar mass flow rates adopting a 3D numerical 

analysis. Specifically, the standard configuration refers to a throttle angle of 30° (SV-F30) with 

valve lifts (Lv/Dv = 0.333) while the deactivated configuration is characterised by wide-open 

throttle (DV-F90) with only one intake valve open (Lv,1/Dv = 0.200).  

Figure 9 shows the three-dimensional flow structure inside the cylinder in terms of the velocity-

coloured flow trajectories for the two above configurations. The comparison of the two plots allows 

one to appreciate that the DV-F90 configuration significantly increases the velocities of the flow 

entering the cylinder and the rotational charge motion within the combustion chamber. Specifically, 

for the deactivated strategy the velocity near the intake valve is larger than 80 m/s while the 

corresponding value is always lower than 40 m/s for the standard configuration. 

To compare the two configurations in more detail, Figure 10 illustrates the flow field on the three 

planes orthogonal to the cylinder axis. The streamtrace distributions point out the asymmetric flow 

pattern and the higher intensity of the tangential velocity component of the DV-F90 configuration 

with respect to SV-F30 at the plane T1. Furthermore, for DV-F90 the interaction between the 

inflow and the cylinder walls creates a main swirl motion that becomes more significant moving 

away from the engine head (from plane T1 to T3). Conversely, in the SV-F30 configuration several 

smaller vortices are present for this configuration. A symmetric flow pattern is observed on the T1 

plane, whereas the vortices coalescence produces more irregular streamtrace distributions on the T2 

and T3 planes. 

Figure 11 depicts the flow field in vertical planes in terms of velocity contours. The plots in the L1 

plane (Figures 11a and 11b) show that the interaction between the inflow and the cylinder wall is 
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more significant and creates a wide recirculating region behind the intake valve for the deactivated 

strategy, while an almost symmetric flow pattern with a weak valve to valve flow interaction is 

observed for the standard valves opening. As expected, striking differences between DV-F90 and 

SV-F30 contour plots are evident in the L2 plane owing to the valve deactivation (Figures 11c and 

11d). Flow similarities are seen in the L3 plane (Figures 11e and 11f). Nevertheless, the expanding 

annular jet hits the wall and flow along it with higher intensity for DV-F90 compared to SV-F30, 

with a positive effect on the turbulence kinetic energy and combustion process [17]. 

 

5.2.3 High load conditions 

The comparison of different intake strategies was extended to high load conditions. Specifically, 

CFD results of symmetric (SV) and asymmetric (AV) valves opening configurations were 

investigated. The SV configuration is defined by Lv/Dv = 0.333, while AV configuration considers 

different intake valves lifts (Lv,1/Dv = 0.333 and Lv,2/Dv = 0.200). In both cases the throttle valve is 

wide-open (F = 90°).  

Figure 12 shows the velocity-coloured flow trajectories within the cylinder. The comparison of the 

two plots highlights that the asymmetric configuration creates a higher rotational motion within the 

combustion chamber. 

For both engine conditions, the streamtraces of Figure 13 show a flow structure consisting of 

vortices of different sizes. In particular, for AV-F90 the tangential velocity induces a more irregular 

flow pattern with more coherent swirl-type structures than those computed for SV-F90. 

Figure 14 shows the velocity contours in the vertical planes. The difference between the plots is 

strongly reduced compared to Fig. 11 for part load conditions due to the reduced flow unbalancing 

between the intake valves. Noticeable valve-to-valve and valve-to-wall flow interactions are 

detected on the L1 plane (Figures 14a and 14b). 

Specifically, the highest interference phenomena between the two valves are observed for the 

symmetric opening. Similar velocity contours are found on the L2 plane as the two configurations 
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have the same valve lift (Figures 14c and 14d). On the other hand, AV-F90 has a smaller valve lift 

in the L3 plane that produces a different annular flow expansion, with a well-defined wall jet 

structure along the cylinder surface (Figures 14e and 14f). 

 

5.2.4 Swirl number 

Finally, computational results were used to quantify the flow rotation inside the combustion 

chamber with respect to the cylinder axis. To this purpose, the angular momentum produced by the 

tangential velocity (utg) was combined with the axial mass flow as [65-66]: 

 
(5) 

where S is the swirl number, R the radius of the cylinder, uax the axial velocity, utg the tangential 

velocity, r the radial distance, and ρ is the air density. The swirl numbers reported in Figure 15 and 

summarised in Table 6 were evaluated on the three transversal planes T1, T2, and T3 (z/B = 0.25, 

0.50, and 0.75 respectively, where z is the distance of the plane from the head and B is the engine 

bore) for the different load conditions according to equation 5. The trends of the absolute values of 

the swirl number are consistent with the flow patterns of Figures 10 and 13. It can be observed from 

Table 6 that in DV-F90 configuration the swirl number is negative (clockwise) and increases (in 

absolute value) with the distance from the engine head, where the flow is more organised owing to 

the progressive decay of the recirculating structure below the intake valves, as already observed in 

Figure 10. For the other configurations the swirl number is positive (counterclockwise) and reduces 

moving away the engine head. Furthermore, Figure 14 shows a higher swirl number for AV-F90 

with respect to SV-F30 and SV-F90. In particular, for all the transversal planes the difference in 

swirl number of the symmetric configurations (F = 30° and F = 90°) is negligible. Thus, it can be 

concluded that the rotational motion around the cylinder axis is amplified adopting asymmetric and 

deactivated configurations, owing to the flow unbalancing between the intake valves, while the 
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rotational intensity is low and independent of the load conditions when the symmetric valves 

configuration is adopted. 

 

 

 

Plane T1 

(z/B=0.25) 

 

Plane T2 

(z/B=0.50) 

 

Plane T3 

(z/B=0.75) 

SV-F90 0.224 0.122 0.048 

SV-F30 0.231 0.109 0.063 

AV-F90 0.328 0.212 0.163 

DV-F90 - 0.163 -0.396 -0.525 

Table 6: Swirl number on the three transversal planes for different valves configurations. 

 

 

6. Conclusions 

The work has analysed the fluid dynamic behaviour of an internal combustion engine. In particular, 

attention has been focused on a production multivalve spark-ignition engine during the intake phase. 

To this purpose, a numerical and an experimental investigation were carried out to evaluate the 

influence of novel intake valves opening strategies on the system permeability and on the in-

cylinder flow field, highlighting their effectiveness and their advantages with respect to the standard 

(symmetric) valves opening configurations. 

As concerns the numerical analysis, an immersed boundary approach for a cell-centred finite 

volume solver was adopted to simulate efficiently the flow field using Cartesian grids. For the 

experimental investigation, the fluid dynamic efficiency of the intake system was analysed at a 

steady flow rig in terms of flow coefficients. The comparison of numerical and experimental data 

displayed a good agreement. Specifically, the mean percentage difference between measured and 
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numerical flow coefficients was equal to 4.6% despite the very complex three-dimensional flow and 

the large size geometry.  

The global investigation has revealed the significant influence of the inlet valve opening on the 

fluid dynamic efficiency of the intake apparatus. Different flow regimes were observed and flow 

separation phenomena at the valve head and seat were noticed at medium and high valve lifts. 

Furthermore, the effect of the throttling process on the engine breathability has been studied. To 

reduce the throttle losses, it is suggested to deactivate an intake valve at low engine load 

(deactivation strategy) whereas different lifts between the two intake valves (asymmetric strategy) 

are proposed at medium-high loads. At low engine load, the deactivated configuration guarantees 

the same flow coefficients as the standard approach with a lower curtain area and a better engine 

permeability when the curtain area is fixed. Furthermore, the asymmetric valves configuration 

reproduces similar mass flow rates to the traditional valves opening with different flow distribution 

between the two valves. 

The characterisation of the flow field within the combustion chamber showed an almost symmetric 

flow pattern for the standard valves opening configuration with a weak valve-to-valve flow 

interaction at low engine load that progressively increases with the valve lift. On the other hand, the 

adoption of the proposed alternative strategies produces a flow unbalancing between the intake 

valves and an asymmetric flow distribution. As a consequence, the proper combination of the 

different intake strategies assures a larger flow control and a higher fluid dynamic efficiency 

(breathability) at all the operating conditions, with the possibility of creating alternative organised 

in-cylinder flow structures. Specifically, the proposed strategies produce a higher rotational motion 

and a more organised and energised flow, especially at low engine loads, which could enhance the 

consequent combustion process. This phenomenon will be investigated in a future work adopting 

the numerical model validated in this paper. 
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Symbols 

A Area [m2] 

B Bore [m] 

Cf Flow coefficient [-] 
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D Diameter [m] 

Δp Ambient-cylinder pressure drop [Pa] 

Δpt Pressure drop at the throttle valve [Pa] 

F Throttle angle [°] 

γ Specific heat ratio [-] 

L Stroke [m] 

Lv Valve lift [m] 

Lv,j Lift of the generic intake valve j [m] 

 Mass flow rate [kg/s] 

NC Number of cylinders [-] 

Nv Number of intake valves per cylinder [-] 

p Pressure [Pa] 

R Specific gas constant [J/kg K] 

r Radial distance [m] 

rc Compression ratio [-] 

S Swirl number [-] 

u Velocity [m/s] 

z Distance of the plane from the engine head [m] 

  

m!
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Subscripts 

ax Axial 

C Cylinder 

i Intake 

meas Measured 

r Reference 

t Throttle 

tg Tangential 

v Valve 

0 Intake system 

 

Acronyms 

AV Asymmetric Valves lifts 

bmep Brake mean effective pressure 

CFD Computational Fluid Dynamics 

DV Valve Deactivation 

IB Immersed Boundary 

ICE Internal Combustion Engines 

SV Symmetric Valves lifts 

TVD Total Variation Diminishing 
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