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Abstract

Accurate exhaust mass flow measurement is critical 
for Real Driving Emission (RDE) testing; however, it 
is particularly challenging for motorcycles due to 

variations in chemical composition, strong pulsations and 
even reverse flow effects at low engine speeds. Traditional 
differential pressure-based flow meters often struggle 
under these conditions, particularly in low-speed and 
low-load operation. This study evaluates the feasibility and 
accuracy of an Annubar-based exhaust flow meter (EFM) 
designed to address these challenges by means of 
assessing eight motorcycles with single-, two-, and four-
cylinder engine configurations. The EFM performance is 
evaluated via correlation analysis with laboratory-grade 
reference instruments and engine control unit (ECU) data. 
Additionally, systematic effects such as pulsation behavior, 

spectrogram analysis, and the influence of engine load and 
speed are investigated.

The results demonstrate a strong correlation between 
EFM and reference measurements, indicating the EFM 
potential as a viable exhaust mass flow measurement 
solution. However, systematic deviations were observed, 
particularly at low engine speeds and loads, where pulsation 
effects caused oscillatory measurement behavior. These 
deviations stem from the interaction between engine-
induced pulsations and the EFM response characteristics. 
To mitigate these effects, advanced filtering techniques and 
engine-aware compensation strategies, leveraging engine 
RPM and load data, are proposed to enhance measurement 
stability and accuracy. These improvements could make 
EFMs a more reliable tool for motorcycle RDE assessments, 
enhancing real-world emission testing methodologies.

Introduction

Accurately measuring exhaust mass flow in motorcycle 
engines remains a significant challenge, particularly 
in the context of RDE testing [1, 2, 3]. Unlike automo-

tive engines, motorcycle engines are typically characterized 
by a small number of cylinders, longer ignition intervals, 
and an unfavorable ratio of engine displacement to exhaust 
system volume. These factors lead to pronounced pulsa-
tions in exhaust mass flow, further complicated by high 
concentrations of condensable water vapor, particulate 
matter, and variable chemical compositions.

Conventional exhaust flow measurement techniques, 
such as differential pressure-based methods, struggle to 
maintain accuracy under these dynamic conditions. This 

is especially critical at low engine speeds, where flow 
reversals can occur, introducing additional measurement 
uncertainties. The limitations of existing measurement 
approaches highlight the need for a more reliable and 
precise method to ensure the accuracy of RDE testing 
for motorcycles—an essential aspect of regulatory compli-
ance and environmental impact assessment.

This study evaluates the potential of an Annubar-
based EFM as a solution to these challenges. By assessing 
its performance under the specific operating conditions 
of various motorcycle engines, this research aims to 
provide insights into the feasibility of Annubar technology 
for improving exhaust flow measurement accuracy in RDE 
applications. Accurately measuring exhaust mass flow in 
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motorcycle engines remains a significant challenge, partic-
ularly in the context of RDE testing [1, 2, 3]. Unlike automo-
tive engines, motorcycle engines are typically character-
ized by a small number of cylinders, longer ignition inter-
vals, and an unfavorable ratio of engine displacement to 
exhaust system volume. These factors lead to pronounced 
pulsations in exhaust mass flow, further complicated by 
high concentrations of condensable water vapor, particu-
late matter, and variable chemical compositions.

Conventional exhaust flow measurement techniques, 
such as differential pressure-based methods, struggle to 
maintain accuracy under these dynamic conditions. This 
is especially critical at low engine speeds, where flow 
reversals can occur, introducing additional measurement 
uncertainties. The limitations of existing measurement 
approaches highlight the need for a more reliable and 
precise method to ensure the accuracy of RDE testing 
for motorcycles—an essential aspect of regulatory compli-
ance and environmental impact assessment.

This study evaluates the potential of an Annubar-
based EFM as a solution to these challenges. By assessing 
its performance under the specific operating conditions 
of various motorcycle engines, this research aims to 
provide insights into the feasibility of Annubar technology 
for improving exhaust flow measurement accuracy in RDE 
applications. In addition to its measurement characteris-
tics, the Annubar approach is also attractive for mobile 
testing due to its compact design, relatively low cost, and 
minimal impact on engine backpressure, making it partic-
ularly suitable for applications in the motorcycle segment.

Challenges in Exhaust Flow 
Measurement for Motorcycles
The assessment of exhaust mass flow in motorcycle 
engines is complicated by the unique flow dynamics 
inherent to combustion engines. Unlike steady-state flow 
systems, exhaust flow in internal combustion engines is 
highly unsteady, exhibiting strong pulsations due to the 
periodic nature of the combustion cycle. These pulsations 
consist of high-amplitude pressure waves, primarily trig-
gered by the opening of the exhaust valve (EVO), followed 
by secondary compression and expansion waves traveling 
through the exhaust system [2,4, 5, 6], as shown in Figure 1. 
The propagation of these waves is further influenced by 
exhaust system geometry, including manifolds, catalytic 
converters, and mufflers, leading to complex interactions 
such as wave reflection, refraction, and attenuation [7].

Conventional exhaust flow measurement techniques, 
such as differential pressure-based Pitot tubes, face 
inherent limitations in capturing these pulsating flow char-
acteristics. The fundamental issue arises from the square-
root dependency of flow velocity on pressure differential 
(1), which causes errors when averaging pressure as well 
as density fluctuations in unsteady flow conditions [9,10].
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Moreover, the exhaust flow profile within the pipe 
varies significantly: while turbulent flow exhibits a relatively 
uniform velocity distribution, laminar flow is highly non-
uniform, with peak velocities at the center and near-zero 
velocities at the pipe walls [4]. These variations further 
complicate single-point measurement accuracy, making 
conventional Pitot tubes unreliable in highly dynamic 
exhaust conditions. To improve measurement accuracy, 
averaging Pitot tube configurations such as the Annubar 
have been introduced. By incorporating multiple sensing 
points across the flow cross-section, Annubar-based EFM 
reduce sensitivity to local turbulence and pulsation effects. 
The Environmental Protection Agency (EPA) has endorsed 
such devices for onboard exhaust flow measurement in 
passenger cars and heavy-duty applications, demon-
strating their reliability under real-world conditions [4]. 
However, the effectiveness of Annubar technology in 
motorcycle exhaust systems—characterized by extreme 
pulsation intensities and complex pressure wave interac-
tions—remains largely unverified.

This study systematically evaluates the performance 
of an Annubar-based EFM tailored for motorcycle applica-
tions, addressing its suitability for highly unsteady exhaust 
flow conditions.

Methodology

Equipment – 1.5” LF EFM
The EFM used in this study is an 1.5" Low-Flow (LF) EFM, 
specifically designed for applications with low exhaust 
mass flow rates, such as motorcycle engines. As illus-
trated in Figure 2, the EFM consists of a long metal tube 
with 90° bends on both sides, housing the necessary 
electronics and sensors. It is designed for easy integration 
into exhaust systems using v-band clamps and can 
be connected via stiff or flexible metal tubing. Heated 
hoses can be directly attached to the internal probes via 

  FIGURE 1    crank angle resolved pressure pulse indicating the 
two pulses of EVO and piston motion [8]
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a quick-lock system, allowing for tool-free installation and 
rapid integration with Portable Emissions Measurement 
Systems (PEMS).

The EFM operates according to the Annubar working 
principle, utilizing differential pressure measurement 
across an averaging Pitot tube. To enhance measurement 
precision over a wide range of exhaust flow rates, the 
system employs an array of pressure sensors in a cascade 
configuration. Additionally, exhaust gas density is continu-
ously calculated by monitoring absolute pressure and 
temperature within the tube, ensuring accurate mass flow 
determination.

Sampling and processing occur internally at rates of 
up to 5 kHz, allowing for high-frequency data acquisition 
in pulsative flow regimes. Integrated digital filtering tech-
niques effectively smooth the signal, mitigating the effects 
of pulsations, which are particularly pronounced in low-
cylinder-count engines. The EFM is available in different 
sizes, ranging from 1.5” to 4”, with the choice of size 
dependent on the expected exhaust mass flow of 
the engine.

For this study, the 1.5” LF-EFM variant was selected 
due to its specialized probe, optimized for low-flow appli-
cations. This configuration ensures reliable measurement 
performance in motorcycle exhaust systems, where 
conventional EFMs may struggle due to the highly 
dynamic nature of the flow. Table 1 summarizes the key 
specifications of the AIP 1.5” LF-EFM.

Test Setup
The setup for the exhaust flow measurement was designed 
to benchmark the 1.5" LF EFM against a reference system 
using Constant Volume Sampler (CVS) and ECU data as 
shown in Figure 3. The experimental arrangement features 
a motorcycle mounted securely on a chassis dynamom-
eter, where it was driven through a predefined test cycle 
[11] simulating typical operating conditions. The exhaust 
gases were directed through a metal hose connected to 
the EFM, which measured the exhaust flow rate.

The exhaust outlet flow from the EFM was sampled by 
the CVS system within the dynamometer’s dilution tunnel, 
according the type-approval process for emission testing. 
To minimize the influence of the exhaust gas sampling on 
the flow dynamics and ensure accurate mass flow measure-
ment, an open CVS system was used during the tests.

The CVS system operates by drawing a constant 
volumetric flow through a dilution tunnel, where the 
exhaust gases are mixed with ambient air. This method 
enables precise measurement of pollutant concentrations 
and exhaust volume flow under dynamic engine opera-
tion, and serves as the regulatory reference method for 
emissions certification [12].

Furthermore, a Controller Area Network (CAN) inter-
face connected to the vehicle ECU allowed for real-time 
monitoring of critical engine parameters such as engine 
speed and load, providing valuable insights into the 
dynamic behavior of the engine and its impact on the 
exhaust flow measurement, described later in this section.

The exhaust mass flow rate was calculated following 
EU Regulation No 134/2014 [14]. The primary equation for 
determining the dilution factor (DF) is as follows:

	
2

=
+ +CO CO HC

XDF
C C C 	 (2)

where:

•• X…represents the CO2 concentration in the exhaust 
at stoichiometric conditions.

•• Ci…diluted concentration in vol%

  FIGURE 2    AIP 1.5” LF-EFM

TABLE 1  specifications of the 1.5” LF-EFM

Exhaust Gas Temperature 0 °C – 700 °C
Accuracy 2 % of reading or 0.3 % of full 

scale; whichever is larger
Precision (Repeatability) ≤ 1 % of full scale
Noise ≤ 2 % of full scale
Zero Drift/ Span Drift ≤ 2 % of full scale over 4 h
Measuring Range 0.6 g/s – 57 g/s
Mass < 6 kg
L x W x H 600 x 150x 300 mm

  FIGURE 3    chassis dyno setup for the benchmark 
investigations [13]
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This equation approximates the dilution factor 
assuming stoichiometric combustion and thus a carbon 
dioxide concentration of e.g., X = 13.4% for gasoline E5. 
To gain additional accuracy, raw emission measurement 
of carbonaceous species can be applied to substitute the 
estimated X by the sum of raw exhaust concentrations 
of CO2, CO and THC.

The assessment of the dilution factor based on the DF 
formula serves as a good approximation of the real dilution 
ratio (DR) which is based on the flow rates themselves:

	 CVS

exh

VDR
V

=




	 (3)

The assessment of exhV  using the outlined equation 
(3) serves as a reference for the following verification of 
the EFM measured flow. To ensure the accuracy of the 
reference, several key factors affecting the measurement 
accuracy were recognized and carefully monitored, 
including:

•• Analyzer Response Time: Emission analyzers, with 
inherent response times, can introduce delays in 
correlating emissions concentrations with actual flow 
rates. These delays have been assessed 
and compensated.

•• Inverse PT1 Correction: Emission analyzers act as 
low-pass filters, smoothing higher-frequency signals. 
Inverse PT1 correction was applied to restore sharp 
transients and improve the accuracy of 
the measurements.

•• Leakages: Potential leaks in the CVS system, 
especially at connections or seals, were accounted 
for by conducting Critical Flow Orifice (CFO) checks 
to eliminate inaccuracies.

•• Analyzer Calibration: All analyzers were rigorously 
calibrated to minimize errors in the 
measurement process.

In addition to the emission-based reference, open-
access data from the ECU - retrieved via the standardized 
On-Board Diagnostics (OBD) interface - can be utilized to 
support and extend these investigations. This is particu-
larly valuable for motorcycles that do not feature a Mass 
Air Flow (MAF) sensor.

In such cases, the Speed-Density method is applied 
to estimate the intake air mass flow using available sensor 
data such as manifold absolute pressure (MAP), intake air 
temperature (MAT), and engine speed, combined with a 
model of the engine’s volumetric efficiency.

A key OBD parameter defined in SAE J1979 is the 
Calculated Load Value (CEL, PID 04), which provides a 
normalized indication of engine load, is direct proportional 
to the current air flow and therewith well suited as addi-
tional reference, as speed density faces difficulties for 
motorcycle engines [15]. It is defined as:

	 ( ) 0

0

 

 

current airflowCEL
p Tpeak airflow WOT at STP
p T

=

⋅ ⋅
	 (4)

By leveraging standard OBD parameters such as the 
Calculated Load Value it is possible to estimate intake, 
further exhaust mass flow rates without direct air mass 
measurements. This enables an effective non-invasive and 
therewith widely applicable or even standardized method 
for analysis using readily accessible ECU data, with respect 
to some simplifications outlined in Schurl et al. [15].

Test vehicles
The following Table 2 presents a selection of motorcycles 
that differ primarily in terms of engine architecture. This 
selection was made to ensure that it is representative of 
the overall fleet of motorcycles within the L3e category. 
Mopeds in the L1e category and enduro vehicles were 
excluded due to the current difficulties in using full func-
tional PEMS equipment on these vehicles is already 
proving very difficult and alternative methods are being 
developed [15].

All of the motorcycles listed are equipped with 
modern 4-stroke, 4-valve engines featuring controlled 
exhaust aftertreatment and Port Fuel Injection (PFI) tech-
nology. Each vehicle complies with the EU5 emission 
standard and is equipped with an OBD system for 
comprehensive emissions control, allowing access to 
some engine data.

The selection includes motorcycles with different 
engine configurations, ranging from single-cylinder 
engines to multi-cylinder engines. These vehicles also 
feature varying displacement and ignition timing charac-
teristics. The ignition spacing (in degrees crank angle, °CA) 
highlights the differences in firing intervals, which are 
characteristic of single, twin, and four-cylinder 
engine designs.

Test Cycle
For the verification of PEMS equipment, the utilization of 
an Real-Drive Cycle (RDC) is strongly recommended. This 
specialized driving cycles have been methodically designed 
to replicate real-world driving conditions within the 
controlled environment of a laboratory. The advantage 
of employing RDC for the verification process lies in its 
ability to represent a broader spectrum of operating 
conditions compared to cycles derived from regulatory 
standards, as demonstrated in Figure 4 for an exemplary 
L3e-A3 motorcycle. Unlike regulatory cycles that often 
represent limited power outputs and engine speed 
ranges, RDC significantly expands the operating range, 
providing a more accurate representation of real driving 
scenarios with flexible gear shifting.

The RDCs include a mix of different driving conditions 
such as acceleration, deceleration, cruising, and idling, 
thereby ensuring that the equipment is tested across a 
wide range of real-world situations, as shown in Figure 5 
[11,13]. This makes it an ideal tool for validating the perfor-
mance of the PEMS equipment [13], especially under 
dynamic load conditions that are not typically covered in 
regulatory cycles.
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Data Analysis and Results

Correlation Analysis for Different 
Engine Configurations
This section assesses the correlation of the EFM measured 
flow to the reference (CVS) for different motorcycles, 
further engine architectures starting from small single 
cylinder engines all the way to high capacity four-cylinder 
engines. RDCs were used for all studies in this chapter, 
suited to the vehicles subclass.

Single-Cylinder Engines  The regression analysis in 
Figure 6 shows the performance of the EFM (PEMS.exh.
MF) compared to the reference measurement (CVS.exh.

TABLE 2  list of investigated vehicles incl. main specs

vehicle [#] cat. [-] number of cylinders [-] displacement per cylinder [ccm] ign. spacing [°CA] EU market share [%]
1 L3e-A1 1 125 720 0.355
2 L3e-A2 1 313 720 0.207
3 L3e-A2 1 373 720 0.224
4 L3e-A3 1 690 720 0.807
5 L3e-A2 2 199 360 0.087
6 L3e-A3 2 399 360 0.303
7 L3e-A3 2 445 360 1.005
8 L3e-A3 4 250 180 0.843

  FIGURE 4    engine map highlighting the cycle dependent 
operational load points for an exemplary L3e-A3 motorcycles 
[13]

  FIGURE 5    speed traces of different RDCs utilized for the 
correlation process

  FIGURE 6    correlation results of the EFM and the reference 
for single cylinder engine equipped motorcycles
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MF) for four single-cylinder engines with increasing 
displacement (125cc, 313cc, 373cc, 690cc). The analysis is 
based on the correlation coefficient R2 and the dispersion 
of the measurement points relative to the ideal regression 
line. The results show a generally very good agreement 
between the two systems, with R2 values of 0.96 to 0.98. 
Nevertheless, the measurement accuracy and scattering 
vary depending on the engine displacement and mass 
flow ranges.

The 125cc engine (Figure 6 top left, vehicle #1) has 
the lowest R2 value (0.96) and the largest scattering of 
the measured values. There could be several reasons for 
this: First, smaller engines produce lower exhaust volume 
flows, which can affect the sensitivity of the EFM. Since 
measuring devices are more accurate for larger volume 
flows, fluctuations can occur more strongly at low flow 
rates, which is reflected in a “noise” in the measured 
values. Secondly, the exhaust gas flow is more pulsating 
in smaller single-cylinder engines, especially at low engine 
speeds. These pulsations are caused by the periodic 
exhaust gas output of a single cylinder and lead to varying 
pressure and flow values, which the EFM can only record 
with difficulty. In addition, relative measurement errors 
are more pronounced at very low flow rates, as small 
absolute deviations in this range have a greater relative 
effect. This combination of factors leads to lower precision 
and a wider spread of measured values.

The engines with larger displacements show better 
measurement results with R2 values of 0.97 to 0.98. This 
is mainly due to the higher exhaust gas volumes and more 
uniform flow dynamics, which favor the stability of the 
measurement. In the medium mass flow range, which 
represents the typical operating state of the engines, the 
agreement between EFM and CVS is particularly high and 
scattering is minimal. However, these correlations also 
show pronounced scattering in the lower flow ranges.

In summary, the EFM shows good agreement with 
the reference in the medium measurement range, which 
indicates a high measurement accuracy in the usual oper-
ating conditions of the engines. The larger scatter at small 
displacements (125cc) and at low flow rates is due to 
physical effects such as pulsations, thermal fluctuations 
and relative measurement errors. Despite these limita-
tions, the overall performance of the flowmeter remains 
very reliable, especially for applications in the medium 
operating range and engine capacities above 300cc.

Multi-Cylinder Engines  The performance evaluation of 
an EFM compared to the reference was also conducted 
for two-cylinder engines with different displacements. 
The results, plotted in Figure 7 show even better agree-
ment between the two systems, with correlation coeffi-
cients ranging from 0.97 to 0.98. This high level of correla-
tion highlights the reliability of the PEMS system across 
various engine displacements and flow ranges.

Across all tested two-cylinder engines, the EFM 
demonstrates strong performance, particularly again in 
the medium to high exhaust flow ranges. In these regions, 
the data points are tightly clustered around the regression 
line, signifying minimal dispersion and high accuracy.  

At lower flow rates, however, slightly more scatter is 
observed, although this effect is significantly less 
pronounced compared to single-cylinder engines. The 
smoother exhaust flow dynamics inherent to multi-
cylinder engines contribute to this improvement in perfor-
mance by reducing the influence of pulsations on the 
differential pressure-based measurement method of 
the EFM.

Pulsations in the exhaust gas flow arise from the 
periodic exhaust gas output of individual cylinders during 
the engine’s combustion cycle. In single-cylinder engines, 
these pulsations are particularly pronounced due to the 
discrete, intermittent exhaust pulses and the absence of 
overlapping cycles. This creates fluctuating pressure and 
flow conditions that can challenge the sensitivity and 
stability of the EFM, especially at low flow rates. In 
contrast, two-cylinder engines inherently produce less 
pulsating exhaust flows because the firing cycles of the 
two cylinders overlap, resulting in a smoother and more 
continuous exhaust flow. This steadier flow improves the 
accuracy of the differential pressure-based measurement 
method, as the system is less affected by abrupt fluctua-
tions in pressure and flow velocity.

The smallest two-cylinder engine (vehicle #5), with 
an R2 value of 0.97, shows the greatest scattering among 
the two-cylinder engines, particularly at low flow rates. 
This is likely due to its relatively smaller exhaust gas 
volumes, which, while more stable than those of single-
cylinder engines, are still subject to minor fluctuations 
that can affect measurement precision. Still, its perfor-
mance is noticeably better than that of the 125cc single-
cylinder engine (vehicle #1), demonstrating how the 
smoother flow dynamics of multi-cylinder configurations 
mitigate pulsation effects.

  FIGURE 7    correlation results of the EFM and the reference 
for two- cylinder engine equipped motorcycles
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The 798cc engine (vehicle #6) achieves the best 
overall performance, with an R2 value of 0.98 and minimal 
scattering across all flow ranges. This displacement aligns 
closely with the EFM optimal operating range, where 
exhaust flow volumes and dynamics enable high measure-
ment precision. The 890cc engine (vehicle #7) also 
achieves an R2 value of 0.98, though it shows slightly more 
scatter at higher flow rates. This increased scatter may 
result from the larger exhaust volumes, which amplify 
minor discrepancies in the measurement system.

In comparison to single-cylinder engines, two-cylinder 
engines exhibit consistently smoother exhaust flow 
dynamics, which enhance the performance of the differ-
ential pressure-based measurement method of the EFM. 
In single-cylinder engines, pulsations and their associated 
pressure fluctuations can significantly impact measure-
ment accuracy, particularly at low flow rates. These pulsa-
tions not only introduce noise but also increase the likeli-
hood of relative measurement errors, as small absolute 
deviations in low flow regions have a greater proportional 
effect. Conversely, the overlapping firing cycles of two-
cylinder engines reduce the magnitude of these pulsa-
tions, creating steadier pressure conditions and enabling 
more accurate flow measurements, even at low flow 
rates. This distinction is particularly evident when 
comparing the performance of the EFM for the single-
cylinder engine with that of the two-cylinder engine with 
almost same displacement (vehicle #2 and #5), where the 
latter exhibits significantly less scatter and greater 
overall accuracy.

The verification for a motorcycle with an in-line four-
cylinder engine demonstrates the highest level of accuracy 
and reliability in exhaust flow measurement compared to 
single- and two-cylinder engine configurations. The in-line 
4-cylinder engine (vehicle #8) achieved an R2 value of 0.99, 
indicating an almost perfect correlation between the EFM 
and the reference. The regression line, with a gradient of 
1, reflects a near-ideal alignment between the two 
measurement systems, and the scattering of data points 
around the regression line is minimal. This correlation is 
due to the superior flow dynamics of the four-cylinder 
configuration, which generates a continuous and smooth 
exhaust flow. The high frequency of exhaust gas pulses 
across four cylinders significantly reduces pulsations, 
enabling the differential pressure-based EFM to measure 
with exceptional precision across all flow ranges.

Investigations of Systematic 
Effects
The exhaust gas mass flow is directly proportional to the 
engine load and speed [15], making these parameters 
critical for evaluating the performance of exhaust flow 
measurement systems. To investigate potential system-
atic effects, the relative deviation between the EFM and 
the reference was analyzed across a broad range of oper-
ating conditions for one of the most challenging single 
cylinders equipped motorcycles.

To provide a comprehensive picture of the EFM 
behavior, averaged three-dimensional error surfaces were 
constructed based on engine load and speed (Figure 8a 
and 8b) for one exemplary vehicle (#2). This visualization 
highlights nonlinear interactions between mass flow 
determining operating parameters and measurement 
deviations. It reveals that the deviation is not a simple 
superposition of load- and speed-related components 
but includes distinct coupling regions where resonance 
effects, flow instabilities, and signal distortions coincide.

The three-dimensional error surfaces generated from 
the relative deviation between the EFM and the reference 
signal offer detailed insight into the combined influence 
of engine load and speed on measurement accuracy. 
Figure 8a shows the surface of the relative deviation 
across the load-speed map, highlighting characteristic 
regions of systematic error.

In the low-speed, low-load region of the operating 
map, large negative deviations are evident. These are 
attributed to very low absolute exhaust mass flows, which 
produce only minimal differential pressures across the 
sensor. As a result, the signal-to-noise ratio is unfavorable, 
and the EFM operates near the lower limit of its measure-
ment range. Additionally, pulsating flow behavior becomes 
dominant under these conditions due to weak gas 
exchange and low mean flow momentum. In this regime, 
gas is primarily expelled by pressure gradients rather than 
actively displaced by the piston, which amplifies unsteady 
flow characteristics. Combined with the increased influ-
ence of noise and potential measurement lag, these 
effects lead to the observed systematic deviations.

To better understand the magnitude of the devia-
tions, Figure 8b presents the absolute deviation over the 

  FIGURE 8a    surface plot of the relative deviation between 
EFM and reference over engine load and speed for vehicle #2.

  FIGURE 8b    corresponding absolute deviation surface, 
highlighting areas of large error magnitudes for vehicle #2.
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same operating range. It confirms that particularly large 
errors occur in the low-flow region, where sensor resolu-
tion and response time are most critical.

As load increases, the deviations tend to converge 
toward zero across a broad range of engine speeds. The 
exhaust mass flow rises, improving the signal-to-noise 
ratio and allowing the EFM to measure within its optimal 
dynamic range. The more continuous and higher-
momentum flow reduces the impact of pulsations, while 
differential pressures become larger and more distinct 
from noise. This leads to more reliable measurements 
and improved agreement with the reference signal. 
Additionally, gas propagation times become shorter and 
more consistent, reducing the likelihood of phase-
related errors.

A particularly striking feature of the error surface is 
a periodic, wave-like structure observed along the engine 
speed axis, which is not fully understood yet. This 
harmonic trend in the deviation is consistently present 
across multiple datasets and is independent of the refer-
ence source, confirming that it is intrinsic to the EFM 
system. The error fluctuates rhythmically with engine 
speed, with the magnitude of these oscillations decreasing 
at higher speeds. Since the exhaust pulse frequency - also 
known as the blow-down frequency - is directly propor-
tional to engine speed, the EFM is subject to a frequency-
dependent excitation pattern. This effect is further intensi-
fied by the non-sinusoidal shape of the exhaust mass 
flow, which introduces harmonics and sharp transitions 
into the signal. These high-frequency components can 
interact with internal sensor dynamics, digital filters, or 
resonant elements in the exhaust or probe geometry, 
potentially amplif y ing or attenuating specif ic 
frequency bands.

The ridge and valley structures in the error surface 
suggest the presence of resonance phenomena, where 
constructive or destructive interference occurs between 
the gas dynamic excitations and the measurement system 
response characteristics. Standing waves or resonant 
modes within the exhaust system—potentially caused by 
Helmholtz resonances, pipe reflections, or geometric 
features of the probe  - could explain these features. 
Furthermore, as the speed of sound in exhaust gas 
depends on temperature, the timing of pressure and 
mass wave propagation varies with load and speed. These 
effects likely introduce non-linear, frequency-dependent 
phase shifts in the measurement chain.

Finally, the diagonal gradient visible in the 3D error 
plot indicates that the assumption of constant gas propa-
gation delay may be oversimplified. The transit time of 
exhaust gas from the cylinder to the sensor is a function 
of instantaneous flow velocity, which itself depends on 
both engine speed and load. If this time delay is not 
correctly accounted for, systematic phase mismatches 
can occur, especially in transient or low-load regimes. 
Overall, the three-dimensional error surface reveals that 
the deviations are not merely the sum of independent 
load and speed effects, but rather the result of complex, 
coupled interactions involving gas dynamics, sensor 
response, and synchronization precision.

This hypothesis is further supported by a spectral 
analysis of the EFM signal from the RDC test. The EFM 
was positioned approximately 1.7 meters downstream of 
the exhaust valve. The resulting spectrogram (Figure 9) 
provides a time-frequency representation of the signal 
and reveals strong energy bands below 300 Hz.

These bands align with harmonics of the exhaust 
pulse frequency, which is determined by the blow-down 
events per second:

	
60 2
engine

fundamental
n zf = ⋅ 	 (5)

where:

•• z​ is the number of cylinders

•• 1
2

 number of exhaust events per engine revolution

This results in a pulsation frequency that is directly 
proportional to engine speed, ranging from approximately 
12.5 Hz at 1500 RPM to 58.33 Hz at 7000 RPM.

The presence of these harmonics in the spectrogram 
suggests that the sensor captures not only the funda-
mental exhaust pulse frequency but also its overtones, 
potentially due to non-sinusoidal waveform shapes (e.g., 
sharp pressure gradients or piston-induced flow 
asymmetry).

Moreover, nearly horizontal bands - i.e., frequency 
components that are independent of engine speed - 
suggest the presence of resonant modes within the 
exhaust system or sensor housing. These could 
be standing acoustic waves, Helmholtz-like resonances, 
or internal filtering effects in the sensor (e.g., due to the 
Annubar probe geometry or flow channels).

Such stationary resonances may interfere construc-
tively or destructively with the speed-dependent excita-
tion, depending on the operating point. This superposition 
of engine-induced and system-inherent frequencies could 
be  a plausible explanation for the harmonic trend 
observed in the error plots across engine speed.

To address this phenomenon and improve accuracy 
without resorting to buffer volumes, several strategies 
can be employed. Signal filtering is one approach: low-pass 

  FIGURE 9    Spectrogram of measured exhaust mass flow 
over time for visualizing harmonic structures and stationary 
bands
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digital filters can effectively remove high-frequency pulsa-
tion noise above the dominant pulsation frequencies (e.g., 
60 Hz), isolating the steady-state flow component. The 
filter frequency can be adapted in real time utilizing the 
engine speed information of the OBD port. Similarly, 
cycle-based ensemble averaging can reduce transient 
fluctuations by calculating the mean flow over multiple 
engine cycles. Adjustments to the sampling geometry, 
further the systems transfer function can also mitigate 
harmonic effects. Last, but not least a dynamic calibration 
of the system can improve the accuracy by assessing the 
setups transfer function in the calibration process.

Discussion

Interpretation of Results
The analysis of the Annubar-based 1.5” LF EFM for motor-
cycle exhaust flow measurement highlights both its 
strengths and its limitations. The investigation focused 
on its performance across a range of motorcycles, from 
125cc single-cylinder engines to multi-cylinder powertrains, 
under various operating conditions.

One key finding is that, despite the challenging nature 
of pulsating exhaust flows, the EFM delivered promising 
results. Regression analysis between the EFM data and 
reference methods (either CVS or ECU calculated data) 
showed a strong correlation, with coefficients of deter-
mination (R2) exceeding 0.96 in comparison with the CVS 
assessed mass flow. This indicates that, in general, the 
EFM provides reliable exhaust mass flow measurements 
across the operational range of all vehicles investigated. 
However, at very low flow rates, particularly during idle 
conditions, especially for small engine capacities, the EFM 
exhibited greater deviations from the reference. These 
discrepancies can be attributed to minimal deviation in 
differential pressure as well as the pulsating nature of 
exhaust flow at low speeds and loads, where low exhaust 
gas velocities and irregular flow patterns increase 
measurement uncertainty. The EFM principle of operation, 
which relies on differential pressure, struggles with the 
pronounced gas pulsations and low exhaust flow inertia 
in this regime.

Further analysis of systematic effects revealed a 
distinct pattern in the EFM relative deviation compared 
to reference measurements when plotted against engine 
parameters like load and speed (RPM). Oscillations in 
relative deviation were observed, particularly at low to 
mid engine speeds, even though the EFM has a high-
frequency response of 5 kHz. The cause of these oscilla-
tions can be traced back to the interaction of exhaust gas 
pulsations with the sensor's response characteristics.

The results demonstrate that while the EFM can 
capture essential exhaust flow dynamics, systematic 
effects linked to engine pulsations present a unique chal-
lenge, particularly in single-cylinder engines. The EFM 
performs well for higher loads and speeds, where exhaust 

flow stabilizes and the effects of pulsations diminish. The 
oscillatory behavior at low speeds is an inherent aspect 
of single-cylinder engines and, to some extent, multi-
cylinder engines with uneven firing intervals.

Potential Improvements
To address the identified limitations and enhance the 
performance of the Annubar-based EFM, some improve-
ments can be proposed for future work.

One promising approach involves the application of 
advanced signal processing and filtering techniques. 
Although the EFM has a high frequency response of 5 
kHz, the interaction with low-frequency engine pulsations 
is not adequately addressed in its raw form. The introduc-
tion of a Kalman filter or adaptive filters could offer signifi-
cant benefits. These filters could be designed to recognize 
and compensate for harmonic disturbances caused by 
the exhaust pulsation frequency, especially in single-
cylinder engines. Since the pulsation frequency is a direct 
function of engine speed and load, this information can 
be integrated into the filter design.

A specific approach could involve using engine speed 
(RPM) and load (both available from the OBD system) as 
inputs to the Kalman filter. The filter could use this infor-
mation to predict the expected pulsation frequency and 
dynamically adjust the filter parameters to reduce 
its impact.

Additional improvement probably lies in the calibra-
tion process. Understanding the systems transfer function 
would be beneficial to better understand the effects of 
pulsation on the system and the response of the sensors. 
This information can be  assessed by dynamic 
calibration.

Limitations of the Study
While the results are promising, the study does have clear 
limitations that must be acknowledged.

The EFM performance was verified using reference 
methods: the CVS method which was discussed in the 
methodology section but also ECU-calculated data. While 
these are well-established methods, they have their own 
limitations. CVS offers a lab-based reference, but does 
not offer high resolution, due to dilution effect and the 
inertia of the gas analyzers. Instead, ECU-calculated data 
are approximations of exhaust mass flow and are derived 
from sensor-based models rather than direct measure-
ments, especially for motorcycles where MAF sensors 
are commonly not applied. The limited diversity of refer-
ence methods may influence the validation of EFM perfor-
mance. Alternative reference methods, such as intake 
mass flow meters and/or fuel injection flow measure-
ments, could provide higher resolution for better verifica-
tion. However, such methods are often invasive, intro-
ducing backpressure or other disturbances that alter the 
engine behavior.
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Summary/Conclusions
The present study demonstrated the feasibility of using 
an Annubar-based EFM for measuring exhaust mass flow 
in a range of motorcycle powertrains, including chal-
lenging single-cylinder low-capacity engines. The results 
showed high correlation with reference methods across 
various operating conditions. However, systematic devia-
tions due to pulsations at low loads and speeds were 
observed, with oscillatory behavior in relative deviation 
most pronounced in the low-to-mid-speed range. These 
deviations are attributed to the interaction of engine 
pulsations with the EFM response characteristics.

To address these issues, future improvements could 
focus on signal filtering and engine-aware compensation 
techniques. Advanced filters incorporating engine speed 
and load data could dynamically adjusting, thereby, 
improving measurement accuracy.

The limitations of the study highlight the inherent 
challenges of non-invasive exhaust flow measurement, 
especially for low-speed single-cylinder engines. 
Nonetheless, the overall performance of the EFM was 
satisfactory for real-world application, and the results 
provide a foundation for further development. The ability 
to measure exhaust mass flow in real time has significant 
implications for real world emission testing.

By focusing on advanced filtering, dynamic compen-
sation, and deeper exploitation of OBD data, future EFM 
designs could achieve better accuracy, especially in the 
lower-to-mid flow range where pulsations are most 
disruptive. These developments would make EFMs a 
viable method also for motorcycle RDE assessment.
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Definitions/Abbreviations
ATDC - After Top Dead Center
CA - Crank Angle
CAN - Controller Area Network
CEL - Calculated Engine Load
CFO - Critical Flow Orifice
CVS - Constant Volume Sampler
ECU - Engine Control Unit
EFM - Exhaust Flow Meter
EPA - Environmental Protection Agency
EVC - Exhaust valve close
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EVO - Exhaust valve open
DF - Dilution Factor
DR - Dilution Ratio
LF - Low Flow
MAF - Manifold Intake Air Flow
MAP - Manifold Intake Air Pressure
MAT - Manifold Intake Air Temperature
MF - Mass Flow
OBD - On-Board Diagnosis
PEMS - Portable Emission Measurement System
PFI - Port-Fuel Injection
RDC - Real Drive Cycle
RDE - Real Drive Emissions
RPM - Rotations Per Minute
STP - Standard Temperature and Pressure
WOT - Wide Open Throttle
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