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Abstract: To enhance air–fuel mixing and turbulence during combustion, spark ignition internal 

combustion engines commonly employ tumble vortices of the charge inside the cylinder. The intake 

phase primarily dictates the generated tumble, which is influenced by the design of the intake sys-

tem. Utilizing steady-state flow rigs provides a practical method to assess an engine’s cylinder head 

design’s tumble-generating characteristics. This study aims to conduct computational fluid dynam-

ics (CFD) numerical simulations on various configurations of steady-state flow rigs and compare 

the resulting tumble ratios. The simulations are conducted for different inlet valve lifts of a four-

valve cylinder head with a shallow pent-roof. The findings highlight variations among these widely 

adopted configurations. 
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1. Introduction 

In addition to ongoing efforts to electrify the fleet of light-duty vehicles, spark igni-

tion (SI) internal combustion (IC) engines still dominate the market, and their power den-

sity, efficiency, and emissions are still improving. Furthermore, the potential use of alter-

native CO2-neutral fuels, such as biofuels [1–3], synthetic fuels (e-fuels) [4], or even hy-

drogen [5–7] may extend the lifespan of SI engines used in passenger cars and light com-

mercial vehicles. In-cylinder charge motion plays a pivotal role in controlling fuel–air mix-

ing and the combustion process both in SI engines [8] and compression ignition (CI) en-

gines [9,10]. It also significantly influences engine heat transfer [11]. While swirling flow 

is preferred in CI engines, SI engines usually utilize a tumbling motion of the mixture 

within the cylinder. That flow pattern enhances the turbulence energy inside the combus-

tion chamber, thereby increasing burning speed, improving idle stability and exhaust gas 

recirculation (EGR) tolerance [12,13]. Tumble also regulates fuel stratification in gasoline 

direct injection (GDI) engines [14,15]. 

The design of inlet ports and cylinder head significantly influences the air–fuel flow 

pattern within the combustion chamber. While the flow field in the cylinder can be visu-

alized in laboratory engines that allow for optical access, with the use of, i.e., laser diag-

nostic techniques, those methods demand substantial resources and costly equipment. 

Experiments under firing conditions are feasible, but the complexities and constraints as-

sociated with combustion make it far easier to conduct cold flow measurements [16]. A 

practical alternative to measure the tumble motion creating ability of a cylinder head de-

sign is employing a steady-state tumble measuring flow rig. These methods offer the 

added benefit of quite straightforward examination of the flow in production engine cyl-

inder heads. These rigs can also facilitate in-cylinder velocity field particle image veloci-

metry (PIV) measurements [12,17,18]. The more commonly used “integral” methods eval-

uate the tumble strength by measuring the flux of angular momentum. This is achieved 
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using a paddle wheel or an impulse torque meter [19–23]. However, the absence of a 

standardized testing procedure for quantifying tumble intensity leads to non-directly 

comparable results from existing methods, rendering their outcomes more “relative” than 

“absolute”. Xu [24] provides a comprehensive summary of such steady flow testing ar-

rangements. 

Computational fluid dynamics (CFD) is a convenient as well as reliable tool for the 

investigation of the flow field in the combustion chamber of an engine. Many studies com-

pare experimental data of tumble ratios with results obtained from CFD simulations 

[16,19,21,25–28]. CFD simulations offer a convenient way to compare results for various 

cylinder head configurations, expediting the optimization of the geometry. However, in a 

CFD study, certain associated issues require special attention, such as careful selection of 

the numerical methods, numerical grid, and turbulence models used. Furthermore, it is 

essential to establish a correlation between the tumble ratios measured using various 

steady-state flow rigs and the charge motion inside the cylinder under firing or motoring 

conditions. 

This study compares computational fluid dynamics (CFD) simulation data regarding 

the tumble ratio and flow coefficient, for a modern cylinder head with four valves, em-

ploying different steady-state flow rigs, across varying valve lifts. These numerical simu-

lation findings will aid in establishing correlations with experimental measurements ac-

quired through different steady-state tumble measurement flow rigs. 

2. Materials and Methods 

Steady-state flow benches, employed to measure the tumble generating capacity of a 

given intake system in an internal combustion (IC) engine, typically utilize either an im-

pulse swirl meter that measures the torque applied by the flow or a paddle wheel that 

measures rotational speed of the flow. Impulse swirl meters are considered more precise 

because of issues related to mechanical reliability and flow disruption the paddle wheel 

causes. Impulse flow meters comprise a honeycomb-type flow straightener, positioned 

downstream the cylinder head. Initially designed for the measurement of the in-cylinder 

swirl, these techniques have been modified to measure tumble, through the use of a suit-

able tumble adaptor. One commonly used tumble adaptor, employed to convert tumbling 

air motion into swirl, which can be measured by one of the described devices, was devel-

oped by Ricardo [29]. There are two variations of this adaptor: the “T-type” and the “L-

type” (Figure 1). In the “T-type” setup, air exits from both directions of the adaptor tube, 

exhibiting symmetry when the valve lift of both inlet valves is equal. Angular momentum 

is measured inside the one of the exit tubes, thus constituting half of the total angular 

momentum. In the “L-type” setup, the tumble adapter tube is closed on one side, and all 

the airflow passes through the swirl meter. In both configurations, the tube’s diameter (D) 

is approximately equal to the bore (B) of the cylinder, with typical tube lengths (L) ranging 

around 500 mm. Although neither dimension is deemed critical due to angular momen-

tum conservation, it is worth noting that wall friction inside the tumble adapter tube 

slightly affects the measurements. The distance between the tube axis and the cylinder 

head (H) is a crucial dimension influencing tumble measurement. Ricardo’s method em-

ployees a distance of H = B/2 + 20 mm. Both configurations are depicted in Figure 1. 
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(a) (b) (c) 

Figure 1. Ricardo tumble adaptor: (a) side view (“T-type” and “L-type”); (b) front view “L-type”; 

(c) front view “L-type”. The red arrows illustrate the tumbling motion of the flow. 

To achieve a steady-state flow within the test rig, a constant pressure difference is 

applied. This pressure difference is carefully chosen to ensure fully turbulent flow, and is 

typically determined by the Reynolds number, which is evaluated using the inner seat 

diameter of the intake valve. For cylinder head geometries relative with automotive en-

gines, typical values for the pressure difference lies between 400 and 1000 mm H2O. 

The Ricardo method calculates the discharge coefficient Cd and the flow coefficient 

Cf and as follows ([20]): 

Cf=
Q̇

Ain.seat∙Vo

          Cd=
Q̇

Av∙Vo

 (1) 

The non-dimensional tumble number NT-R is calculated by the following ([20]): 

NT-R=
8G

ṁ∙Vo∙B
 (2) 

G is the torque that is measured, ṁ is the air mass flow rate, Q̇ is the air volume 

flow rate, B is the bore of the cylinder, Ain.seat is the inner seat area of the valve, Av is the 

orifice area between the valve head and the valve seat area, and Vo is the velocity head 

(√2ΔP ρ⁄ ). If only half of the torque is measured (as in the “T-type” tumble adaptor), only 

half of the total mass flow rate should be used for in the denominator of Equation (2). 

Another widely used method is the FEV (“Forschungsgesellschaft für Energietechnik 

und Verbrennungsmotoren” in German) steady-state flow rig (Figure 2). According to this 

method, the cylinder head is mounted on a cylinder, which is equipped with a rotating 

paddle ring. The tumbling motion of the flow rotates the paddle ring and exits the cylinder 

through the two symmetric side openings. Those two openings also accommodate the 

mounting of the ring’s shaft. The diameter of those two openings, according to the speci-

fications of this method, is 0.35∙B, where B is the diameter of the cylinder, which is signif-

icantly smaller that the of the Ricardo tumble adaptor. It is thus anticipated that for a fixed 

pressure drop, the flow rate through the rig would be lower than that of the Ricardo 

method. An advantage of this method over the Ricardo method is that a real piston can be 

placed in the bottom of the dummy cylinder, and thus how its shape influences the gen-

erated tumble can be assessed. 
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(a) (b) 

Figure 2. FEV tumble adaptor: (a) side view; (b) front view. The red arrows illustrate the tumbling 

motion of the flow. 

The non-dimensional rig tumble number NT-FEV is usually calculated as the ratio of 

velocities CT/CA, where CT is the circumferential velocity of the tumbling motion in the 

mean paddle radius RMPR, and CA is the axial velocity in the cylinder. 

NT-FEV=
CT

CA

=
2∙π∙N∙RMPR 

CA

 (3) 

where N is the rotation speed of the paddle wheel and RMPR is the mean paddle wheel 

radius, which, according to the rig’s specifications, is RMPR = 0.36375∙B. The axial velocity 

in the cylinder can be calculated as CA = ṁ/ (ρ
cyl

∙Av), where ṁ is mass flow rate, ρcyl is 

the air density inside the cylinder, and Av is the orifice area between the valve head and 

the valve seat. 

Beside the above-described experimental configurations, which are used to deter-

mine integral flow parameters, other velocity measuring or flow visualization techniques 

are also used such as or particle image velocimetry (PIV) [16–18,20] or hot-wire anemom-

etry (HWA). Usual configurations are shown in Figure 3. In the HWA method, a flow 

straightener is placed at the exit of the cylinder, and the axial velocity component is meas-

ured just after this straightener. In the PIV method, a transparent cylinder is used, particles 

are seeded in the flow, and the detailed flow field is measured in the symmetry plane 

perpendicular to the tumble rotation axis (and possibly also in other parallel planes). The 

flow exits from one or two side ports, similarly to the FEV method. In all those methods, 

the detailed velocity field measured can be integrated in order to extract integral flow 

features, as tumble strength. 

  

(a) (b) 

Figure 3. (a) HWA velocity measuring (arrows illustrate the flow field inside the cylinder); (b) PIV 

velocity measuring. 

The purpose of this study is to numerically simulate the above steady-state measur-

ing methods and compare the results obtained. A 3D parametric model for the inlet valves, 

ports, and cylinder head was constructed using suitable CAD software ( Autodesk Fusion 
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v2.0, Figure 4). This design incorporates straight inlet ports, a shallow combustion cham-

ber with a minimal pent roof angle, moderately sized squish zones, and large intake and 

exhaust valves. This arrangement exhibits a strong resemblance to the configuration of a 

recently developed high-power output SI engine. The exhaust side was not modelled. Ta-

ble 1 shows the principal dimensions of the geometry. 

 

 
 

(a) (b) (c) 

Figure 4. Different views of the model for the simulated geometry: (a) 3D view; (b) Side view; (c) 

Top view. 

Table 1. Dimensions of the simulated cylinder head geometry. 

Stroke (mm) 89.7 

Bore (mm) 87.5 

Pentroof angle (deg) 17o 

Diameter of inlet valves (mm) 32 

Angle of valve’s seat (deg) 45o 

To facilitate the application of proper boundary conditions in the CFD simulation, an 

inlet plenum chamber was added before the inlet port and an outlet plenum chamber was 

added after the exit tube. For all configurations except the Ricardo L-tube, only half of the 

complete geometry was modeled due to the presence of a symmetry plane. The computa-

tional domains for all simulated cases are illustrated in Figures 5 and 6. 

  
(a) (b) 

Figure 5. Computational regions for (a) Ricardo T-tube tumble adaptor; (b) Ricardo L-tube tumble 

adaptor. 
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(a) (b) 

Figure 6. Computational domain for (a) FEV tumble adaptor; (b) HWA steady-state measuring 

configuration. 

This investigation employed the CONVERGE CFD software (v3.1.5) for numerical 

simulations [30]. CONVERGE utilizes a fully automated cut-cell meshing technique to 

generate an orthogonal, body-fitted, computational mesh. The software embeds the ge-

ometry surface inside a Cartesian mesh block and subsequently trims the cells at their 

intersection points with the surface, ensuring a close fit to the complex geometry. In a 

previous numerical study of similar configurations [31], it was found that a base mesh 

with uniform cells with 2 mm edge length, with 1 level of mesh refinement at the cylin-

der’s walls, an exit tube, and 3 successive levels of mesh refinement around the valves and 

the valve opening region gives adequately accurate results. The total number of cells for 

the Ricardo T-tube tumble adapter is around 1.2 M cells (for the half model) and for the 

Ricardo T-tube tumble adapter around 2 M cells. The numerical grid used for the simula-

tions is presented in Figure 7. 

 

 
 

(a) (b) (c) 

Figure 7. Cross-section of the computational grid used at the vertical plane bisecting the axis of an 

inlet valve for each configuration: (a) Ricardo T-tube tumble adaptor; (b) FEV tumble adaptor; (c) 

HWA steady-state measuring configuration. 

The numerical mesh did not incorporate the impulse honeycomb swirl meter em-

ployed within the tumble adaptors for either Ricardo configuration. The torque exerted 
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by the flow on the swirl meter was instead determined by calculating the angular momen-

tum flux, measured parallel to the tube’s axis and relative to the cross-section’s center. For 

the FEV case, the paddle wheel is also not modeled in the simulations. The tumble ratio is 

calculated from the angular momentum of the flow inside the cylinder. For the HWA case, 

porous media are placed at the exit of the cylinder in order to simulate the flow straight-

ener present in the experimental setup. For this case, the tumble ratio is calculated from 

the angular momentum flux in the surface between the cylinder and the flow straightener 

region. 

In a previous numerical study of a similar configuration [31], various RANS turbu-

lence models and convective schemes were tested using several numerical mesh densities. 

The use of the k-ω SST turbulence model ([32]) and second-order upwind (SOU) convec-

tive scheme produced the most consistent results for the various cases considered. These 

are the models also used in this study. 

3. Results 

3.1. Flow Coefficients and Tumble Ratios 

For all configurations considered, simulations were performed for 2, 4, 6, 8, and 10 

mm valve lifts. The upstream gauge pressure was set at 600 mm H2O. Figure 8 presents a 

comparison of the predicted flow coefficients (Equation (1)). It is clear that for the FEV 

method and for valve lifts larger than 4 mm, the flow is significantly restricted by the small 

diameter of the exit tube (Figure 2). Simulations with lower upstream gauge pressure or 

shorter length of the exit tube did not affect significantly the predicted flow coefficient. 

Increasing the diameter of the exit tube did lead to increased flow rates. It is anticipated 

that in the real experimental configuration, the presence of the rotating paddle wheel in-

side the cylinder will further reduce the flow rate. In the HWA configuration, although 

the presence of the porous media flow straightener does cause a small pressure drop, the 

absence of any exit tubes leads to an increased flow rate, compared with the two Ricardo 

configurations. For that case, the absence of any significant organized rotating flow inside 

the cylinder (as it will be shown later in this text) further attributes to this result. Compar-

ing the two Ricardo configurations, for small valve lifts, the flow rates predicted are very 

close, while for larger valve lifts, the presence of two exit tubes of the T-tube configuration 

lead to an increased flow rate. For all cases, but especially for the Ricardo and the FEV 

configurations, the flow rate is also affected by the flow pattern inside the cylinder and 

the presence of organized large-scale vortices. 

 

Figure 8. Comparison of the predicted flow coefficients for all cases. 

Figure 9 shows the comparison of the predicted tumble ratios. For the FEV configu-

ration, the tumble number is calculated using Equation 3, but since there is not a real ro-

tating paddle wheel inside the computational domain and the angular momentum is cal-

culated inside the whole volume of the cylinder, the mean radius used in Equation (3) was 
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RMPR = 0.5∙B. The corresponding paddle wheel speed N of the experimental configuration 

was approximated by the angular speed of the flow around the horizontal axis through 

the center of mass of the cylinder (the axis of the exit tube in Figure 6a, axis Y in our sim-

ulation). 

ωY=
LY

IY

 (4) 

where IY and LY are the moment of inertia and the angular momentum, respectively, 

around that axis. These can be calculated using the following summations over the nu-

merical cells inside the computational region of the cylinder: 

LY= ∑ {mn[(zn-zcm)un-(xn-xcm)wn]}

total cells

n=1

 (5) 

IY= ∑ {mn[(zn-zcm)2-(xn-xcm)2]}

total cells

n=1

 (6) 

mn is the mass inside computational cell n; xn and zn are the coordinates of the corre-

sponded cell’s center; xcm and zcm are the coordinates of the center of mass, which is the 

assumed rotation center; and un and wn are the velocities in the X and Z directions. 

For the two Ricardo configurations, the respective tumble number is calculated using 

Equation (2), where the torque G measured in the experimental setup is replaced by the 

angular momentum (around the tube’s axis) flux through the surface between Sections 1 

and 2 inside the exit tube. In the “T-type”, the mass flow rate in the denominator of Equa-

tion (2) should be half of the total. For the HWA configuration, the corresponding tumble 

ratio is calculated again by Equation (2) using the angular momentum (around Y axis) flux 

leaving the cylinder and entering the porous media region. 

 

Figure 9. Comparison of the predicted tumble ratios for all cases. Note that the tumble ratios for 

each case are calculated using different methods. 

As can be seen in Figure 9, although the tumble ratios are calculated using different 

method for each configuration, they are quite similar, with the exception of the HWA con-

figuration for low valve lifts. Figures 10–13 show the flow field inside each configuration, 

for 4, 8, and 10 mm valve lifts.  
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(a) (b) (c) 

Figure 10. Simulation results for HWA configuration: (a) streamlines for 4 mm valve lift colored by 

velocity magnitude; (b) streamlines for 8 mm valve lift colored by velocity magnitude; (c) non-di-

mensional velocity vectors and velocity magnitude contours in the cylinder’s symmetry plane and 

inside the exit tube, for 10 mm valve lift. 

  
(a) (b) 

Figure 11. Velocity magnitude contours for the HWA configuration, in a plane parallel to the valve 

plate in the valve seat region and a horizontal plane neat the flow straightener: (a) 2 mm valve lift; 

(b) 10 mm valve lift. 

   
(a) (b) (c) 

Figure 12. Simulation results for the Ricardo T-tube tumble adaptor: (a) streamlines for 4 mm valve 

lift colored by velocity magnitude; (b) streamlines for 8 mm valve lift colored by velocity magnitude; 
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(c) non-dimensional velocity vectors and velocity magnitude contours in the cylinder’s symmetry 

plane and inside the exit tube, for 10 mm valve lift. 

   

(a) (b) (c) 

Figure 13. Simulation results for the Ricardo L-tube tumble adaptor: (a) streamlines for 4 mm valve 

lift colored by velocity magnitude; (b) streamlines for 8 mm valve lift colored by velocity magnitude; 

(c) non-dimensional velocity vectors and velocity magnitude contours in the cylinder’s symmetry 

plane and inside the exit tube, for 10 mm valve lift. 

3.2. HWA Configuration 

For the HWA configuration (Figure 10) it is obvious that there is not any significant 

large scale horizontal vortex present, and the angular momentum flux around the Y-axis 

is calculated from the non-uniformity of the axial velocities. As can be seen in Figure 11b, 

for higher flow rates (large valve lifts), the flow exits the front side of the valve seat region 

(the side towards the center of the cylinder) with higher velocities. A strong flow jet 

emerging from the front side of the valve seat opening is, to an extent, a desirable feature, 

if a tumbling motion inside the cylinder is to be created. However, in the case of the HWA 

configuration, the absence of a wall in the other end of the cylinder does not promote the 

creation of a large-scale horizontal vortex. In that sense, the HWA configuration can be 

considered as an “indirect” method, as it actually measures the non-uniformity of the axial 

velocity field and not the strength of any generated horizontal vortex. It is, however, re-

markable that the HWA calculated tumble ratios for higher valve lifts that are actually 

quite close to the calculated tumble ratios of the other configurations. For lower valve lifts 

though, due to lower flow rates, the velocity of the flow emerging from the backside of 

the valve seat is almost as high as on the front side (Figure 11a). A weak vortex is formed 

beneath the valve (Figure 10a), and the flow remains attached to the backside of the cylin-

der sidewalls. The velocities at the plane of the flow straightener entrance are stronger on 

the backside, and thus the tumble ratio calculated for low valve lifts indicates a reverse 

rotation in the flow (negative tumble ratios in Figure 9). 

3.3. Ricardo T-Tube and L-Tube Configurations 

When examining the Ricardo L-tube and T-tube configurations for lower valve lifts 

(up to 6 mm), it becomes apparent that the flow coefficient for both configurations remains 

nearly identical, exhibiting a marginal increase with a diminishing rate (Figure 8). This 

suggests that the mass flow at lower valve lifts is primarily influenced by the decreased 

flow area within the seating region rather than the downstream flow structure. Addition-

ally, for these valve lifts, there is a gradual rise in the tumble number. Notably, the pre-

dicted tumble numbers for the T-tube tend to be slightly elevated. However, for increased 

valve lifts, distinct trends are seen. For the T-tube configuration, the flow coefficient 

demonstrates a continuous increase up to a valve lift of 8 mm, followed by a decline at a 
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10 mm lift, signifying a reduction in the effective mass flow rate through the apparatus. 

Conversely, the L-tube configuration displays a sustained increase, albeit at a notably 

slower pace. At a valve lift of 8 mm, the predicted tumble number for the L-tube signifi-

cantly surpasses that of the T-tube configuration (Figure 9). Despite appearing unusual, 

this behavior aligns with the variations observed in the flow coefficient. Increased tumble 

motion might lead to a decrease in mass flow. These observations suggest that, for large 

valve lifts, the flow coefficient is primarily governed by the flow dynamics within the cyl-

inder rather than the valve lift itself. Notably, at a valve lift of 8 mm, the two configurations 

exhibit divergent behaviors. A closer inspection of the predicted flow fields (Figures 12 

and 13) provide some insight for this behavior. For the L-tube configuration, most of the 

fluid entering the cylinder heads towards the single side exit of the rig, and there is no 

flow symmetry around the vertical midplane of the cylinder, as is the case in the T-tube 

configuration. This reduces the size and strength of the counter rotating vortices beneath 

the inlet valves, leaving more space for the main central rotating vortex to grow stronger 

inside the cylinder (Figure 13b). Within the T-tube configuration, lower valve lifts result 

in the high-velocity flow entering from the backside of the inlet valves to generate second-

ary counter-rotating vortices beneath the valves. For this configuration, the flow sym-

metry around the vertical midplane of the cylinder promotes the existence of these struc-

tures.  

At larger valve lifts (10 mm), the secondary vortices within the T-tube configuration 

diminish significantly. The flow structure then transitions to resemble that observed in the 

L-tube configuration, characterized by a dominant, horizontally oriented vortex posi-

tioned near the cylinder’s center. This shift in the T-tube’s in-cylinder flow pattern, from 

8 mm to 10 mm valve lift, coincides with a predicted reduction in the flow coefficient and 

an increase in the tumble number. Conversely, the L-tube configuration for 8 mm valve 

lift exhibits a well-organized and stronger primary vortex within the cylinder (Figure 13b). 

This feature contributes to a lower predicted mass flow rate and a higher tumble number 

compared to the T-tube configuration at the same valve lift. 

3.4. FEV Configuration 

In the FEV configuration, for small valve lifts up to 4 mm, the high velocities at the 

backside of the valve opening, in conjunction with the placement of the small-diameter 

exit tube vertically at the center of the cylinder, allow for the counter-rotating vortices 

beneath the inlet valves to grow in size (Figure 14a). The center vortex is small and pushed 

at the side of the cylinder. This flow pattern leads to a flow coefficient comparable with 

the two Ricardo configurations and slightly lower tumble ratio for a 4 mm valve lift. For 

lifts above 4 mm, the small diameter of the exit tube restricts the flow, causing the creation 

of a very well-defined center-rotating vortex, which is very well aligned with the axis of 

the exit tube (Figure 14b,c). The presence of this strong vortex together with the small 

diameter of the exit tube cause a drop in the flow coefficient, and for lifts above 6 mm, the 

actual flow rate decreases. On the other hand, the tumble ratio increases with a faster rate, 

compared with the Ricardo configurations. 

As can be seen in Figure 9, although the tumble ratios for each configuration are cal-

culated using different method, the tumble ratios of the FEV configuration are directly 

comparable with those obtained from the Ricardo configurations, even though the flow 

coefficient for that configuration is significantly lower, especially for larger valve lifts. Alt-

hough that seems odd, it is actually anticipated because the tumble ratio is not a measure 

of the absolute angular momentum, but rather the ratio of the angular momentum to the 

axial momentum of the flow. For the FEV configuration, the resulting lower mass flow 

rate leads to lower angular momentum (nominator of Equation (3)), but also to a lower 

axial momentum (denominator of Equation (3)). 
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(a) (b) (c) 

Figure 14. Simulation results for the FEV tumble adaptor: (a) streamlines for 4 mm valve lift colored 

by velocity magnitude; (b) streamlines for 8 mm valve lift colored by velocity magnitude; (c) non-

dimensional velocity vectors and velocity magnitude contours in the cylinder’s symmetry plane and 

inside the exit tube, for 10 mm valve lift. 

4. Discussion 

Modern spark ignition (SI) engines prioritize in-cylinder tumbling motion for opti-

mal charge flow. However, the lack of a standardized and universally accepted testing 

procedure for quantifying tumble intensity hinders direct comparison of results obtained 

from existing methods. Consequently, these methods yield findings with relative, rather 

than absolute, validity. Numerical simulations applied to four such experimental ap-

proaches effectively illustrate the discrepancies within the internal cylinder flow field. No-

tably, these simulations reveal variations in both flow coefficients and the resulting flow 

rates. On the other hand, although the configurations are very different and the tumble 

ratios for these cases are calculated using different methods, the values obtained are quite 

close to each other, especially for higher inlet valve lifts. A close examination of the pre-

dicted flow fields reveals the cause of the differences. 

The HWA experimental configuration—which is not an integral method, such as the 

Ricardo and the FEV, but requires the measurement of the velocity field at several points 

downstream the cylinder—is quite different from the other two methods. The experi-

mental apparatus does not allow for the creation of a strong tumbling vortex. Thus, the 

flow field inside the cylinder of the experimental setup has rather small relevance to the 

real in-cylinder flow. The tumble ratio is actually calculated from the non-uniformity of 

the axial velocities. Although the tumble ratio for small valve lifts are quite different com-

pared with the other methods, for inlet valve lifts larger than 6 mm, the ratios calculated 

are surprisingly close to those of the other configurations.  

In the FEV configuration, the small diameter of the exit tube and the resulting strong 

tumbling vortex that is generated lowers the flow rate, especially for larger valve lifts. The 

tumble ratio for lifts larger than 4 mm shows an almost linear increase, indicating that the 

flow pattern does not change, having a very well-defined strong tumbling vortex inside 

the cylinder. The flow rate for the two variations of the Ricardo method is not choked by 

the exit tube, as in the FEV case. On the other hand, the FEV configuration offers the pos-

sibility to perform test using different piston crown shapes and examine how these influ-

ence the tumble inside the cylinder. This is not possible for the Ricardo configurations, 

which have the disadvantage that the flow field and the tumbling vortex strength and 

location are affected by the half-cylinder shape present in the place where there would 

normally be a piston. The differences in the flow coefficient and the tumble ratio between 

the two variants of the Ricardo method, the L-tube and the T-tube configurations, are 
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caused by the fact that in the latter case, the flow field is not symmetrical relative to the 

vertical symmetry plane between the two inlet valves, because the whole flow entering 

from both valves heads toward the side of the exit tube. At low inlet valve lifts, there are 

extended counter-rotating vortices underneath the two inlet valves and a relative weak 

and confined main tumble vortex, while at larger lifts, the main tumble vortex expands 

and becomes stronger, while the vortices underneath the valves diminish. The existence 

or non-existence of symmetry affects the point where the flow transitions from one pattern 

to the other. 

5. Conclusions 

This study employed computational fluid dynamics (CFD) simulations to analyze the 

steady-state flow characteristics within a modern spark ignition (SI) engine cylinder head 

using four commonly utilized steady-state flow rigs designed for tumble measurement. 

The simulations were conducted across a range of valve lift settings. The three more com-

monly used configurations, Ricardo (T-tube and L-tube) and FEV, fall in the category of 

“integral” methods. The fourth configuration simulated (HWA) requires the integration 

of the optically measured velocities at point locations. 

Although the tumble ratios are calculated using different method for each configura-

tion, they are quite similar, with the exception of the HWA configuration for low valve 

lifts. A close examination of the predicted flow fields reveals the cause of the differences. 

Each experimental method has advantages and disadvantages. The most important are 

the following: 

• The Ricardo L-tube configuration generates a non-symmetrical flow field inside the 

cylinder even if the cylinder head and the inlet valve lifts are symmetrical. 

• Both Ricardo configurations, in place of the piston, have the exit tubes’ bottom side, 

which affects the angular momentum of the flow.  

• The FEV configuration is technically more demanding than the Ricardo configura-

tions, having the rotating paddle wheel inside the cylinder. The use of the rotating 

paddle wheel has also the disadvantage that affects the flow field. The small diameter 

of the exit tube restricts the flow. On the other hand, it allows for the use of a real 

production piston and can assess how its crown shape affects the tumble. 

• All integral methods can be effectively used only when the axis of the tumbling flow 

inside the cylinder is parallel with the exit tubes or the axis of the rotating paddle 

wheel. That is not always the case (i.e., when the lift of the inlet valves is not equal or 

one of the inlet valves is deactivated).  

• HWA measurements for tumble ratio estimation require more expensive equipment 

and effort. The flow field inside the cylinder in regions away from the cylinder head 

is not relevant with the flow field inside the cylinder of a motored engine. 

As a closing remark, it should be noted that the next step for completing this evalua-

tion between the configurations under investigation should be a comparison with results 

from the simulation of the cold flow intake stroke, either with fixed inlet valves lift or with 

realistic valve lift profiles. This would reveal how relevant these steady-state measuring 

configurations are with a real in-cylinder flow field.  
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