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Abstract
In an experimental procedure, a voltage rise anemometry is developed as a measurement technique for turbulent flows. Ini-
tially, fundamental investigations on a specific wind tunnel were performed for basic understanding and calibration purpose. 
Thus, a mathematical correlation is derived for calculating flow from measured secondary voltage of an ignition system under 
different thermodynamic conditions. Subsequently, the derived method was applied on a spark-ignited engine to measure 
in-cylinder flow. Therefore, no changes on combustion chamber were necessary avoiding any interferences of the examined 
flow field. Comparing four different engine configurations, a study of mean flow and turbulence was performed. Moreover, 
the results show a clear correlation between measured turbulence and analysed combustion parameters.

Graphic abstract

1  Introduction

In-cylinder flow has an important influence on the quality of 
combustion process of internal combustion engines (ICE). 
In spark-ignited (SI) engines, different modes of action have 
an impact.

Firstly, charge motion improves mixture preparation. Espe-
cially reproducible local conditions at spark plug are essential 
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for a robust inflammation. Besides high turbulence levels, low 
cycle-to-cycle variations are essential (Fischer 2004).

Secondly, there is a great impact of the turbulence level 
on burning speed. In homogenous premixed SI engines, 
turbulent flame speed depends massively on the turbulence 
level of the flow (Merker and Teichmann 2018). However, 
the tumble type of charge motion has become well estab-
lished for SI engines. At the end of compression, the decay 
process of the tumble flow leads to an increase of turbu-
lent kinetic energy (TKE). This effect supports flame kernel 
growing right after ignition as well as a fast burn-through of 
the whole charge (Riess et al. 2013; Merker and Teichmann 
2018).

Concepts with an early intake valve closing (EIVC) get 
more and more established in modern gasoline direct-injec-
tion (GDI) engines. This brings large benefits due to dethrot-
tling at part load and lower knock tendency at high load due 
to reduced effective compression, which is well-known as 
the Miller-Cycle (Merker and Teichmann 2018). However, a 
major drawback of this EIVC strategy is the reduced charge 
motion (Riess et al. 2013). Detailed knowledge about in-
cylinder flow turbulence is essential to improve those con-
cepts, and also in general for further engine development.

The voltage rise anemometry  (VRA), which has not 
been established as a measurement technique for ICE until 
today, could be an appropriate method for in-cylinder tur-
bulence measurement. Lindvall (1934) already mentioned 
the method in the 1940s. He compared VRA to hot wire 
anemometry (HWA). Later some further investigations 
were performed (Schaudt et al. 1985; Gardiner et al. 2008; 
Kim and Anderson 1995; Pashley et al. 2000; Paa, 2019). 
Especially, the research project of Schaudt et al. (1985) 
extended the expertise. By varying thermodynamic condi-
tions as well as using different gases they found out different 
dependencies.

In this study, the authors also did some basic studies on 
the VRA in a wind tunnel and largely confirmed the findings 
of Schaudt et al. (1985). Moreover, mathematical correla-
tions for calculating flow velocity from the voltage drop of 
the ignition system were derived. Furthermore, using appro-
priate statistics, flow velocities and even TKE of different 
types of charge motion inside the combustion chamber of a 
direct-injection spark-ignited (DISI) engine could be meas-
ured for the first time via VRA. To confirm the applicability 
of the novel measurement approach, mean flow and turbu-
lence were correlated to combustion performance.

2 � Physics and theoretical overview

2.1 � Function principle of the VRA

Fundamentally, voltage rise anemometry bases on the 
measurement of the voltage of a generated plasma chan-
nel for local flow analysis. Using a SI engine, the standard 
spark plug is suitable to generate the plasma. Hence, as a 
very big advantage, no changes on the combustion cham-
ber are necessary. Additionally, the investigation of the 
flow takes place directly at the spark plug, which is the 
area of highest importance for the SI combustion process 
(Günther et al. 2013).

In general, two physical effects of a glow discharge are 
essential for the VRA.

Firstly, the generated plasma channel follows the pre-
vailing flow, which leads to a stretching of the channel. 
The quick response of the ionized particles of the plasma 
enable even an immediate response on strong fluctuations 
of the flow (Lindvall 1934). This is a key factor of VRA 
for successful measurements in turbulent flows.

Secondly, the elongation of the spark results in an 
increase of its resistance. This in turn leads to a second 
physical effect. The measured voltage across the elec-
trodes of the plasma generator (e.g. spark plug electrodes) 
increases with the length of the discharge channel due to 
the increase of resistance. Correlation of plasma chan-
nel length and voltage drop can be found in Paa (2019), 
Sandhu et al. (2019), Shiraishi et al. (2016) and Tilz et al. 
(2019) and is defined as:

If the plasma channel achieves a certain length, a 
restrike occurs. In this case an energetic favourable way 
exists on a shorter path length, which is later on a subject 
of discussion in Sect. 4.1. This shortened channel shows 
lower resistance again and the voltage decreases rapidly.

Figure 1 illustrates the described elongation of a spark 
by constant orthogonal flow. As one can see, the relation 
between flow and change of elongation differs in depend-
ence of the present state of deflection. First after break-
down (t0), there is a lower deflection. Once the flow moves 

(1)v ∼
dLplasma

dt
∼

dUplasma

dt
.

Fig. 1   Schematic spark deflection at constant homogenous flow 
orthogonal to the electrodes
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the spark away from the electrodes and shapes the tip of 
the channel, a clear correlation of spark stretching and 
flow is accessible. The change from time step t2 to t3 illus-
trates this behaviour. The flow only stretches the upper and 
lower part of the channel, which leads to a relation of 0.5 
roughly (Schaudt et al. 1985).

For evaluating spark deflection, whether optically or 
by measuring voltage change, it is necessary to use only 
time periods where spark deflection has reached a certain 
threshold. Thus, a reliable interpretation of flow velocity 
is possible.

As mentioned, there is a clear relation of discharge 
channel length and voltage drop across the electrodes. 
However, there are more parameters, which affect the 
value of the voltage drop. If the electrical current of 
the plasma channel decreases, the cross section of the 
channel gets smaller. By this, surface to volume ratio 
decreases and thermal convection from channel to ambi-
ent rises. The resulting lower channel temperature leads 
to a lower conductivity. To sustain the channel, a stronger 
electric field is required resulting in a stronger voltage 
drop (Schaudt et al. 1985; Schneider et al. 2016; Küchler 
2017).

Another influencing parameter is the change of ambi-
ent pressure. Pressure rise causes a higher charge carrier 
concentration which leads to a smaller cross section of the 
channel keeping the current constant. Again, this results 
in a lower channel temperature due to higher thermal 
losses. The conductivity decreases and a stronger voltage 
drop can be observed (Schaudt et al. 1985). As well, using 
different types of gas the level of voltage drop changes 
due to different densities of charge carriers.

In case of varying ambient temperature, no changes in 
voltage drop could be determined. Due to high tempera-
tures of a glow discharge, ambient temperature does not 
affect the density of the plasma channel, and therefore, 
charge carrier density and movement are not influenced 
(Schaudt et al. 1985; Küchler 2017).

Using a standard spark plug with one ground electrode 
(hook shape), the orientation of the ground electrode has 
to be respected. The adjustment should be more or less 
orthogonal to the cross flow. For an upstream position of 
the ground electrode, areas of slipstream can distort the 
measurement results. For a downstream position of the 
electrode, the flow blows the spark straight to the elec-
trode and cannot elongate further (Günther et al. 2013; 
Zadeh et al. 2019).

Generally, all the known publications on the VRA 
had to deal with some impairments. In particular there 
is to mention the use of standard inductive ignition sys-
tems. This leads to a short spark duration and a strong 
dropping current profile during the discharge (Kim and 
Anderson 1995; Pashley et al. 2000; Sandhu et al. 2019). 

Furthermore, many researchers could not apply statis-
tically based post-processing and could not extract the 
assessable sections of the signal (Gardiner et al. 2008). 
Finally, in the past the focus was never on measuring tur-
bulent kinetic energy.

2.2 � In‑cylinder charge motion

The description of turbulent flow usually follows the defini-
tion of Reynolds, which separates the flow in a mean and a 
fluctuation velocity. Still, there is a separation depending 
on the behaviour of the mean value, which can be constant 
or time depending. This in turn leads to different ways of 
calculation. The constant mean flow allows time averaged 
solutions. In case of transient mean flow an ensemble aver-
aged method has to be applied. This usually leads to a high 
number of required measurement data. Anyway, in case of 
in-cylinder flow of internal combustion engines constant 
mean flow is never prevailing. Thus, mean velocity and fluc-
tuation velocity are always a function of time.

However, in case of cyclical repetition of the flow, as it 
occurs in internal combustion engines, this kind of consid-
eration still leads to an error. Transient flow conditions dur-
ing the intake stroke lead to conditions in the compression 
stroke, which can differ from cycle to cycle. In consequence 
the mean velocity of the flow varies from cycle to cycle. 
Hence, the consideration of those cyclic variations is also 
essential for detailed calculation of turbulent fluctuations 
(Lancaster 1976; Heywood 1988; Stone 1999).

a

b

Fig. 2   Two different approaches to define turbulent flow: a definition 
of Reynolds with an averaged velocity Ū and a fluctuation velocity u’; 
b definition of turbulent flow by ensemble averaged velocity Ū and a 
cyclic and turbulent fluctuation velocity uc’ and ut’ (based on Fischer 
(2004))
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Figure 2 illustrates the both mentioned approaches. In 
both diagrams, the solid line is the same instantaneous flow 
velocity. In case of a combustion engine, it represents the 
flow of one cycle. The dash-dotted line is the ensemble aver-
aged mean velocity of a certain number of cycles. In the 
bottom diagram, additionally the mean velocity of the indi-
vidual considered cycle is shown. By this, Eq. (2) comes up, 
where i describes the cycle number. Neglecting the cyclic 
fluctuation speed uc’ results in an overestimation of the tur-
bulent fluctuation ut’ (in the top diagram u’ is the only fluc-
tuation speed, which in this case describes turbulence). This 
error gets even worse in case of investigating and comparing 
configurations that may cause a different level of cyclical 
fluctuations of the flow.

3 � Experimental setup

3.1 � Flow test rig and measurement technique

The small wind tunnel shown in Fig. 3 allowed fundamental 
research work. The pipe has an inside diameter of 36 mm 
and can be pressurized up to 4 MPa. Operation is possible 
with different gases. So far, air and nitrogen were used. The 
impeller I allows flow velocities up to 40 m/s and the heater 
II can heat up the gas up to 473 K. A thermal mass flow 
meter III enables the measurement of the gas velocity in the 
test rig as a reference value. The position IV represents the 
integrated ignition chamber. In this volume, the installed 
series spark plug of the used SI engine generated the arc for 
the investigations. Additionally, there are two glass windows 
V in the chamber. This allowed optical observation of the 
deflection of the plasma channel.

(2)U(t, i) = U(t) + u
�

c
(t, i) + u

�

t
(t, i).

To pave the way for detailed research on VRA, the use 
of an ignition system with constant current was more or 
less necessary. The used system includes a standard igni-
tion coil combined with a step-up converter. The inductive 
system performs the breakdown voltage, whereas the con-
verter enables an extension of the discharge duration; see 
Brandt et al. (2017). Thus, a longer measurement duration 
was possible which resulted in higher quantity of data and 
therefore higher accuracy. Figure 4 shows current profiles 
for three different power levels of the ignition system. In this 
case, maximum time duration of the spark phase was applied 
without cross flow.

The setting of a high voltage probe (Tektronix P6015A) 
and an optical current sensor (FOS OCS 1000) between coil 
and spark plug allowed measurement of secondary param-
eters of the ignition system. For recording those signals 
together with trigger, an oscilloscope (Yokogawa DLM4038) 
with a sampling rate of 1.25 MS/s was used. At measure-
ments on the flow test rig, 20 ignition events per measure-
ment point were recorded. For studies on the engine test 
bench, a higher value of 250 ignition events was sampled 
due to transient flow conditions.

The used high-speed camera for optical flow measure-
ments was a Photron FASTCAM SA-X2. Frame rate was 
200,000 f/s at a resolution of 256 × 152 px and an expo-
sure time of 1/295890 s. For observing the spark deflec-
tion, the area of interest was around 17 × 10 mm. For optical 
evaluation, ten ignition events per measurement point were 
recorded.

3.2 � Test engine

The research engine was a GDI single cylinder test engine. 
It bases on the Mercedes-Benz mass-production engine M 
274. This GDI engine has a centre mounted injector and a 
spark plug positioned between the exhaust valves. Figure 5 
shows a schematic drawing. This figure as well includes 
the used charge motion system. The black line in the inlet 
port demonstrates a tumble flap, which could optionally 
be installed. The installation blocked half cross section of 

Fig. 3   Flow test rig (schematic drawing) for basic VRA investigation
Fig. 4   Current profiles for the three power stages of the ignition sys-
tem without any cross flow
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the inlet port, which caused higher flow velocities. Further, 
Table 1 includes the most important data of the engine.

Figure 6 shows both used valve lift profiles. Designation 
number in VOT165 / VOT125 represents valve opening 
time (VOT) in crank angle degree (°CA) at 2 mm valve 
lift. The opening angle kept constant for all measurements. 
An important objective of the chosen opening angle was 
the prevention of internal residual gas due to valve overlap. 
Therefore, the dashed line illustrates the exhaust valve.

4 � Methodology

The experimental procedure and applied methodologies can 
be divided into four sections. First, optical investigations of 
the spark deflection. Second, voltage signals analysis includ-
ing the detection of restrike events and the approximation of 
voltage rise. Third, flow velocity calculation from voltage 
rise and calibration procedure. Finally, a statistical method 
for crank angle (CA) wise calculation of mean flow and tur-
bulence at a motored combustion engine.

4.1 � Optical analysis of the spark deflection

Optical spark investigation is indeed not necessary for the 
development of the VRA method. However, it supports 
greater understanding of signal characteristics. Figure 7 
shows three frames for two different ambient pressures. 
In each case a restrike event occurs in the mid frame. The 
higher pressure leads to greater spark deflection and more 
wrinkling, which is in good accordance with open literature 
(Shiraishi et al. 2016; Zheng et al. 2018).

Further, by tracing ionized particles, a calculation of the 
prevailing flow was possible. This enabled a comparison 
between the flow downstream of the spark plug and the mass 
flow meter positioned upstream of the spark plug. Other 
authors like Gardiner et al. (2008) found considerable dif-
ferences between incident flow velocity and the velocity at 
the tip of the spark.

In the following, two different methods for optical veloc-
ity calculation are described. The velocity, calculated from 
the movement of the tip position of the plasma channel, 

Fig. 5   Research engine combustion chamber with centre mounted 
injector and spark plug between exhaust valves (schematic drawing); 
the black line in the intake port marks the tumble flap which can be 
installed

Table 1   Research engine parameters

Type Single cylinder

Displacement [cm3] 497.8
Stroke [mm] 92
Bore [mm] 83
Connecting rod length [mm] 138.7
Compression ratio [-] 13.6: 1
Inlet valve diameter [mm] 30.5
Exhaust valve diameter [mm] 24.0
Valves per cylinder [-] 4
Charge motion system Tumble flap

Fig. 6   Inlet valve lift profiles: Standard profile with valve open-
ing time (VOT) of 165°CA at 2 mm valve lift (solid line) and EIVC 
profile with VOT of 125°CA at 2  mm valve lift (dash dotted line); 
exhaust valve lift profile (dashed line)

Fig. 7   Recorded frames of spark deflection at two different ambi-
ent pressures with a restrike event at the mid frame of each row; top: 
pamb = 0.1 MPa; bottom: pamb = 0.8 MPa
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named vtip. Moreover, from the change of plasma length, 
the velocity vlength was determined. The calculated channel 
lengths were multiplied with the factor 0.5 (see Sect. 2.1).

For all optical evaluations, a specially programmed 
code in the software MATLAB was used. Figure 7 already 
showed recorded images as an example. The standard set-
tings for the recordings are described in Sect. 3.1. In a first 
step, the electrodes were removed from the images. Further 
on, with a decent grey colour threshold, the sequences of 
images were transformed to binary images. Figure 8a shows 
an example of such an image. The grey surface illustrates 
the detected pixels of the elongated spark. From this point, it 
was possible to define the area of the spark by counting the 
pixels (Sandhu et al. 2019). As the images in Fig. 7 show, 
the brightness of the plasma channel depends on prevailing 
conditions and changes constantly. Therefore, it was almost 
impossible to calculate the channel area using a fixed thresh-
old for binarization. Further, the varying channel thickness 
made a clear correlation between channel area and channel 
length difficult.

More accurate and evaluable was the detection of the 
forward position of the plasma channel. As one can see in 
Fig. 8b, from the changes of the tip position between the 
images, the velocity vtip was calculated.

Subsequently regarding simplified evaluation, the plasma 
channel was divided into an upper and lower part at the tip 
positon. As shown in Fig. 8a with the black lines, two spline 
functions were calculated and simply added for the chan-
nel length. Of course, there was a small error around the 

tip position where the spline functions end. In case of an 
extreme wrinkling plasma channel the calculation could be 
even more defective. Therefore, incorrect channel length val-
ues, which showed clear unsteady behaviour, were rejected.

Figure 8b contains the spline curve and tip position of 
the discharge from Fig. 8a along with an earlier time step 
(dashed line). Differentiating those lengths and tip positions 
resulted in the two optical velocities vlength and vtip.

Discrepancies among the two optical velocities occurred 
if the flow stretched the spark not only in flow direction but 
also vertically. In particular higher ambient pressure, where 
spark wrinkling increased (see Fig. 7), and higher flow speed 
intensified this effect. As one can see in Fig. 9, there was 
mostly a higher vlength (squares) than vtip (triangles) deter-
mined. At low flow velocities vtip and vlength reached similar 
levels. In case of calculating a velocity from the change of 
spark channel length, this confirmed the requirement of a 
variable factor depending on flow and thermodynamic con-
ditions. As mentioned before, in this study it was kept con-
stant at 0.5.

More important in terms of developing the VRA tech-
nique, was the fact that there seemed to be just a small 
deviation between incident flow and spark movement. In 
Fig. 9, the measured bulk flow (dots) was almost equal to 
vtip (triangles).

Obviously, from a more detailed analysis of the optical 
investigations more scientific insights could be obtained. 
In fact, that was not the focus of the current work. For the 
validation of the working principal of VRA it was enough 
to determine a good matching between the elongation of the 
plasma channel and the bulk flow velocity.

4.2 � Signal analysis and restrike detection

As explained in Sect. 2.1, the elongation of a discharge 
channel under continuous flow showed a characteris-
tic voltage curve. The repetitive stretching and restrike 
events resulted in repetitive rises of the voltage followed 
by abrupt declines. The diagram of Fig. 10a illustrates 

a

b

Fig. 8   a Results of optical evaluation process: plasma area after bina-
rization (grey pixels); spline function of plasma channel length calcu-
lation (black line); b spline function and tip position of two time steps 
t1 and t2

Fig. 9   Optical measured flow velocities vtip (dash dotted line) and 
vlength (dashed line) compared to the velocity measured by the mass 
flow sensor (solid line) for different impeller speeds
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such a curve of the voltage drop across the electrodes. 
However, the maximum voltage level and frequency of 
restrike events highly depended on thermodynamic and 
flow conditions. It is obvious that the phases of rising volt-
age were of special interest because they were the result 
of plasma stretching in flows. The rapid drop of voltage 
at plasma channel breakdown allowed a clear detection 
of restrike events. As clarified earlier in Sect. 2.1, the 
best correlation of spark deflection and flow velocity was 
expected at large deflections. Thus, evaluating the signal 
backwards of restrike, valid detection of the section of 
interest could be ensured.

The diagram of Fig. 10b shows the differentiated volt-
age signal. It illustrates the described phenomenon of clear 
restrike detection. Subsequent a linear approximation of the 
signal before the restrike was carried out. Therefore, an ini-
tial setting of several criterions was necessary to ensure a 
requested quality of evaluated deflections. With respect to 
the evaluation routine, there is to mention a threshold of a 
minimal voltage representing a minimal elongation and a 
second threshold for the minimal number of data points used 
for the approximation of the voltage rise. As well, minimal 
permitted determination of the approximation was required.

In Fig. 10a, the red lines define the evaluated approxima-
tions of this example voltage signal. In Fig. 10d, markers 
represent the resulting gradients, which were stored time 
synchronous.

Additional to this interim result, mean values and gra-
dients of current, pressure and temperature were saved for 
every determined gradient. Figure 10c shows the related 
current signal of this measured discharge and the marked 

sections of the gradient analysis. Note that the noise of the 
shown signal was cancelled by a low pass filter.

Current profile evaluation at each section of gradient 
analysis was also used for error control. Setting limits for 
gradient and absolute value of the current signal, incorrect 
values (e.g. current drops to zero at short circuit condition) 
could be rejected.

4.3 � Flow calculation

This section describes the further evaluation process as 
well as the calibration procedure. Therefore, as mentioned 
in Sect. 2.1, the investigation of the dependencies of voltage 
drop was necessary. Earlier mentioned literature describe 
potential correlations of voltage on pressure and current, 
which were basically used in this work as well, but modified 
and calibrated in a new way.

Measurements at different flow velocities and thermo-
dynamic conditions were performed on the flow test rig. 
Additionally, the output power of the ignition system was 
varied to model different current levels. As an example, 
Fig. 11 shows measurement series of different variations. 
Note, the impeller speed of the test rig kept constant for 
each series, which realized nearly constant flow velocity. 
It is important to clarify that the gradient dU/dt in this fig-
ure is not the raw measured gradient. To display separated 
effects in this diagram each measuring was corrected by the 
other influences. Similar results compared to the mentioned 
literature (see Sect. 2.1) could be found. Increasing system 
pressure gradients became larger (dots), whereas an increas-
ing current across the plasma channel reduced the gradients 
(triangles). Also in good agreement with literature, within 
the investigated temperature range no influence of ambient 
temperature could be determined (squares).

Equation (3) represents the resulting formula after cali-
bration procedure. The exponents were determined by using 
a Least Squares Method. The reference values were chosen 
from measurement data to p0 = 2 bar and I0 = 0.1 A. Addi-
tionally, the equation includes the resulting linear relation 
between gradient dU/dt and flow velocity. Thus, implement-
ing this equation in the evaluation process a direct flow 

Fig. 10   a Measured voltage signal and evaluated gradients; b differ-
entiated voltage signal for restrike detection with threshold (dashed 
line); c current signal with relevant areas marked; d resulting gradi-
ents dU/dt for the evaluated sections

Fig. 11   Dependences of the voltage change dU/dt on pressure (dots), 
current (triangles) and temperature (squares)
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velocity calculation for each detected restrike event was 
possible.

Figure 12 illustrates the final results of the calibration 
process of the VRA method on the flow test rig. Again, each 
of the 108 measurement points contained 20 ignition events 
leading to approximately 300 evaluated restrikes per meas-
urement point. The optical velocity vtip was identified as the 
most robust reference and hence used for calibration.

At the current stage of development process, there are 
few limitations of the formula which should be mentioned. 
As one can see, the maximum calibrated velocity was close 
to 30 m/s. The lower limit was at a flow velocity of 5 m/s. 
Further investigations for higher and lower flow velocities 
should be performed in the future. Unfortunately, the current 
experimental setup was limited and defined the calibration 
interval. Another limitation was the maximum pressure due 
to a restriction of the used ignition system. Hence, the accu-
racy of the calibration function remains valid up to about 
1.2 MPa.

4.4 � Crank angle based statistics

As already mentioned in Sect. 3.1, a higher quantity of 250 
ignition events per measurement point was used for flow 
measurements in the combustion chamber of a SI engine. 
This value represented the recorded cycles. Figure 13 illus-
trates the established approach for calculating crank angle 
based flow information. Shifting the ignition timing led to 
the required high quantity of data per crank angle. Note, 
only the crank angle range at the end of compression around 
top dead centre (TDC), which is of interest for ignition and 
flame formation, was investigated. Moreover, the current 
work focused only on motored engine conditions without 
injection. The air mass flow was equal to an engine load of 
IMEPn = 3 bar at engine speed of 2000 rpm and was kept 

(3)vVRA = 3.279∗

[

(

p0

p

)0.474

∗

(

I0

I

)−0.637

∗
dU

dt
+ 0.481

]

constant for all displayed engine VRA measurements in this 
work.

Measured data were evaluated in four steps, starting with 
the detection of all evaluable spark deflections and the cal-
culation of the respective velocities. Diagram a) of Fig. 14 
shows again an example of a spark event as it is already 
known from flow test rig investigations. Diagram b shows 
the calculated flow velocities (red dots) over crank angle. 

Fig. 12   Final results of the calibration process of the derived function

Fig. 13   Measurement principle for crank angle wise flow analysis 
with the VRA method; in-cylinder pressure signal (dash dotted line); 
spark duration of different measurement points (solid lines)

Fig. 14   a Measured voltage with evaluated gradients; b resulting 
velocities from the signal above (red dots), ensemble averaged veloc-
ity Ū (solid line) and individual mean velocity Û (dash dotted line)

Fig. 15   Measurement example: VOT165 | tumble flap; resulting 
velocities (black dots); ensemble averaged velocity Ū (solid trace, 
grey dots); turbulent fluctuation velocity ut ‘ (deviation bars)
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Additionally, Fig. 15 shows all analysed flow velocities of 
this configuration (black dots) including the example data 
of Fig. 14b as well.

Once this calculation was finished and all velocity data 
were linked to crank angle position, the second evaluation 
step started. For evaluating the ensemble averaged veloc-
ity Ū an allocation of data in windows of five crank angle 
degrees followed. The grey dots and grey line in Fig. 15 
mark the result as well as the grey line in Fig. 14b. Obvi-
ously, the width of the chosen crank angle windows affected 
the results slightly. Nevertheless, by varying this value the 
authors determined five degrees as a good compromise 
between crank angle resolution and data number for ade-
quate statistical power (minimum value of 1000 flow values 
per window).

Subsequently, evaluation procedure took up all spark 
events of each single cycle again. To evaluate the individual 
cycle mean velocity Û (dash dotted line in Fig. 14b) the 
arithmetic mean of the relevant section of crank angle (here 
− 70 to − 20°CA after TDC) had to be calculated. The dif-
ference between each cycle mean value and the ensemble 
averaged mean value within this interval represented the 
individual cycle deviation which had to be added to the 
ensemble averaged trace to get the cycle individual mean 
velocity Û.

The resulting difference between each measured velocity 
(red dots in Fig. 14b and the individual cycle mean velocity 
Û finally represented the most relevant turbulent fluctuation 
velocity ut’. The difference between ensemble and time aver-
aged values provided information about cyclic fluctuations 
(uc’).

Eq. (2) in Sect. 2.2 already showed the mathematical link 
of the three velocity components of the turbulent transient 
flow with cycle-to-cycle variations. Figure 15 contains all 
measured values (black dots), the ensemble averaged veloc-
ity (grey line) and the turbulent fluctuation speed ut’ (grey 
deviation bars) for one example setting.

Even though spark plug is mounted in a position where 
the ground electrode was orthogonal to expected bulk flow, 
variations of flow direction could lead to an error. In case of 
spark elongation in direction of the ground electrode, lower 
values may result. Nevertheless, due to high statistical power 
of numerous data the authors expect sufficient accuracy.

5 � Engine test results

The developed method was first validated with crank angle 
wise measurements in motored engine operation. Therefore, 
the inlet configuration of the engine was varied. Each engine 
setup was investigated with the described method of Sect. 0. 
In a second step, motored operation for VRA measurements 
and fired operation for combustion analysis were performed.

5.1 � VRA under different in‑cylinder flow conditions

The effects of different engine setups on the local flow at 
spark plug were investigated. For comparisons, average 
flow velocity Ū was considered first. Furthermore, tur-
bulent kinetic energy was calculated by Eq. (4). Using 
the turbulent fluctuation ut’ from the VRA method pro-
vided direct information about the local level of turbulence 
around spark plug.

Figure 16 contains the results of four different setups. 
The big valve lift profile with the tumble flap (dash dot-
ted line) resulted in highest flow intensities. The EIVC 
configuration (dotted line) led to a decrease of velocities 
compared to the standard configuration (solid line). EIVC 
in combination with the tumble flap (dashed line) led to 
an increase of charge motion. The results of the mean 
flow velocity Ū in diagram a) confirmed results of open 
literature (Ogink and Babajimopoulos 2016; Merker and 
Teichmann 2018).

As one can see, VOT125 configuration (dotted line) 
behaved completely different to the other three and did 
not show any change over crank angle. It seems like there 
was almost no measurable spark deflection and hence, 
no measurable air flow. This measurement confirmed the 
extreme reduction of in-cylinder charge motion with an 
EIVC strategy; see also Scheidt et al. (2014) or Riess et al. 
(2013).

(4)TKE = 0.5 ∗ u
�2
t

a

b

Fig. 16   Results of the VRA measurements for four different inlet 
configurations: VOT165 (solid line), VOT165 with tumble flap (dash 
dotted line), VOT125 (dotted line) and VOT125 with tumble flap 
(dashed line); a ensemble averaged velocity Ū; b turbulent kinetic 
energy
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In general, magnitude and trend of the graphs assigned 
to the specific intake configurations were comparable to 
results of other measurement and simulation results of 
before mentioned literature. Except the VOT125 configu-
ration, there was an increase of the mean flow velocity 
during compression up to a certain crank angle detect-
able. Later in the compression stroke dissipation processes 
of the main vortex occurred and the mean flow velocity 
mitigated. Once the piston passed TDC the differences 
between mean flow velocities of the three configurations 
were marginal.

Note, the measured values are local flow velocities and do 
not provide information about the global flow field inside the 
combustion chamber. Therefore, typical flow values like the 
tumble number or tumble ratio can differ from the results in 
Fig. 16a. The results of both measurements with the tumble 
flap (dashed and dash dotted line) may underpin this fact. 
Both configurations showed slightly decreasing velocities 
from -50 to -35°CA after TDC. Afterwards both increased 
again. The authors assumed a local phenomenon and attrib-
uted it to an asymmetrical movement of the tumble vortex. 
However, this local flow information around spark plug and 
its effects on spark elongation are of immense importance 
for the combustion process in SI engines.

Similar in the sequence was the result for the calculated 
turbulence presented in Fig. 16b. At first, the low flow inten-
sity of the VOT125 configuration with the EIVC (dotted 
line) resulted in almost zero TKE without using the tumble 
flap. With tumble flap, TKE increased extremely during late 
compression, especially for the big valve lift profile (dash 
dotted line).

In general, this investigation showed plausible results and 
encourage further investigations with VRA as a measure-
ment technique for local in-cylinder flow and turbulence.

5.2 � Correlation of TKE and combustion speed

Flow parameters should also result in qualitative good cor-
relations to combustion parameters. Figure 17 demonstrates 
one approach. Firstly, VRA measurements under motored 
conditions with different charge motion setups were per-
formed as already discussed in the section before. Secondly, 
fired operation allowed combustion diagnostics and heat 
release calculation. For all fired measurements a variation 
of air fuel ratio λ was done, whereas for the comparisons to 
flow values a λ of 1.2 was chosen as diluted mixtures showed 
differences in combustion behaviour between the applied 
configurations more significant.

From the measured in-cylinder pressure mass fraction 
burned (MFB) calculation was performed, which is repre-
sented by the solid line in Fig. 17. For all measurements 
the centre of combustion (MFB = 50%) was kept constant at 
around 8°CA after TDC.

Combustion parameters like MFB 5%, 50% and 95% were 
derived from the heat release trace. The combustion duration 
was defined between 5 and 95% MFB. These values defined 
the section for averaging flow parameters. In the example of 
Fig. 17 the TKE was averaged between 0 and 20°CA after 
TDC. Regarding the contents of Fig. 16 it is obvious that 
the combustion period was always far later than the maxi-
mum of TKE. Hence, this showed the immense importance 
for combustion process to hold up the flow intensity within 
compression until TDC.

Figure 18 finally shows the result. As one can see, TKE 
and combustion duration of the four configurations showed 
a clear correlation. The measurements with the tumble flap 
(triangle and square) demonstrated the highest TKE and the 
shortest burning duration. The larger valve lift without tum-
ble flap (dot) showed slightly lower values. For the EIVC 
without tumble flap (rhombus) the longest burning duration 
of around 37.5°CA confirmed the VRA measurement, which 
determined almost no turbulence for this configuration.

Fig. 17   TKE (dash dotted line) and MFB (solid line) for VOT165 
with tumble flap at 2000 rpm; ignition timing at − 12 °CA after TDC

Fig. 18   Correlation of TKE and burning duration of the four differ-
ent inlet configurations: VOT165 (circle), VOT165 with tumble flap 
(triangle), VOT125 (rhombus) and VOT125 with tumble flap (square)
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6 � Conclusion

Voltage rise anemometry was successfully developed, val-
idated and applied as a technique to measure in-cylinder 
turbulence of SI engines, whereas no changes on the com-
bustion chamber were necessary by this novel approach. 
Correlations to combustion parameters show qualitatively 
plausible results.

In a first step, fundamental investigations of spark deflec-
tions were carried out in a specific flow test rig. Optical 
recordings of the elongated plasma channel enlarge the 
understanding and open the possibility of analysing optical 
flow velocity. Confirming open literature, different depend-
encies of the voltage drop across the electrodes are found. 
Longer plasma channel and higher ambient pressure lead to 
an increase of voltage, whereas a higher electric current flow 
shows opposite effects.

For implementing voltage rise anemometry as a meas-
urement technique for in-cylinder turbulence the following 
aspects were essential in this study: An automated post-pro-
cessing to detect relevant sections within the voltage and 
current signals. Furthermore, the validated function, which 
enables the calculation of flow velocities from measured 
voltage gradients. For this, mathematical functions from 
open literature are used basically, whereas calibration fac-
tors and exponents were recalculated. Additionally, imple-
mentation of fundamental statistics to the evaluation process 
enables computation of flow parameters of cyclic working 
engines.

Finally, measurements on an ICE with different charge 
motion setups were performed. Averaged mean flow and tur-
bulence values around TDC show qualitative good results 
and approve the developed method. Furthermore, a clear 
correlation between combustion parameters and TKE cal-
culated from VRA substantiates the measurement technique.
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