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Abstract 

Due to the upcoming legislation for the reduction vehicle greenhouse gases emissions, it is important 
to improve engine efficiency through the investigation of the flow field and the understanding of the 
turbulent mixing in order to partially replace the fossil fuels with renewable ones. Measurement of 
flow structures conducted using 2D digital Particle Image Velocimetry technique in a 475cc optical 
single – cylinder Gasoline Direct Injection (GDI) spark ignition engine. The experimental results 
include phase averaged flow fields during the intake stroke with 25% throttle position at 1000 and 
1500 RPM. These sets of measurements were conducted for cold flow conditions at two different 
planes. The flow was recorded at 300, 260, and 220 crank angle degrees (CADs) before the 
combustion top dead center (BTDC). The spatial averaged TKE (Turbulent Kinetic Energy) was 
calculated along with the TR (Tumble Ratio). It was observed that a tumble like motion with Counter 
Clock Wise rotation (CCW) was present near the maximum valve lift timing of the intake valves. The 
peak TKE at the intake stroke was present at 260 CAD BTDC, for 1000RPM. The absolute value of TR, 
which corresponds to vorticity normalized by the angular velocity, was higher at 220 BTDC, 1500RPM 
at the tumble plane.  

1. Introduction 

Flame development, efficiency and emissions of a gasoline direct injection engine are strongly related 
with mixture preparation as reported at, Van Overbrüggen et al. (2012), Huang et al. (2008), Justham 
et al. (2006), Stansfield et al. (2007), Khalighi (1991). To promote sustainability and reduce emissions 
of greenhouse gases, future fuels are anticipated to contain significant quantities of biological 
components (alcohols), Williams et al. (2014), because of their production methods that are 
renewable. The use of gasoline blends with alcohols will change the procedure of mixture 
preparation, especially when they are used in gasoline direct injection engines (GDI), as well as the 
procedure of ignition of the fuel mixture because different biofuels have different physical and 
chemical properties, Liu et al. (2007), Wu et al. (2011), Aleiferis et al. (2017). Regarding the mixing 
process, it is crucial to investigate the dominant structure (tumble) which is created at the plane 
passing through the cylinder axis of symmetry, B. Murali et al. (2015a), Dannemann et al. (2009). The 
tumble contains kinetic energy and when it breaks down it releases the energy to the gas for mixing, 
Dannemann et al. (2009), Huang et al. (2008). Previous published research papers investigate only 
the tumble plane Khalighi (1991), Justham et al. (2006), Stansfield et al. (2007). In the current work 
the flow field was studied at two different planes, in order to better investigate the 3D phenomena 
taking place in a GDI engine. The velocity vectors were calculated at the intake stroke for 25% throttle 
opening corresponding to 500mbar intake pressure. The turbulent kinetic energy (TKE) and the 
tumble ratio (TR) were calculated based on the instantaneous 2D vector fields. The purpose of this 
process was the characterization of the flow field and, this was the first step of a more general 
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research plan to investigate mixing process with different fuel blends and see how they affect 
combustion process.  

2. Experimental procedure  

2.1. Experimental setup  

A Spark Ignition (SI) Single Cylinder Optical Research Engine, manufactured by AVL, with transparent 

cylinder and piston crown (Figure 1) was employed for these measurements. The engine has a pent-

roof shaped combustion chamber and its specifications are listed in Table 1.  

 

Displaced volume 475 cc 

 

Stroke 90 mm 
Bore 82 mm  
Connecting Rod 144 mm  
Compression ratio 9.68:1 
Engine speed 
(rev/min) 

1000 and 1500 
Number of Valves 4 
Intake valve diameter  33.89 mm 
Exhaust valve 
diameter  

28 mm 
Intake valve lift 10.54 mm at 260 BTDC 
Exhaust valve lift 9.18 mm 
Inlet Valve Open 370° BTDC of Combustion 
Inlet Valve Close 140° BTDC of Combustion 
Exhaust Valve Open 585° BTDC of Combustion  
   

Table 1: Engine specifications Figure 1: AVL Engine  
 

The 475cc SI engine has two intake and two exhaust valves. The piston head and conrod are connected 

with an extension which allows the reflection of the laser light sheet, through a 45⁰ mirror, into the 

engine combustion chamber. The engine was driven by a 30KW DSG dynamometer. 

2.2. Low-repetition rate PIV Method  

The PIV system consisted of a 10 Hz single pulse Nd:YAG laser (Continuum Surelite III 10), equipped 

with a double pulse option (DPO) device, with maximum power of 446mJ per pulse at 532nm. 

Scattering light of tracer particles was captured by a PIV camera (LaVision imager Pro X2M) with a 

50mm, f#1.8 Nikon lens. Corn oil droplets of 0.9 μm mean diameter, appropriate for cold flow engine 

measurements as presented at Melling (1997), seeded the flow through a PIVTEC oil droplets seeder. 

The experimental setup is illustrated in Figure 2. At tumble plane, the laser sheet is directed into the 

combustion chamber through the transparent piston head and the camera captures the light in front 

of the cylinder.  

The post processing of the PIV images was conducted using the LaVision DaVis 7.2 software. The PIV 

images were cross-correlated with decreasing window size multi-pass strategy from 128 pixels x 128 

pixels to 32 pixels x 32 pixels with 75% overlap. The final 32 pixel x 32 pixel interrogation window 

corresponds to 1.8 x 1.8 mm2 and vectors appear every 0.45mm, creating a 30000 vectors mesh. The 

minimum time interval between the two pulses was 20.5μs due to DPO limitations. The DPO is a 

device that separates the single pulse by using a shutter. A 3 pixels x 3 pixels Gaussian smoothing 
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filter was applied to remove noise at spatial scales near the resolution limit of PIV measurements, 

Dreizler et al. (2014). Velocity vectors were plotted using tecplot360 2013R1. 

 

 
 

Figure 2: Schematic diagram of the experimental Setup. 

To confirm that the particles had the ability to follow the flow, the particle relaxation time 𝜏𝑠 was 

calculated, Raffel et al. (2018): 

 

 𝜏𝑠 = 𝑑𝜌
2

𝜌𝑝

18𝜇
 (1) 

 

where dρ is the particle diameter, 𝜌𝑝 is the particle density and 𝜇 is the kinematic viscosity. By using 

equation (1), in case of sudden deceleration, the step response of 𝑈𝑝 typically follows the exponential 

law according to equation (2), Raffel et al. (2018). 

 

 𝑈𝑝(𝑡)  =  𝑈 [1 −  𝑒𝑥𝑝 (−
𝑡

𝜏𝑠
)] (2) 

 

where 𝑈𝑝 is the particle velocity and U is the surrounding flow velocity. The ratio 𝑈𝑝 / U can provide 

an estimation of how fast the particles response when the flow decelerates or accelerates. As 

illustrated in Figure 3, the particle velocity can reach the flow velocity in about 1.5*10-7s. This time 

response is acceptable for this application because the time interval between two consecutive PIV 

images is 20.5*10-6s. Moreover, the time scales of similar flow structures presented in the literature 

Aleiferis et al. (2017)are in the range of about 10-3s for 1000 – 1500 RPM. 

 

 
Figure 3: Particle response time. 
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3. Results and discussion  

3.1. Velocity Measurements  

Figure 4: XY plane (a) illustrates a typical raw PIV image captured at the XY plane (figure 4 (b)) when 

the intake valves were wide open. The red square indicates the part of field of view which is free from 

reflections and noise for better results illustration. This area is 66mm wide with the current setup. 

The red square to Bore ratio is 0.80, as presented in equation (3), and it is similar with other works 

presented in the literature Karhoff et al. (2013). 

 
𝑟𝑒𝑑 𝑠𝑞𝑢𝑎𝑟𝑒 𝑤𝑖𝑑𝑡ℎ

𝐵𝑜𝑟𝑒
=  0.80 (3) 

 
 

(a) Row image  
(b) XY plane Schematic, green and red 

valve corresponds to intake and 
exhaust valve respectively.  

  

Figure 4: XY plane 

 

The other measured plane denoted by ZY, is a plane normal to the tumble plane, crossing the spark 

plug and separating the intake and exhaust valves. 

Indicative results of ensemble averaged flow field at the intake stroke using 25% throttle opening, 

corresponding to intake pressure of 500mbar, are shown in Figure 5. At 300 CADs BTDC with 7.9mm 

valve lift, the piston moves downwards and the intake valve continues to open. It is observed that the 

velocity vectors magnitude at the right-hand side of the image (under the intake valve) is higher than 

the velocity at the left-hand side of the image. In Figure 5 (c) and (d) the intake valves are wide open 

(10.54mm valve lift) and the piston continues to move downwards. The main air flow steam enters 

from the left-hand side of the intake valves and moves downwards till it faces the piston head. The 

rotational motion observed is counter clock wise (CCW). This motion has also been reported in the 

literature, Voisine et al. (2010). In this CAD the maximum velocity was present at 1500 RPM, (Figure 

5(d)), and was approximately 27m/s. Moreover, the velocity magnitude becomes higher when the 

engine speed increases. The tumble motion in this case, (Figure 5 (c) and (d)), is fully developed but 

the vortex center is located at different place, whereas at 1500 RPMs the maximum velocity is higher. 

This fully developed large flow structure is more stable than smaller structures and may lead to 

higher turbulence, B. Murali et al. (2015b). In Figure 5, (e) and (f) at 220 CADs BTDC, the intake valves 
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are closing and the piston still moves downwards. The maximum velocity observed at 1500 RPM 

(Figure 6(f)) was approximately 28m/s. 

                          
(a) 300 CADs BTDC @ 1000 RPM. (b) 300 CADs BTDC @ 1500 RPM. 

  
(c) 260 CADs BTDC @ 1000 RPM. (d) 260 CADs BTDC @ 1500 RPM. 

  
(e) 220 CADs BTDC @ 1000 RPM. (f) 220 CADs BTDC @ 1500 RPM. 

  

Figure 5: ZY plane with 25% throttle position and 500 mbar intake pressure. 
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To better understand the in-cylinder flow structures, investigation of the plane which was normal to 

the tumble plane was conducted. This plane (ZY plane) crosses the spark plug and separates the 

intake and exhaust valves, as shown in Figure 6. 

                          
(a) 300 CADs BTDC @ 1000 RPM. (b) 300 CADs BTDC @ 1500 RPM. 

  
(c) 260 CADs BTDC @ 1000 RPM. (d) 260 CADs BTDC @ 1500 RPM. 

  
(e) 220 CADs BTDC @ 1000 RPM. (f) 220 CADs BTDC @ 1500 RPM. 

  

Figure 6: ZY plane with 25% throttle position and 500 mbar intake pressure. 
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In Figure 6, the average flow field of 2000 pair of images at 300, 260, 220 CADs BTDC at ZY plane is 

presented. The main flow in Figure 6 (a) and (b) was concentrated between the intake valves, moved 

downwards to the piston crown and then the flow reversed. At this moment the maximum velocity 

observed at 1000 RPM. At the 260 CAD BTDC (Figure 6 (c) and (d)) the main flow continued to move 

downwards between the two intake valves while the piston still moves at the same direction. At the 

sides of the image, the flow moves upwards against the piston motion and this motion generates small 

vortices. The maximum velocity at this position was observed at 1500 RPM and was approximately 

10m/s. Finally, at 220 CADs BTDC, illustrated in Figure 6 (e) and (f), when the valves are nearly closed, 

the flow moves downwards due to the piston motion. There is a small area below the intake valves 

where the flow moves upwards.  

3.2. TKE and TR calculation  

In this section, spatial averaged results of turbulent kinetic energy (TKE) are presented. The spatial 

average was produced without erroneous results as presented in Figure 4: XY plane.  TKE was 

calculated using equation (4) at every CAD in which measurements were conducted. 

 
𝑇𝐾𝐸 =  

1

2
(𝑈𝑖

′)2 +
1

2
(𝑉𝑖

′)2 +
1

4
(𝑈𝑖

′ + 𝑉𝑖
′)2 (4) 

 

where 𝑈𝑖
′ and 𝑉𝑖

′ are the values of standard deviation of the velocity component at the x and y axis 

respectively. Turbulence is a 3D phenomenon but the PIV technique that was employed resulted into 

2D vector fields. For this reason, the standard deviation of the third component of the velocity was 

approximated as 
1

2
(𝑈𝑖

′ + 𝑉𝑖
′)2.  

The estimation of the TKE was for the XY measurement plane and not for the entire volume of the 

combustion chamber as the PIV method used was a 2D technique. TKE during intake stroke was found 

to be higher at 1000 RPM for the XY plane, presenting a maximum of 123 m2/s2 at 260 CAD BTDC. 

Moreover, the TKE at XY plane was higher than the TKE of the ZY plane for every CAD.  

 

 
 

Figure 7: TKE vs CADs at 1000 and 1500 RPM with 100% and 25% throttle position, when intake 
valves are open. 

 

The tumble ratio (TR) was defined as the vorticity normalized by the crankshaft angular speed as 

mentioned at: Stansfield et al. (2007), Huang et al. (2008), El-adawy et al. (2019). The tumble ratio 

was calculated for XY and ZY planes according to equations (5) and (6) respectively. 
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(6) 

 

The tumble ratio at 1500 RPM XY plane was much higher than the other three cases (Figure 8) 

meaning that the flow at this plane becomes more dominant as engine speed increases. At the XY 

plane the tumble ratio (TR) increases when the engine speed increases. Moreover, the maximum 

absolute TR at wide open throttle conditions (WOT) was observed at 180 CADs BTDC. 

 
 

Figure 8: Tumble Ratio (TR) at XY and ZY planes. 

4  Summary/ Conclusions 

2D PIV technique was employed in order to characterize the flow field in a single cylinder optical 

research engine during the intake stroke, at 1000 and 1500 RPM engine speeds with 25% throttle 

opening corresponding to 500mbar intake pressure. Mean velocity field, TKE and TR of 2000 pairs of 

images were presented at two different planes. It was observed that:  

• The maximum flow velocity at 1500 RPM is higher as compared to 1000 RPM for every CAD at 

tumble plane.  

• A counter clock wise (CCW) tumble was present during the intake stroke at the XY plane both at 

1000 and 1500 RPM.  

• The maximum turbulent kinetic energy (TKE) was observed at 260 CAD BTDC for XY plane at 

1000 RPM. 

• TKE in every case at XY plane was found to be higher than the ZY plane.   

• TR at 1500 RPM XY plane was found to be higher than in the other three cases. 

 

Ongoing work includes measurements at more CAD positions and wide-open throttle intake pressure. 

Moreover, high frame rate - PIV measurements will be conducted. With these additional experimental 

data, it will be possible to export the time resolved characteristics of the flow and evaluate the results 

presented in this work. Finally, these results could form a database for evaluation of Computational 

Fluid Dynamic codes in multiple engine speeds, used for new engines design and development. 
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