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Despite the public debate nowadays on the future of Internal Combustion Engines (ICE),
which is impeding their development, one limitation towards further optimization of ICE in
terms of fuel consumption and emissions can be seen in the current approach and more
specifically in the transient engine operation and its control. The main drawbacks in the
current approach source from: 1) complex structure of mechanization including sensors
and actuators, 2) low time resolution and accuracy of sensing (cost driven), 3) complex
Electronic Control Unit (ECU)-software architecture associated with huge calibration effort
and 4) recently, funded research due to unsecure business model of ICE is becoming less.
To overcome these difficulties unexploited potential should be utilized. Some of this
potential lies in cycle-by-cycle and cylinder-by-cylinder accurate fuel and air control,
and in the development of physical based virtual sensors with high time resolution and
accuracy. One of the main motivations for this study was to develop a measurement
technique that enables crank-angle resolved air mass flow rate measurements during
engine operation in a dynamometer test cell. The measurement principle is quite simple
and is based on gauging the dynamic pressure in both the intake and exhaust duct at the
closest possible positions to the valves. To fulfill these requirements aerodynamic probes
have been developed and manufactured utilizing 3D printing. The probes have been
integrated in special developed flanges, which correspond exactly to the shape of the air
channels in the cylinder head of the engine. Hence, they can be mounted either in front of
the valves at the intake or behind the valves at the exhaust duct. Results at different engine
operating conditions have been obtained, analyzed and correlated to other sensors like air-
flow meter. Those post-processed results can be further used to validate 1-D gas
exchange models, or 3-D Computational Fluid Dynamics (CFD) port flow models. The
ultimate scope of these measurements is to calibrate fast physical-based gas exchange
models that can be directly used in the engine control framework on an embedded system.
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1 INTRODUCTION

A detailed understanding of the flow structure and turbulence
generation within the cylinder of an ICE has been the focus of
countless research projects and publications over the last few
decades. It has been recognized that engine flows are responsible
for describing the key processes of turbulence, mixing and
combustion that define the engine performance and efficiency.
Other areas where in-cylinder flows impact engine operation
include misfire and cycle-to-cycle variability (CCV), post-
combustion mixing (important for completion of the final
oxidation of CO and particulate matter as well as reduction of
NOx formation), heat transfer, and mixing of crevice
hydrocarbons with hot bulk gases during the expansion stroke
[(Lumley, 1999), (Heywood, 1988), (Boree and Miles, 2014),
(Borée and Miles, 2014), (Miles et al., 2008) (Miles et al.,
2004), (Miles et al., 2002), (Miles et al., 2007), (Miles et al.,
2009), (Arcoumanis and Whitelaw, 1987)]. Well-designed
experiments in optically accessible engines utilizing optical
measurement techniques like laser Doppler anemometry and
particle image velocimetry have been used extensively to
understand the engine flow physics, with particular emphasis
on turbulent flow generation and cycle-to-cycle variability.
[(Reuss, 2000), (Baby et al., 2002)] Advances in diagnostics
have led to the ability to capture transient, multi-dimensional
flow information within internal combustion engines. [(Haworth,
1999), (Celik et al., 2001)] As engine flows are inherently 3D, the
ability to resolve the complete flow structure becomes
increasingly important to analyze instantaneous turbulent flow
phenomena and validate turbulent models. Such capabilities are
anticipated to provide further insight into the study of turbulence
and CCV as well as build more predictive models describing the
engine flow [(Pope, 2015)]. Numerical simulation of internal
combustion engines has become an indispensable tool for engine
design and optimization. Both bulk flow structures and
turbulence levels must be accurately predicted in order to find
optimal designs. Despite the variety of 3D high-fidelity turbulence
models for describing engine flows, the flow upstream the intake
valves and the associated boundary conditions need to be defined.
There are in general two approaches, in the simplest case they are
set as time invariant, or if time varying boundary conditions are
necessary, they are set by a coupled one-dimensional (1D) gas
exchange model. Co-simulation of a 1D gas exchange model with
a 3D model potentially offers the best of both worlds. It enables
the sharing of boundary data between 1D and 3D models in a
single or multi-domain system. This way the in-cylinder process
is resolved using more detailed CFD simulation of 3D flows and is
coupled to a 1D gas exchange model to account for time varying
boundary conditions in the intake duct. One dimensional (1D)
CFD allows engineers to understand the flow rates and pressures
at system boundaries, and how they might change, within an
engine cycle–particularly as the operating state of the components
changes, for example, as valves open or close. Although the focus
in the present study clearly lies on the application of the
aerodynamic probes, the 1D commercial software WAVE has
been utilized to correlate with the test data. WAVE simulation
software solves the 1D form of the Navier-Stokes equations

governing the transfer of mass, momentum and energy for
compressible gas flows, and includes sub-models for
combustion and emissions. Quite often the information used
to validate the 1D models is based on low frequency experimental
data, acquired by mass flow meters, pressure and temperature
transducers at the locations of interest. Hence, there is a limited
chance to evaluate crank-angle-based flow velocities and
turbulence in the intake duct but also the mass flow rate
through the intake and exhaust valves during the opening
period [(Lomas, 2011), (Westerweel et al., 2013), (Jainski et al.,
2013), (Hwang et al., 2007), (Desantes, et al., 2010)].

It is well known that the intake process influences the air flow
structure coming inside the cylinder. The complex engine
dynamics and working conditions make the intake air
estimation a challenging work. In the present study we were
aiming to develop a measurement technique that enables crank-
angle resolved air mass flow rate measurements during engine
operation in a dynamometer test cell. The measurement principle
is quite simple and is based on gauging the dynamic pressure in
both the intake and exhaust duct at the closest possible positions
to the valves. To fulfill these requirements aerodynamic probes
have been developed and manufactured utilizing 3D printing
[(Heckmeier et al., 2019), (Heckmeier et al., 2020)]. To
demonstrate the aforementioned limitation and the potential
proposed in the present study, let us choose but not limit
ourselves to the precise control of air-fuel ratio (A/F) to the
stoichiometric value under certain operating conditions, which is
necessary to minimize exhaust emissions in vehicles employing a
three-way catalytic converter. A/F control has two principal
components: a closed-loop portion based on the signal from
an exhaust gas oxygen sensor, and an open-loop, or feedforward
portion in which injector fuel flow is controlled in response to a
signal from an air flow meter. Due to the relatively long delay, the
feedback, or closed-loop portion of the A/F control system, is
fully effective only under steady state operating conditions and is
getting poorer at transient conditions. As test cycle dynamics get
faster and legal driven tolerances get tighter, emissions control
becomes more demanding and the simple PI control schemes are
pushed to their limits. Although the fuel path is well understood
and efficiently controlled, the big unknown during transient
engine operation, is the air path and its dynamics. However,
the transient cylinder air mass cannot get acquired by sensors
directly and, moreover, limits the accuracy of A/F control. The
complex engine dynamics and working conditions make the
intake air estimation a challenging work. To help understand
the transient engine gas exchange and develop crank-angle
resolved accurate virtual sensors, more sophisticated
measurement techniques are necessary. The aerodynamic
probes are mainly piezoresistive pressure transducers
consisting of a Kiel probe, few holes in the flange of the
sensor, which serve as measuring points for the static pressure
and piezo crystals. They are able to determine the existing
dynamic pressure in the range of 0–2 psig at a sampling rate
of 50 kHz and have a maximum output voltage of 300 mV. The
Kiel probe measures the total pressure according to the principle
of Prandtl’s tube and was specially developed for inflows up to
± 60°. The mass flow rate can be easily calculated from the
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velocity information delivered by the probes, the cross-sectional
area of the flange which is well defined, and the temperature in the
intake duct, which is sensed.

The signal from the aerodynamic probes is amplified before it
is fed for further processing to the dSpace Micro Autobox II
(MAB), which is simultaneously the data acquisition system and
the prototype ECU of the test engine. A special algorithm has
been developed in Matlab/Simulink to ensure “in-situ” and “in-
memory” signal processing on the MAB at a real time frequency
of 4 kHz (high speed).

Furthermore, each probe exhibits a double head resulting to
two measuring points, so that in addition to the flow velocity, the
flow direction can also be detected. In other words, the intake and
exhaust probe can determine the mass flow rate, both, in and
against the flow direction. Hence, further information about the
engine operation, such as the blow-by behavior, the
characterization of turbulence intensity at the intake and
exhaust duct or the real opening and closing valve timing
during engine operation, can be obtained.

In the following sections the experimental setup, the test
methodology including the data acquisition system and post-
processing and the achieved results will be discussed in detail.

2 MOTIVATION

The main task of the current study is to provide an alternative way
to experimentally characterize the air flow highly resolved in the
intake duct of an ICE during real engine operation. As already
mentioned in the introduction, the air mass is currently determined
by inertial sensors, such as a hot-film air-mass meter (HFM). The
HFM senses the heat transfer of the air mass flow through
temperature measurements at two distinct points, which are
located in front of and behind a heated sensor element. The
flow velocity and the air mass flow are proportional to the
temperature difference. A more detailed functional description of
such a sensor is described in 3. Due to the relatively large time scale
of a HFM in order of 20 ms, its transient response to highly
pulsating flows is getting poor, especially when the frequency of
the pulsating flow is higher than 50Hz. This is often the case in the
intake air flow of an ICE. Themeasurement errors reported in those
cases can be up to 100% of the average value [(Paulweber and
Lebert, 2014)]. An exact determination of the trapped charge mass
in the cylinder after the intake valve is closed, is therefore almost
impossible. However, since the information of fresh air trapped into
the cylinder at the end of the gas exchange phase is decisive for the
air-fuel mixture control, the amount of fuel to be injected can only
be approximately calculated. Nevertheless, its low cost and small
measurement error in the air mass flowrate (Eq. 1) under steady
state engine operation, justifies the HFM application in serial
production vehicles.

Δ _m
_m
≤ 3%. (1)

The required fuel mass can now be calculated from
corresponding lookup tables in the ECU to ensure accurate

lambda control. Unfortunately, the accuracy level does
strongly deteriorate at transient engine operation. If a step
response is now applied to the sensor, it takes up to 15 ms to
capture the change in the measured airflow by 63% of its final
value (τ63 ≤ 15ms). The accuracy is not sufficient and correcting
methods associated with high calibration effort need to be
undertaken and implemented in the control logic of the ECU.
One of the main motivations for this study was to develop a
measurement technique that enables crank-angle resolved air
mass flow rate measurements during engine operation in a
dynamometer test cell. The measurement principle is quite
simple and is based on gauging the dynamic pressure in both
the intake and exhaust duct at the closest possible positions to the
valves. To fulfill these requirements aerodynamic probes have
been developed and manufactured utilizing 3D printing in
cooperation with Vectoflow GmbH. The aerodynamic probes
are mainly piezoresistive pressure transducers consisting of a Kiel
probe, few holes in the flange of the sensor, which serve as
measuring points for the static pressure and piezo crystals. They
are able to determine the existing dynamic pressure in the range
of 0–2 psig at a sampling rate of 50 kHz and have a maximum
output voltage of 300 mV. The probes have been integrated in
special developed flanges, which correspond exactly to the shape
of the air channels in the cylinder head of the TH Nuremberg
research engine. Hence, they can bemounted either in front of the
valves at the intake or behind the valves at the exhaust duct. Since
the flow pulsation is even stronger at this position due to the
periodically opening valves, a measurement with an HFM is not
useful at this point. In the following the procedure will be
described in more detail and the suitability of the proposed
measurement technique will be evaluated.

Implementation of the aerodynamic probes at the TH
Nuremberg research engine allows a high-resolution data
acquisition of the dynamic pressure, in the intake duct of the
engine and consequently enables the calculation of the flow
velocity. Although, aerodynamic probes for both the intake
and exhaust ducts have been developed and applied, only the
intake duct has been considered in the present study.
Neverthelesss, data from the exhaust duct aerodynamic probe
has been acquired but not presented here. This data goes beyond
of the scope of the present work as described in the title and will
be subject of further future analysis, in conjunction with the
investigation of the entirely gas exchange process, including
residual gas and blow-by behaviour. Emphasis has been put
on the synchronous data acquisition and post-processing for
an in-situ and in-memory data analysis. This way we get cycle
synchronous information about the amount of air flowing
through the intake valve. In order to achieve the
aforementioned goal, namely the exact detection of the in-
and outflowing air, beside the velocity profile in the ducts the
information of the static pressure and the temperature is required.
This additional information is provided by a high-resolution
static pressure transducer at a resolution of 1 kHz and a
temperature sensor. In the following an overview of the
measurement technique adopted here will be presented.

First the question that should be asked is, whether the
undertaken effort for a high-resolution air mass measurement
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is appropriate. As already mentioned in the introduction, the air-
fuel mixture has the most dominant influence on raw engine
emissions. This requires an exact metering of the fuel for each
individual cylinder. However, to make this measurement possible
at all, the air mass in the cylinder must be known beforehand. The
filling of the cylinder of an engine is indicated by the volumetric
efficiency (ηv). Assuming that the supplied fresh air is gaseous, the
relationship for the air expenditure is

ηv �
mfc

mth
� mfc,tot

Vd · ρth
, (2)

where,mfc � total fresh charge mass induced into the cylinder per
working cycle, mfc,tot � total fresh charge mass induced into the
engine per working cycle, mth � theoretical charge mass per
working cycle, Vd � engine displacement, ρth � theoretical charge
density.

Currently, the charge mass remaining in the cylinder cannot
be measured. In order to determine this approximately the
following procedure is chosen [(van Basshuysen et al., 2017)]:

• Cylinder pressure indication in one or all engine cylinders,
• Assume that the cylinder charge temperature at the time

“inlet valve closes (tIVC)” is approximately equal to the
temperature in the inlet port,

• Applying the ideal gas equation

ptIVC · VtIVC � mZ · R · TtIVC. (3)

At the same time, the air-fuel ratio λ, continues to be the focus
of attention, which determines the ratio of air mair and fuel mass
mf to

λ � mair

mf · LSt
, (4)

where, LSt � the stoichiometric air requirement. This is defined as
the amount of air per unit fuel mass needed to completely burn
the fuel under stoichiometric conditions.

LSt � mair,St

mf
. (5)

The air mass at stoichiometric ratio (mair,St) can be determined
from the mass fractions of the chemical elements contained in the
fuel and is approx. 14.5 kg air per kg fuel for most hydrocarbon
fuels except natural gas (with a LSt of approximately 17).

A cycle-to-cycle and cylinder individual precise control of A/F
to the stoichiometric value under certain operating conditions,
which is necessary to minimize exhaust emissions in vehicles
employing a three-way catalytic converter, is a very challenging
task. A/F control has two principal components: a closed-loop
portion based on the signal from an exhaust gas oxygen sensor,
and an open-loop, or feedforward portion in which injector fuel
flow is controlled in response to a signal from an air flow meter.
Due to the relatively long delay, the feedback, or closed-loop
portion of the A/F control system, is fully effective only under
steady state operating conditions and is getting poorer at
transient conditions. Although the fuel path is well understood
and efficiently controlled, the big unknown during transient
engine operation, is the air path and its dynamics. However,
the transient cylinder air mass cannot get acquired by sensors
directly and, moreover, limits the accuracy of A/F control. The
complex engine dynamics and working conditions make the
intake air estimation a challenging work. To help understand
the transient engine gas exchange and develop crank-angle
resolved accurate virtual sensors, more sophisticated
measurement techniques are necessary. In the following the
state of the art will be discussed.

3 STATE OF THE ART

Well-designed experiments in optically accessible engines
utilizing optical measurement techniques like laser Doppler
anemometry and particle image velocimetry have been used
extensively to understand the engine flow physics, with
particular emphasis on turbulent flow generation and cycle-to-

FIGURE 1 | (A) Intake System after eBooster© Outlet, (B) Intake System in front of eBooster© Inlet.
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cycle variability. However, such sophisticated techniques can be
very difficult applied on a serial engine, in order to investigate
flow phenomena during real engine operation. A rather hybrid
approach is followed to understand engine flow physics in serial
production engines. This includes a combination of 1D-CFD gas
exchange simulation utilizing test bench data and high-fidelity
3D-CFD models. Pressure, temperature and mass flowrate data
acquired at an engine test bench are mainly used to correlate the
CFD models. There are several methods to experimentally
determine the air mass flow through an ICE. The most
commonly used are hot-wire anemometers or sensors based
on ultrasound measurement principles. In our engine we are
using a HFM from Bosch in parallel to the Vectoflow GmbH
aerodynamic probes. HFMs are thermal flow sensors and
determine the mass flow of the flow medium by means of
temperature differences at distinct measuring points. In the
center of the sensor element there is a heated zone, which
consists of an externally or self-heated resistor [(Borgeest,
2014), (Bernstein, 2013)]. On both sides of the heater there
are temperature sensors which measure the radiating heat of
the heater. If the voltage of both temperature sensors is the same,
there is no temperature difference and consequently zero mass
flowrate is sensed. In contrast, when air flows through the HFM,
the two temperature sensors are cooled down resulting in a
temperature difference across the sensor, which is a measure
for the mass flowrate [(Borgeest, 2014)].

The output voltage of the temperature sensors is then
converted into a gravimetric mass flow by the ECU. For an
accurate measurement it is important to ensure laminar flow of
the medium to be measured. In order to convert a turbulent flow
into a laminar one, flow straighteners are integrated at the
entrance of the sensor.

The HFM has a very high accuracy in stationary operation.
However, if a dynamic or pulsating flow is present, the HFM only
determines the average amass flow. The Bosch HFM-5 sensor data
sheet reports a time constant τ63 ≤ 15ms. Assuming first order
system dynamics, the time needed to reach 99.3% of the steady
state value is the fivefold of the time constant, hence given by Eq. 6:

5 · T � 5 · 15ms≤ 75ms (6)

This means that a time of 75 ms is needed by the HFM to
detect 99.3% of the steady state value after introducing a step
change in the input. However, since the opening duration of the
intake valve of the research engine at an idling speed of 650 rpm is
only about 70 ms, the HFM dynamic response is not sufficient to
capture the mass flow rate accurately. A minimum sampling
frequency according to Shannon should be at least twice as high
as the frequency to be measured in order to obtain correct values.

However, the air mass flow on the exhaust side cannot be
measured with the help of these sensors, due to the high
temperatures of up to 1,000 Celsius. According to the data
sheet, the Bosch HFM-5 has a temperature application range
between −40 and +120°C. For this reason, the exhaust air mass
flow rate can only be determined with an ultrasonic sensor or via
the residual oxygen concentration. The latter is usually measured
by a lambda sensor. The flowrate can then be calculated
approximately from the measured lambda-value and the fuel
mass flow rate, according to Eq. 4. To overcome all these
difficulties the aerodynamic probes have been developed and
implemented in the research engine, allowing high frequency and
accurate air mass flowrate measurements. In the following
subchapters the measurement technique used for this work
will be described.

4 EXPERIMENTAL SETUP

4.1 Testbench Build
The research engine is a naturally aspirated, inline four-cylinder,
air-cooled Diesel Deutz F4l 912 engine with individual cylinder
heads and two valves per cylinder, build in 2010. In its original
state the engine is equipped with a high-pressure fuel system that
utilizes an in-line injection pump with mechanical centrifugal
governor.

For research purposes, cylinder one and four have been
modified featuring a modern common rail injection system

FIGURE 2 | (A) 3D-CAD model of a Vectoflow probe, (B) Probes mounted on the cylinder head.
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from Delphi Technologies equivalent to a EU6d passenger car
serial application. The engine is installed on a Dyno with eddy
brake system. Cylinders two and three are still driven by the serial
in-line fuel injection pump and can start the engine on the dyno.
Injection for both cylinders one and four is controlled by rapid
prototyping control system, as well as the boost pressure control
for cylinder 4. Furthermore, the complete intake path of cylinder
4 has been replaced with the intake section seen below (Figure 2).

In order to prevent foreign matter from entering the intake
manifold and causing lethal damage to the system the intake path
starts with a separate air filter. After the air filter a widely used
Bosch hot-film air-mass meter measures the air mass flow,
followed up by a pressure-sensor (p_intake_ebooster) and a
thermocouple-adapter (T_intake_eBooster) to capture the
thermodynamic conditions close to the inlet of the eBooster©.
The eBooster© is an electrical driven compressor from
Borgwarner, which enables a boosted engine operation in that
cylinder four of our research engine, without the need to integrate
a turbocharger to the engine. The compressed air after the
eBooster© is fed to the intercooler for cooling. In addition, to
energetically balance the eBooster©, both the pressure and
temperature of the air are measured directly at its outlet
(p_outlet_eBooster, T_outlet_eBooster). Additional pressure
sensor (the used pressure sensors are Memotec V20Z942
absolute pressure Sensor 0–2 bar with a resolution up to
1 kHz) is used to measure the static pressure with a resolution
of 1 kHz to ensure that it is captured correctly and follows the gas
dynamic changes of the air flow in the intake duct. The
information of the pressure in conjunction with the slower
changed temperature is needed to calculate the air density.
The latter together with the flow velocity determined by the
Vectoflow aerodynamic probes will define the instantaneous
mass flow rate through the intake valve. The Vectflow
aerodynamic probe for the inlet is attached to the cylinder
head of the engine with two gaskets for sealing. Throughout
the manifold, several ducts and pipe segments used for the
transition between the various diameters and flange shapes.

4.1.1 Data Acquisition Hardware
There are two main hardware objects for the measurement data
acquisition and the subsequent in-situ and in-memory data post-
processing. Both components have been manufactured by the
company dSpace. In this case, the MAB as the master and the
RapidPro as the slave are used. Both have amodular structure and
can be combined individually according to the intended use. In
our setup we utilize the MAB with DS 1401/1513/1,514
configuration and the RapidPro with the modules “DS 1638”
and “DS 1637”, which have the following functions:

• DS 1638: This module serves here as a sensor input module
for thermocouples and can directly evaluate the signals of
the connected type K thermocouples. Certain temperature
sensors instrumented in our research engine are integrated
in this module.

• DS 1637: This module is used to record the mechanical
engine characteristics. The crankshaft and camshaft sensors
are integrated in this module. The crank angle signal is

required to synchronize the entire data acquisition system
and to control the common rail injection with our rapid
control prototyping. The angle sensor is the 365°C from
AVL List GmbH, which uses infrared light reflection on a
marker disc to output both the speed and the absolute angle
with a resolution of up to 0.5°CA.

The RapidPro communicates with the MAB via Low Voltage
Differential Signaling link (LVDS) and can therefore both
transfer and receive data. Using Analog Input-Outputs and
Digital Input-Outputs, the MAB records the remaining
measurement data, such as pressures and the signals of the
Vectoflow-probes. Furthermore, target values can be
determined via outputs. E.g., the throttle position, the brake
torque and the speed of the eBooster© can be specified. All
these measured variables and target values can be monitored
and specified with dSpace’s ControlDesk. All the algorithms for
in-situ and in-memory processing of the acquired data have been
generated usingMATLAB/Simulink fromMathWorks® and then
compiled on MAB. This has the advantage that the rapid control
algorithms can be generated in house and the flexibility for
modifications is maintained. The compiled software on the
MAB runs on a IBM PPC 750 GL processor at 900 MHz,
including 1 MB level 2 cache, 16 MB main memory and
another 6 MB memory exclusively for communication between
MicroAutoBox II and the PC.

4.1.2 Vectoflow Aerodynamic Probes
One of the main motivations for this study was to develop a
measurement technique that enables crank angle resolved air
mass flow rate measurements during engine operation in a
dynamometer test cell. The core components are the
aerodynamic probes designed in cooperation with the
Vectoflow GmbH. These probes are essentially piezoresistive
pressure transducers of the type 8507C-2 from Meggit, which
can determine the existing dynamic pressure at a high sampling
frequency of up to 50 kHz. Figure 2A shows the basic structure of
such a probe in a 3D-CADmodel. The Kiel probe 1), bores for the
static pressure sensing 2) and the cooling connectors 3) can be
identified.

In order to keep flow losses as low as possible and thus to
obtain the measurement result as accurate as possible, the two
Vectoflow probes are mounted directly at the cylinder head of the
engine in a distance of 45 mm from the intake valve seat. The
flange shown in Figure 2B was designed specifically for our
application on the Deutz F4L 912 research engine and
corresponds exactly to the shape of the air ducts of its
cylinder head. This allows the measuring probes mounted in
the closest vicinity of the cylinder valves. Additive manufacturing
allows individual solutions to get realized, in order to ensure ideal
sensor installation and position. The Kiel probes measure the
total pressure according to the principle of Prandtl’s tube and was
specially developed to capture flows with angles of attack up to
± 60°. The piezo crystals used in the probes are able to determine
the existing dynamic pressure in the range of 0–2 psig and have a
maximum output voltage of 300 mV. The signal provided by the
probes can be converted into velocity information and hence the
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mass flow rate can be easily calculated, with the well-known
cross-sectional area and the measured density in the duct.
Attention has been paid in the design to avoid a flow blocking
by the probe in the duct. It is worth mentioning here, that each
probe exhibits a double head with two piezo crystals, one sensing
in the inflow direction towards the engine cylinder and the other
in the opposite direction to capture reverse flow back to the intake
manifold.

4.2 Test Methodology
The MAB, which is simultaneously the data acquisition system
and the prototype ECU of the test engine, supports an input
voltage between −10 and +10 V, so the maximum 300 mV output
of the Vectoflow probes are within the measuring range of the
MAB. The raw signal from the Vectoflow probes is amplified
before it will be transmitted to the MAB (Figure 3A).

On the MAB the amplified dynamic pressure signals are further
processed by specially developed algorithms and the instantaneous
mass flow is calculated. This value is then available to the ECU as a
further parameter. The steps required to obtain the mass flow from
the raw signals are listed below.

As shown in Figure 3B, several steps are required to obtain the
mass flow from the raw signal. First the output voltage must be
converted into a pressure signal. In addition, the influences of the
measuring amplifiers must be compensated. Additionally, the
probes have been calibrated at Vectoflow in order to identify their
damping frequencies and the corresponding transfer function.
The latter is used on our FFT processed signal. The final result
does only contain flow information and any other disturbance or
noise is eliminated. The signals are then subjected to a Fast
Fourier transformation (FFT) in order to filter noise from the
measurement data. Furthermore, the flow direction will be
evaluated based on the gathered data from the double head
probe (two piezo crystals per probe) simultaneously. After
these steps the flow velocity u can be calculated as a function
of the Mach number to:

u � Ma · c, (7)

where, c � speed of sound andMa �Mach number, which results
from:

Ma �

��������������������
2

κ − 1
·⎛⎝(pstat

ptot
)κ− 1

κ ⎞⎠ − 1

√√
, (8)

where, κ � isentropic exponent, ptot � total pressure and pstat �
static pressure. At the inlet the value of air κ � 1.4 can be used, at
the outlet it must be determined according to the temperature
and composition of the exhaust gases. The speed of sound also
depends on the thermodynamic conditions and is calculated as
follows.

c � �������
κ · R · T√

, (9)

where, R � the gas constant and T � the temperature in K.
Another way of obtaining the flow velocity is the Bernoulli
equation, which states that the sum of the occurring pressures
is constant.

ptot � pstat + pdyn + ph � const, (10)

where, ptot � total pressure, pstat � static pressure, pdyn � dynamic
pressure and ph � hydrodynamic pressure. Considering the very
small differences in altitude (Δh ≈ 0), the proportion of
hydrodynamic pressure can be neglected, resulting in the total
pressure to

ptot � pstat + pdyn � const. (11)

As already mentioned, the Vectoflow probes sense both
absolute and static pressure simultaneously but provide as
output only the difference between the two pressures as
dynamic pressure, which was confirmed by 12:

pdyn � pges − pstat � ρ

2
· u2. (12)

Thus incompressible Bernoulli implies that the flow velocity in
this paper can be calculated as

u �
������
2 · pdyn

ρ

√
. (13)

where, ρ � density of the fluid and can be derived from the
thermodynamic relationship to:

ρ � p
R · T , (14)

where, T � the temperature, p � the pressure and R � the gas
constant. The temperature and the pressure can bemeasured with
high accuracy. The specific gas constant of air is 287.058 J

kg·K. In
our application with maximum dynamic pressure amplitudes of
50 mbar and mean flow velocities of less than 40 m

s both methods,

FIGURE 3 | (A) signal chain and (B) signal processing of the probes.
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the incompressible Bernoulli equation and the Mach number
method, lead to the same results. Since a Mach number
calculation takes the compressibility of the fluid into account,
this method is chosen in the present study. After calculating the
flow velocity, the mass flow can finally be calculated to:

_m � A · ρ · u. (15)

where, A � the cross sectional area, which can be taken from the
design of the flange. Thus, all required parameters for the
calculation of the mass flow would be known.

5 RESULTS AND DISCUSSION

As shown in Figure 3B, the recorded raw signals have to be in-
situ, in-memory post processed to get the crank angle resolved
mass flow. There is no storage of raw data for later off-line post
processing. All the measurements are evaluated on the MAB in
real time at a frequency of 4 kHz. The results obtained from these
calculations will be considered and discussed in the following. As
a first validation check the repeatability of the received signals
shall be verified. Figure 4 shows the probe signals at the inlet. The
engine speed and the boost pressure has been varied in two steps.
At 1,200 rpm cylinder four was running unfired first in the
naturally aspirated mode and then in a boosted mode at a
pressure of 1.3 bar absolute. The same is repeated at a higher
engine speed of 2000 rpm. To ensure a robust and synchronous
analysis of the acquired data on the MAB, they need to be
organized in data packages. At every operating point a time

window of 50 consecutive engine cycles has been chosen for data
buffering and post-processing. The measurements are taking
place without firing the cylinder 4, which is instrumented with
the aerodynamic probes. Just gas exchange process occurs in that
cylinder in all measurements shown in this study.

The blue lines represent the data of the probe in flow direction
towards the engine cylinder, while the reverse flow is shown in
red. We analyzed every of the four measuring points shown in
Figure 4 in more detail. All of them exhibit similar systematic
behavior and a detailed description of every one goes beyond the
scope and space limitation of the present work. We exemplary
focus in Figures 5, 6 at one set of conditions, representing the
engine speed at 1,200 rpm and naturally aspirated mode. In
addition to a very high repeatability without really perceptible
outliers, further information can be obtained from Figure 7. In
the interval between zero (firing top dead center-TDC) and
330°CA the graphs of the two probes are almost congruent.
Considering the reverse flow data of the piezoresistive sensors
in that respective probe, it is concluded that both sensors detect
the same change in dynamic pressure over that period in time. By
converting the dynamic pressure into a flow velocity and
subsequently to a mass flow, a value close to zero would
result. Since during this period the inlet valve of this cylinder
is closed, these are plausible results. In the following interval
between 330 and 380°CA the graphs are congruent too. During
that time the inlet valve begins to open. Due to the low engine
speed and the ramp of the cam lobe causing a low valve velocity
and consequently the flow area between valve body and seat is
slowly increasing, it takes few time steps before a noticeable air

FIGURE 4 | Individual cycle dynamic pressure in the inlet duct of 50 consecutive cycles for four measuring points.
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mass flow is established. Between 380 and about 600°CA the inlet
valve is fully open and air flows into the cylinder and this is clearly
indicated in the same Figure 7 by the big difference between the
blue and the red curve. While the inflow probe detects a positive
flow towards the cylinder, the reverse flow probe results a
negative value, that is also in the direction towards the
cylinder. At the end of the opening period, as expected, the
dynamic pressure in the inflow direction decreases, as the flow
area is reduced again. At the same time, the pressure at the reverse
flow probe increases. The time period in which the inlet valve is

open is discussed in more detail below. After the valve is
completely closed, the measured values are again balanced,
which indicates that no flow is taking place through the
engine. In order to analyze the CCV of the engine inflow we
focus on cycle averaged quantities e.g. trapped mass in the
cylinder per cycle. This is the result of the instantaneous mass
flow rate integration from the inlet valve opening to its closing
time. Both integration limits are knowing from the valve profiles
as measured at the engine. Nevertheless, the exact opening and
closing time of the valves are impacted from the overall engine

FIGURE 5 | The dynamic and static pressure in the intake duct for one engine cycle at an engine speed of 1,200 rpm in natural aspirated mode.

FIGURE 6 | Recorded mass flow rate using the Vectoflow probes and the HFM. Conditions identical to Figure 4.
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dynamics during real operation. It is more than desirable to
identify the effective opening and closing time and hence the
opening duration of the valves during engine operation. We are
looking for an automatic procedure to identify the effective
opening duration of the valves.

Since, in addition to the signals from the Vectoflow probes, the
filtered static pressure measured at 1 kHz at the inlet duct is also
considered. A drop in static pressure at the time of valve opening
can be clearly detected. The same applies to an increase again in
the static pressure as soon as the valve is closed. By deriving the
static pressure signal twice over time, the points of the highest
gradients can be determined. By applying a simple algorithm the
minima of the second derivative can be detected. The points just
obtained reflect the times of the effective inlet valve opening tIVO
and closing tIVC , which are marked with black circles in Figure 5.
The data series thus obtained is now used for further calculations,
since it represents the duration of the air induction phase. Due to
the small amount of the reverse flow sensing, which has no
significant influence on the air induced in the cylinder, only the
values of the inflow probe are included in the following
evaluations. The dynamic pressure raw data are subjected to a
FFT getting its frequency spectrum. The amplitudes are adjusted
according to the Vectoflow tranfer function, which is output of
the calibration process in a wind tunnel, to identify the damping
frequencies of each individual probe. This way we ensure the
correct level of the amplitudes at each frequency. Afterwards the
FFT-processed dynamic pressure is further evaluated to obtain
the flow velocity and the correspondingmass flow rate. As already
mentioned, for this calculation, the Mach number method was
used, since this also considers air compressibility effects. When
the obtained air mass flow is integrated over the valve opening

period, the air mass trapped in the cylinder at each individual
engine cycle is obtained.

m � ∫t�tIVC

t�tIVO
_mdt. (16)

The air mass flowrate during the induction phase at each
individual engine cycle for the four selected measuring points are
graphically shown in Figure 6. In that graph the impact of the
increasing speed and boost pressure on the mass flow is evident
and as anticipated. Adding the HFMmeasured values to the same
plot, the plausibility of the aerodynamic probes results can be
checked. Although the measurement frequency of the HFM is
very low, its time scale of 15 ms corresponds to 67 Hz, it is
sampled at 12 kHz in our measurements. This can be recognized
by the smoother shape of the corresponding curves. In the same
graph, the mass flow rate results from the 1DWAVE simulations
are presented too. Due to the deterministic nature of the model,
there is obviously no cycle variations. Furthermore, flow
coefficients and cam profiles determine significantly the mass
flow rate through the valves. It is in the nature of the modeling
approach that high frequency velocity variations and
consequently mass flow rate during the valve opening period
cannot be captured by the 1D model in detail. Nevertheless, the
trapped mass per cycle agree very well with the measurements.

At a first view, a good agreement between aerodynamic probes
and HFM can be observed. The HFM values are anticipated to be
accurate, as we are running at steady state points and HFM
accuracy has been discussed above. Since the magenta colored
lines correspond to the 50 individual engine cycles, can be
concluded that the repeatability of the HFM is high. At the
same time, due to its low measuring frequency of 67 Hz,

FIGURE 7 | Individual cycle dynamic pressure in the inlet duct of 50 consecutive cycles at an engine speed of 1,200 rpm.
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despite the high sampling rate in our application, a
characterization of CCV based on HFM measurements can be
practically excluded. When the obtained air mass flowrate is
integrated over the valve opening period, which is automatically
detected as described above, the air mass trapped into the cylinder
at each individual engine cycle is obtained and it is shown in
Figure 8. The mass measured by the HFM should be taken as a
reference line, indicating the ensembled averaged value over 50
cycles. The air mass calculated with the Vectoflow probes for each
individual cycle is plotted as well and the CCV at those steady
state points can be evaluated.

Since these results appear to be very different and inconsistent
at the first glance, the respective measurements will be analyzed
more precisely. The plot on the upper left corner of Figure 8
shows the trapped air mass at the end of each cycle for 50
consecutive engine cycles at 1,207 rpm in the naturally
aspirated (NA) mode. Due to the steady state operation, the
HFM is able to determine the mass flow with high accuracy, but it
is unable to capture the CCV which can be clearly observed with
the aerodynamic probes. At the same NA mode but at higher
engine speed of 2000 rpm the deviation of the mean air mass
between HFM and aerodynamic probes is almost 15%. This
difference can not be explained by a drop in the volumetric
efficiency of the engine. A drop of the volumetric efficiency of
15% could not even been confirmed by WAVE gas exchange
simulation of the engine. The value of the WAVE calculation is
plotted in the same graph. It is therefore concluded that the HFM
response at this point is erroneous. An accurate air-fuel control

cycle by cycle and especially under transient engine operation
seems, if not impossible, extremely challenging using a
feedforward approach by utilizing the HFM signal. If the
engine is additionally charged at constant speed, the values
between the HFM and the aerodynamic probes differ
significantly. This is not anticipated and we are seeking for an
explanation. Assuming that at these two operating points the
temperature in the inlet duct is slowly changed and well captured
by the thermocouple, the gas constant of the air and the volume of
the cylinder remain constant, then the mass of air would increase
directly proportional to the air density and consequently directly
proportional to the pressure increase.

m ∼ p (for : T � const,R � const,V � const). (17)

Since the charging generates produces a pressure increase of
about 28%, a mass increase of the same percentage to about m �
1.4g would be expected. However, since both the Vectoflow
probes and the HFM sense higher values, this must conceal
another physical behavior. In order to better understand this
behavior, the evolution of the static and cylinder pressure per °CA
is further considered. The mass flow entering the cylinder also
depends on the pressure ratio between the cylinder and the inlet
duct. Figure 9 and zooming in the intake valve opening duration
in Figure 10 show this pressure difference from both measuring
points at a speed of 1,200 rpm. In Figure 10, which represents a
zoom of Figure 9 in the valve opening period, we first attempted
to explain the differences by plotting the WAVE model results.
Unfortunately, the accuracy within few mbar of the in-cylinder

FIGURE 8 | Calculated mass in the cylinder per cycle and operating point. Conditions identical to Figure 4.
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pressure can’t be achieved. In contrast the resulting in-cylinder
pressure is very close to the inlet pressure. Latter correlates in
amplitude and phase very well with the measured static pressure
in the intake duct. It can be clearly seen that not only the static

pressure upstream the intake valve is increasing, but at the same
time during the induction phase the in-cylinder pressure
decreases. Scaling with the ratios of the in-cylinder to inlet
pressure between the NA and the charged mode at 1,200 rpm

FIGURE 9 | The static and dynamic pressure in the inlet duct along with the in-cylinder pressure at the engine speed of 1,200 rpm. Top graph: naturally aspirated
mode; Bottom graph: boosted conditions.

FIGURE 10 | The static and dynamic pressure in the inlet duct along with the in-cylinder pressure zooming in the intake valve opening duration at the engine speed
of 1,200 rpm. Top graph: naturally aspirated mode; Bottom graph: boosted conditions.
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constant engine speed, then the ratio of the air masses is scaling
with the same factor. This leads to a value for the air mass of
approx. m � 1.75 g for the charged mode, which corresponds to
the values of the Vectoflow probe. There is another observation in
Figure 9, that shows the dynamic pressure signal for the boosted
condition to be very noisy compared to the naturally aspirated
mode. If we take a closer look at the test bench setup (Figure 1)
we realize that the eBooster©, which is electrically driven and
hence decoupled from the engine operation, is continuously
boosting air towards the engine cylinder. The excitation of the
pressure waves, that are traveling between valve and e-booster, is

causing a more intense and turbulent motion of the air in boosted
conditions, as there is no other damping element in the air path.

If we look at the second measuring point with a speed of
2000 rpm, a second difference appears. This time the HFM’s fault
is already in the NA mode of the engine. There is a difference of
the calculated mass of the two measuring devices close to 15%.
This is due to the now almost doubled rotational frequency of the
engine, since the HFM can no longer follow the mass flow and
gives incorrect results. In comparison to the speed of 1,200 rpm,
the air massflow measured with the Vectoflow probes is pretty
much the same, which is in line with the WAVE calculations. At
this operating point, the two curves approach each other due to
charging. The ratio of the air flow between the NA mode and the
charged mode scales with the pressure ratio between both
operating modes as anticipated. Comparing the evolution of
the static and cylinder pressure per °CA at 2000 rpm and both
the NA and charge mode, can be shown in Figure 11 that the
ratio of the in-cylinder to inlet pressure, upstream the intake

FIGURE 11 | The static and dynamic pressure in the inlet duct along with the in-cylinder pressure zooming in the intake valve opening duration at the engine speed
of 2000 rpm. Top graph: naturally aspirated mode; Bottom graph: boosted conditions.

TABLE 1 | Engine parameters.

Name Value Unit

Engine typ F4L 912 —

Cylinders 4 —

Engine swept volume 3,770 Cm3

Power @2,350 rpm 51 kW
Torque max @1,450 rpm 238 Nm
Bore 100 mm
Stroke 120 mm mm
Rated speed max 2,500 rpm
Minimum idle speed 650–750 rpm
Working cycle Four-stroke diesel —

Combustion system Direct injection —

Compression ratio 1:19 —

Firing order 1-3-4–2 —

Inlet opens before TDC 32 °CA
Inlet closes after BDC 60 °CA
Exhaust opens before BDC 70 °CA
Exhaust closes after TDC 32 °CA

TABLE 2 | Nomenclature

ICE Internal Combustion Engine
ECU Electronic Control Unit
A/F Air-Fuel-Ratio
MAB MicroAutoBox II
HFM hot-film air-mass meter
CFD Computational Fluid Dynamics
FFT Fast Fourier transformation
CCV cycle-to-cycle variability
NA naturally aspirated
1D one dimensional
3D three dimensional
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valve, remains almost the same among both NA and charged
operating mode of the engine at 2000 rpm.

In addition, a CCV of the air mass can be shown in Figure 8
and is clearly evident, especially at higher speed and charged
operating mode. This deviation occurs stochastically among the
cycles. Since the HFM is not able to diagnose such deviations
exactly, this can lead to large deviations in air-fuel ratio from cycle
to cycle. We are considering steady state engine operation in the
present study and still show the benefit of crank-angle-based
resolution of the air mass flowrate. We anticipate this benefit to
get even bigger during transient engine operation.

6 CONCLUSION

A novel aerodynamic probe has been developed in cooperation
with the probe manufacturer Vectoflow GmbH and applied on
a research engine at TH Nuremberg. The main task set
originally, namely to develop a measurement technique that
enables crank-angle resolved air mass flow rate measurements
during engine operation in a dynamometer test cell, has been
successfully achieved. The measurement principle is based on
gauging the dynamic pressure in both the intake and exhaust
duct at the closest possible positions to the valves. To fulfill
these requirements the aerodynamic probes, which are utilizing
piezoresistive sensors, have been manufactured with 3D
printing. The probes have been integrated in special
designed flanges, which correspond exactly to the shape of
the air channels in the cylinder head of the research engine.
Results at different engine operating conditions have been
obtained, analyzed and correlated to other sensors like air-
flow meter. Those post-processed results can be further used to
validate 1-D gas exchange models, or 3-D CFD port flow
models. The ultimate scope of these measurements is to
calibrate fast, physical-based, gas exchange models that can
be directly used in the engine control framework on an
embedded system. To our knowledge this is the first
application of this type on a fired serial production engine
and has been successfully implemented. The method enables a
crank-angle resolved measurement of the mass flow rate and
this has been demonstrated in the present study. Furthermore,
effort has to be undertaken to extract more useful information
e.g., velocity fluctuations in the intake duct of the engine, in
order to characterize the turbulence level. This will be subject of
research in the near future. The used methodology can also be
extended to feature a multi-hole probe in order to better resolve
the unsteady high frequency flow phenomena. This will
definitely enable a better CCV characterization in real
engine operation. Moreover, the port flow characterization,
especially under transient conditions will be more realistic than
assuming flow coefficients gained on a steady state flow bench.
For most nowadays ICE featuring a fully variable valve train the

detection of opening and closing valve times during real
operation will be of great value and will enable the
development of high-fidelity real-time control algorithms.
Although, aerodynamic probes for both the intake and
exhaust ducts have been developed and applied, only the
intake duct has been considered in the present study.
Nevertheless, data from the exhaust duct aerodynamic probe
has been acquired at the same measuring points presented in
the current analysis but not included here. This data goes
beyond of the scope of the present work, that focus on the
intake side as described in the title and will be subject of future
analysis, in conjunction with the investigation of the entirely
gas exchange process, including residual gas and blow-by
behavior.
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