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ABSTRACT

In this article, the influence of pulsating boundary conditions, generated by an internal
combustion engine, on the position of the surge margin of a centrifugal compressor for
automotive applications is investigated. For this purpose, a methodology is presented on how to
determine the surge limit in real engine operation. Furthermore, the signals of steady
(pressure/temperature) and unsteady (pressure) transducers are analyzed before and during
the surge process. All results are compared to those of a hot-gas, steady-flow test rig.

The influence of the combustion engine is manifested both by pressure pulsations and by
shock waves triggered by the high cylinder pressure. The surge margin is shifted to lower mass
flow rates and also significant differences in the pressure signals during surge can be detected.
By means of a larger volume between compressor and combustion engine, all results could be
validated.
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NOMENCLATURE

ICE Internal Combustion Engine
CS Crankshaft

HGTR  Hot Gas Test Rig

ECU Electronic Control Unit

INTRODUCTION

Due to the extreme increase in computing power, modern numerical development methods are
becoming more and more important. Nevertheless, there is still no substitute for experimental studies.
This becomes especially clear when investigating operating points that exhibit transient flow
phenomena or instabilities. Such operating conditions are present at low mass flow rates near surge.
It is well known that unsteady numerical calculations of the whole compressor geometry and the
whole piping system are necessary to investigate those phenomena qualitatively and quantitatively.
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For an industrial design process, such simulations are not useful and affordable (Dielenschneider et
al., 2021; Paul et al., 2021; Paul and EiRler, 2022). Furthermore, quasi-steady-state boundary
conditions at the inlet and outlet are used in most of the investigations. In addition to such
simulations, experimental investigations on the hot gas test rig (HGTR) represent another way of
determining compressor behaviour at low mass flow rates. These types of studies are the experimental
standard. In most cases, the compressor is also examined under steady-state boundary conditions.

Various experimental methods are used to determine the surge limit of a centrifugal compressor.
Therefore, if an operating map contains an operating limit that is linked to the surge phenomenon, it
must be clearly specified how this limit was determined. With the help of various evaluation methods,
either the last stable operating point before reaching the unstable range is defined as the surge margin,
or the direct transition point from stable to unstable operation. In the first case, the surge line is often
determined by steady-state measurement techniques. The steady state signals of static pressure and
temperature at the compressor inlet and outlet can be used to define whether an operating point is still
stable or stalling/surging. Especially the temperature measurement in the inlet duct of the compressor
is used to detect the backflow during the surge process, which results in a sudden temperature rise
(Andersen et al., 2008; Dielenschneider et al., 2021; Grigoriadis, 2008; Muller, 2008). These authors
carried out tests on a HGTR at steady state boundary conditions. If the compressor is operated under
pulsating boundary conditions, similar measurement techniques are used to determine the surge limit
(Barrera-Medrano et al., 2019, 2017; Galindo et al., 2013, 2009; Marelli et al., 2013, 2012).

In addition to stationary measurement technology, the evaluation of transient data, especially with
regard to frequency evaluations and hysteresis loops, is also state of the art in order to characterize
the operating condition of the compressor at low mass flow rates. Dielenschneider et al.
(Dielenschneider et al., 2021) have defined the surge margin by use of a new procedure. Starting from
the last stable operating point, the mass flow rate is reduced slowly until the compressor clearly
becomes unstable. High-resolution pressure signals are recorded during that process and analysed
later. Accordingly, the resulting surge margin is localized at lower mass flow rates than with the other
methodology. Furthermore, several authors consider in great detail the high resolution raw signals
from various sensors before and during surge (Fink et al., 1992; Lou et al., 2022a, 2022b). Based on
this data, they identify the onset of surge as the last stable point (stable compressor operation) prior
to surge and thus as the surge margin. The onset of surge can only be determined by examining the
raw signal very accurate. These conclusions must be taken into account when comparing mass flow
rates of the surge margin of different experiments with each other, but also with respect to numerical
investigations that deal with flow phenomena at low mass flow rates (Paul and EiRler, 2022).

When considering the position of the surge line and especially when comparing its position in the
compressor map, the system influence plays an important role too. For this reason, the effects of the
experimental setup, especially the configuration of the inlet and outlet duct of the compressor, have
been the subject of numerous investigations. The volume downstream the compressor outlet has the
most significant influence on the position of the surge margin (Barrera-Medrano et al., 2017; Fink et
al., 1992; Galindo et al., 2006; Greitzer, 1976; Grigoriadis, 2008; Miiller, 2008). In addition, Haeckel
et al. (Haeckel et al., 2023) show in detail that other influencing factors, such as the inlet pressure
into the compressor or the throttle characteristics, must also be taken into account. Thus, it is essential
to configure the system as equal as possible when examining the surge limit.

In a real application, the centrifugal compressor of a turbocharger operates under pulsating
boundary conditions. Due to the opening and closing of the engine inlet valves and the associated
pressure fluctuations, the compressor experiences a pulsating backpressure. These pulsations
influence compressor performance as well as shift the position of the surge onset (Barrera-Medrano
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et al., 2019, 2017; Galindo et al., 2013, 2009; Marelli et al., 2012). For this reason, it is extremely
important for the design of centrifugal compressors to take this influence into account. The
experimental studies in this regard can be divided mainly into two groups that differ in their approach
of determining the effect of the real engine environment on the location of the surge line. This effect
is characterized by non-continuous, restricted air extraction. On the one hand, authors experimentally
reproduce the unsteady pressure fluctuations caused by the opening and closing of the engine inlet
valves by the use of a specific rotating valve downstream the compressor or by an electric powered
cylinder head. The generated pulsations can be varied in frequency and amplitude. It was found that
an intermittent air extraction moves the surge margin to lower mass flow rates (Galindo et al., 2009).
This positive effect on the operation range depends only on the pressure amplitude and not on the
frequency of the pulsation. This was confirmed by (Marelli et al., 2013; Parikh et al., 2022).

On the other hand, investigations were carried out directly on the combustion engine. For the
initiation of surge different methods are available. Basically, the aim is to shift the operating point of
the compressor either to higher pressure ratios or to lower mass flows at different compressor speeds.
For this, the starting point must already be close to the surge line. Since the engine full load line
usually only runs close to the surge line at lower compressor speeds, higher speeds are much more
difficult to realize. With the method of defined compressed air injection between compressor outlet
and intake manifold, the mass flow through the compressor is reduced while the air consumption of
the engine stays nearly constant. Thus, the engine operation remains constant while the compressor
mass flow is reduced until surge appears. This methodology was applied on a diesel engine to study
the influence of the engine as well as different inlet geometries on the surge line (Galindo et al., 2013).
Here an influence on the position of the surge line was shown. Similar experiments were performed
on a gasoline engine (Werner, 2018) without an identification of a clear influence. This is possibly
due to the different operating strategy between diesel and gasoline engines, which differ, among other
things, in the absence of a throttle valve on the diesel engine.

The objective of this paper is to investigate the influence of the internal combustion gasoline
engine on the compressor behaviour at low mass flow rates. Primarily, the influence on the position
of the surge line is to be determined and furthermore the characterization of the compressor behaviour
on the basis of various flow variables. For that a new experimental methodology to measure the surge
limit precisely is proposed. The results are compared with those determined on a HGTR. The
experimental setup and the procedure are presented. The displacement of the surge margin as well as
the influence of pulsating boundary conditions on different flow variables are analysed.

EXPERIMENTAL SETUP AND PROCEDURE

Object of Investigation

The centrifugal compressor test case has been designed by BorgWarner Turbo Systems and is
used in automotive turbochargers. It consists of an impeller with axial inflow and a radial, vaneless
diffuser. Downstream, the flow is collected in a volute. The unshrouded, backswept impeller is
composed of N; = 7 main blades and has no splitter blades. The tip gap represents 2.5% of the section
height at the inlet and outlet. More information about the compressor wheel is given in
(Dielenschneider et al., 2021, Haeckel et al. 2023; Paul et al., 2021; Paul and EiRler, 2022).

Experimental Facility

The experimental facility used in this research is shown in Figure 1 in principle. Ambient
temperature air is drawn in by the compressor and enters the system through the air filter. The
compressor inlet pressure can be controlled by the downstream throttle valvel. The flow reaches the
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Figure 1: Internal combustion engine test bench layout with measurement technology

compressor through a straight inlet section equipped with measurement technology. This is not the
original geometry of the manufacturer. The geometry at the inlet was adapted to the geometry of the
HGTR to ensure comparability. After leaving the compressor, the flow passes through another
measuring section before it arrives at the engine throttle valve2. The volume between compressor
outlet and throttle valve can be modified. It also represents the volume that is matched to the HGTR
for comparisons. It will be used later on in this research to validate the developed methodology.
Temperature and static pressure is measured again between intercooler and engine intake.

AVW EA211 gasoline engine (3-cylinder, 1-liter) is mounted on the test bench. The engine speed
is controlled with an asynchronous machine, which serves both as a brake and as a drive. With the
help of the asynchronous machine, it is possible to place load requirements on the engine. To reduce
charge cycle losses and achieve optimum filling of the combustion chamber at different operating
points, the engine is equipped with a fully variable camshaft phasing system. The hot exhaust gases,
which leave the engine under pulsation, drive the turbine, which is mechanically coupled to the
compressor. As described in the introduction, an external compressed air supply is required between
the compressor outlet and the engine intake in order to reach the surge limit of the turbocharger.
Compressed air is supplied through valve V3, which is controlled manually. The externally added
mass flow is measured by a mass flow sensor before it is introduced into the engine. It is important
to mention that the engine is equipped with a freely applicable electronic control unit. This allows
free access to all operating characteristic fields. In addition, the waste gate is kept completely closed
during all examinations. The results examined with this setup, including pulsating boundary
conditions, are compared with experimental results from a HGTR with steady-state boundary
condition. Information regarding this research has been published by (Dielenschneider et al., 2021).

Measurement Points and Sensor Technology
Figure 1 shows all sensors and their position in relation to the compressor. Mass flow (m,, mi,)
is measured by a hot-film air-mass meter of the type HFM5 (range 0-370 kg/h, with < 3% measured
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error, -40°C - 120°C and 0.03s time response) which is able to detect when return flow takes place
during air-flow pulsation. For the temperatures (Txy, T;n, T3, T4) K-type thermocouples (@1 mm) at
five different positions are used. Steady-state pressures (p; s, P25, P3sPas) are measured at various
locations by pressure lines attached to the scanning system with an accuracy of < 0.03% of the full
scale. The time-resolved static pressures (py ., P2 +) Near the compressor leading edge and in the
outlet duct are measured with high speed pressure transducers (KELLER M5HB, 0-50 kHz, 0 - 10 bar
(P2,¢r); 0 - 3bar (py¢), -40°C-180°C and an accuracy of 0.1% of the full scale). Compressor speed
nc IS measured via an inductance change, which is triggered by the passing blades (PICOTURN
PT1G, 200 - 400.000 U/min, -40°C - 230°C, 1-15 Blades and a frequency accuracy of 0.009% of the
full scale). For the analysis of the combustion in real time, the engine is equipped with another high
speed pressure transducer (ps ) Within the cylinder head (AVL GH15DK, 0 - 50kHz, 0 - 300bar,
-40°C-400°C, and an accuracy of 0.3% of the full scale). The measurement system used is FEV-
Osiris with 8 differential inputs, and 18 bit, 500 kHz resolution for each channel individually. All
transient sensors thus have a sufficient resolution for the research objective.

Methodology for the Determination of the Surge Phenomenon

Following the new developed procedure for precisely determining the surge limit on a gasoline
engine is described. Figure 2a) shows the compressor map (reduced mass flow rate as a function of
total to total pressure ratio) determined on the HGTR for three speed lines (black lines). Due to the
motor configuration, it is not possible to realize higher compressor speeds within the scope of these
investigations. In addition, the idealized engine speed lines are drawn as an example (green lines) for
different engine speeds. Due to the low compressor speeds, these do not show a typical break in the
middle of the map as it was found in other experiments (Galindo et al., 2013; Werner, 2018). The
surge line is also plotted (black dashed line). The numbered red arrows indicate the steps required to
determine the surge line precise:

[1] At first, a constant motor speed is set. This depends on the required compressor speed, since
the exhaust gas energy must be sufficiently high to drive the turbine of the turbocharger.

[2] Now, the throttle valve of the engine is opened continuously. This increases the mass flow
through the compressor and the engine. With increased air mass in the engine, the exhaust
energy also increases and the turbine speed too. Thus, the operating point of the compressor
moves (idealized) along the green line. When the desired turbocharger speed is reached, which
corresponds to the point of intersection between the engine speed line and the compressor
speed line, this operating point is kept constant. Up to this, the engine operates with the
standard applied engine maps. It is preferable to set the motor speed as low as possible so that
this operating point is close to the surge limit.

[3] Starting from this operating point, the literature describes various methods for determining a
surge limit. In order to be able to determine the surge limit precisely and to ensure
comparability with the HGTR, the compressor operating point must move slowly along the
selected speed line to the left in the map. In addition, the compressor inlet pressure is adjusted
to that at the HGTR via valve V1. This is important because the inlet pressure has an influence
on the position of the surge margin (Haeckel et al., 2023). To reduce the compressor mass
flow rate, the engine throttle valve must be closed. To ensure that the power of the turbine (=
compressor speed) remains constant, the mass flow which is throttled by the throttle valve is
added via the external compressed air supply (Figure 1). Some important operating parameters
of the engine depend on the position of the throttle valve. Due to the external air supply, the
air mass flow supplied to the engine does not match with the position of the throttle valve.
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The engine cannot operate in this way. For this reason, the engine maps must be adjusted so
that the engine acts independently of the throttle valve position. This is possible due to the
integrated programmable electric control unit. The air supply is controlled manually on the
basis of the compressor speed which has to stay constant. The composition of the air mass
flow rate supplied to the engine, consisting of external compressed air supply and compressor
mass flow rate, is shown in Figure 2b. It shows the recorded operating points at u,..; = 74%.
It can clearly be seen that the mass flow through the compressor decreases, the external supply
increases, and the motor mass flow remains constant, which is the sum of both.

[4] As the mass flow through the compressor is gradually reduced, stead-state and transient data
are recorded at different mass flow rates. Great care must be taken as compressor surge can
occur any time at such low mass flow rates. In addition to recording the signals from all
sensors shown in Figure 1, certain signals are viewed “live” during operation. These include

especially T; = %,Tm, D1s: P25 It is Known that compressor surge can be detected

based on these or similar signals. Often the amplitudes at the pressure sensors suddenly rise
rapidly. Another indicator often used is a sudden rise in temperature upstream of the
compressor, triggered by the flow reversal. Noise is an additional indicator of unstable
operation. Nevertheless, the surge limit must finally be defined by analyses of the steady-state
and the transient signals in post-processing.

Mass Flow Rate Distribution
T T T

0.9 T T T T T T T
1 120

r
n=2000-— | I Mass Flow Rate Compressor

100k [ Mass Flow Rate External Supply

o
@

[o2]
o
T

ssure Ratio [-]
o
e
3

N Ideal engine speed lines

o
3

Percentage [%]
D
o

S
o
T

Total-Total norm. Pre:

o
>

N
o
T

74%
055

o

[All values are normalized to the design point]
L L " L

0.28 0.3 0.32 0.34 0.36
Red. and norm. Mass Flow Rate [ b) Red. and norm. Mass Flow Rate [-]

1
0.1 0.2 0.3 04 0.5 06 07 0.8 0.9 1

Figure 2: Methodology for the determination of the surge margin (a) and mass flow rate
distribution during the process (b)

Specification of the Surge Margin

The specific definition of the surge margin of a compressor operating under pulsating boundary
conditions, generated by the valve motion of a fired combustion engine, requires a careful analysis of
several recorded signals. Especially with small volume between compressor and engine, combined
with low compressor speed, it is difficult to detect if surge is present or not during real engine
operation. Due to the small volume, pressure amplitudes are barely to differ from those caused by
engine operation. For this reason, the developed methodology was validated by increasing the volume
at the compressor outlet between “C” and “Valve2” (Figure 1). This makes surge indicators become
clearly visible. The influence of the volume downstream of the compressor on the surge limit is well
known and was worked out early on by Fink and Greitzer (Fink et al., 1992). Analyses of all sensor
signals have shown that the standard deviation in static pressure at the compressor outlet (p, ;) is a
very good indicator to define the surge limit. Nevertheless, additional frequency analyses of the
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transient pressure sensors are required in order to determine the surge limit reliably and precise,
especially at low volumes (Volume V1) and low compressor speeds. Figure 3 shows this procedure
based on a circumferential speed of 74% related to the design speed measured with small outlet
volume V1. In Figure 3a), the standard deviation of sensor p, ¢ as a function of the reduced mass flow
rate of three speed lines is plotted. The standard deviation is formed from the raw pressure signal
sampled at 100Hz for five seconds. Speed lines 55% and 88% show a clear, sudden increase in
standard deviation. On both speed lines, the surge margin is indicated by the green circles, which
represent the last stable operating point prior to surge appearance.

This is also indicated by the corresponding frequency evaluations. In contrast, the graph of the
standard deviation at 74% shows two increases. Here, this approach is not sufficient to define the
surge line exactly. The raw signal of sensor p, . is shown in Figure 3b). In contrast to other studies
(Galindo et al., 2013, 2009; Lou et al., 2022b), the signal is also not sufficient to define the surge
margin sufficiently precise. For this reason, frequency analysis is necessary. These are shown in
Figure 3c) and Figure 3d) for two operating points, which can be assigned based on the red markings
as well as the numbers (1) & (2) in the figures. The frequency analysis clearly depicts when surge is
present, which is indicated by the large amplitudes at low frequencies between 5 Hz and 20 Hz.
Accordingly, the surge margin at 74% speed is again marked by a green circle. Since this work deals
with the influence of the combustion engine on the compressor performance at low mass flow rates,
only frequencies < 250 Hz were considered. The excitation frequency of the engine and associated
phenomena are far below this. More detailed analyses of the remaining frequencies are presented later
in this article.
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Figure 3: Standard deviation (a), transient pressure signal of sensor p,, (b), frequencies at
two different mass flow rates at 88% circumferential speed (c (1) & d (2)) and measured
with the small outlet volume V1
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INFLUENCE OF PULSATING BOUNDARY CONDITIONS
The following chapter elaborates the differences between operation with (ICE) and without (HGTR)
pulsating boundary conditions. For this purpose, various compressor characteristics are compared
between the results obtained in this study and earlier on HGTR (Dielenschneider et al., 2021).

Influence on the Position of the Surge Margin
In the previous chapter, the methodology for determining the surge line was described. Figure 4
shows a comparison of the position of the surge line of the following three setups:

1) Steady-state boundary conditions — hot gas test rig — Volume = V1 = 1.3l
2) Pulsating boundary conditions — internal combustion engine — Volume = V1 = 1.3|
3) Pulsating boundary conditions — internal combustion engine — Volume = V2 = 5.3|

] B —————were The volume specified here corresponds to the volume
between compressor outlet and the throttle valve of the

0851 engine (Figure 1 between “C” and “V1”). In a similar
% study (Galindo et al., 2013) the volume is calculated
an 08r up to the engine inlet. Since the throttle is almost
5075k completely closed near the surge line in these tests, this
8 is closest to the HGTR setup and thus as comparable
& o7t as possible. The surge frequency depends on the
g volume described. If it is compared between setup 1)
% 0.651 ——Steady BC - HGTR - V1 and 2), the resulting frequency should be the same if
|§ +§U:Sati"9 SEISEXQ the volume has been correctly dimensioned. Figure 7b
= 06r e points out that the surge frequency of both setups (ICE
kS 0.55 vs. HGTR) is almost equal. The figure will be
discussed later. Figure 4 shows the operation map

05 | | >5% determined by the hot as test rig in black (small volume

0 0.2 04 06 V1). In addition, the operating points recorded on the

Red. and norm. Mass Flow Rate [-] ICE using the methodology described above are shown

in green (small volume V1) and blue (large volume
V2). They are the mean value of total to total pressure
ratio and mass flow rate over a period of 5s. By the
comparison of Setup 1 (black surge line) and Setup 2
(green surge line), it can be noted that there is a slightly positive influence on the position of the surge
line caused by the setup under pulsating boundary conditions. As it seems, this effect becomes larger
with increasing compressor speed. This trend is also shown by several authors (Galindo et al., 2013;
Marelli et al., 2012). By increasing the volume from V1 (Setup 2, green line) to V2 (Setup 3, blue
line), the surge line shifts towards larger mass flow rates. This tendency is well known and described
in detail in the literature. Although the volume is significantly larger, the surge limit is not below that
measured on the HGTR (black line) with a smaller volume. With the help of the larger volume, the
positive effect on the surge line as well as the methodology for determining the surge margin could
be validated. The new methodology is able to reproduce influences on the surge line, such as the
volume at the compressor outlet. Another difference between steady-state (Setup 1) and pulsating
boundary conditions (Setup 2 & Setup 3) can be seen in the total to total pressure ratio. Except for
operating points recorded during surge, the compressor tends to produce a higher pressure ratio under
pulsating boundary conditions. Operation of the combustion engine in an enclosed space under high

Figure 4: Influence of the internal
combustion engine on the position of the
surge line.
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load requires certain components to be cooled. This can significantly influence the isentropic
compressor efficiency, and therefore the total pressure ratio too. For this reason, the improved total
to total pressure ratio cannot be evaluated in this study.

Influence of the Engine Valve Motion on the Compressor Inlet Pressure at Volume V2

Especially for compressors with unvaned diffusers, the flow condition at the compressor inlet has
a considerable influence on the stability behavior and thus on the surge margin (Emmons et al., 1995).
For this reason, it is useful to take a look at the influence of the pulsating valve motion on the static
pressure upstream of the leading edge. In Figure 5 the transient signals of static pressure at the
compressor inlet (p, ., ,orange line) and the pressure (ps ., ,blue line) within one cylinder are shown.
The curve of sensor p, ., shows two remarkable features. It contains both a low frequency oscillation
and several, sudden pressure peaks, which occur at the same frequency but time-shifted. Both
phenomena can be referred to the engine operation, which is evident from the cylinder pressure. The
present frequency corresponds to the opening frequency of the valves and thus 240° crankshaft angle
(3 cylinder, four-stroke engine). At the present engine speed of 2500 rpm, this corresponds to a
frequency of 62.5 Hz. If the intake valve opens, the cylinder pressure drops. This point can be defined
in the figure (1). Since the cylinder pressure at this point is larger than the inlet pressure, a shock
wave that moves upstream to the compressor is induced. This wave arrives at the pressure sensor at
the compressor inlet after the time period At at point (2), when a peak is present. The time interval
At matches the time it takes a shock wave to travel the distance from engine inlet to compressor inlet.
Bases on the known firing order, a cylinder (C1, C2, C3) can be assigned to each peak.

In many experimental studies, the pulsations are generated by special valves instead of an ICE
and the shock waves cannot be generated as their influence is neglected. In addition to these low-
frequency characteristics, the signal also contains fluctuations with higher frequency. The analysis of
these are not part of the present work.

Cylinder Pressure C1 vs. Transient Inlet Pressure P1
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Figure 5: Cylinder pressure C1 and static pressure at the compressor leading edge (py,,) as a
function of time at an engine speed of 2500 rpm, VVolume V2.

Influence of the Engine on the Surge Signatures at Volume V1

As mentioned earlier, a temperature rise in the piping at the compressor inlet is often used as an
indicator for surge. This was also the practice in the experiments at the HGTR (fig.4). In Figure 6 the
time averaged temperature as a function of the reduced mass flow rate at sensors T, (solid lines) and

T, = % (dotted lines) for all speed lines (ICE, V1) are presented. Temperature sensor Ty
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records a sudden rise at 74% and 88% circumferential
speed, whereupon the temperature continues to rise as
1 the mass flow rate is reduced. At a circumferential
speed of 55%, the mass flow rate is already too low to
{ detect the sudden increase. Comparing the surge limits
of fig. 3 with the temperature rise of fig. 6 shows that
{ this is not triggered by the surge phenomenon. Further
upstream, at sensor position T;, there is no temperature
| rise at all (in contrast to the HGTR), even at operating
points recorded during surge. Two questions can be
derived from these finding: What phenomenon triggers
b 5 the temperature rise at sensor T;y? And why does
u..q=88% | sensor T; not record any increase at all in comparison to
the experiments at the HGTR (Dielenschneider et al.,
Wl 55% | 2021), although surge is present? The phenomenon that
| oo-0 2@ -0 O a0 triggers the temperature rise at T}y at the ICE is the hot
. | . ‘ | . backflow which moves further upstream when reducing

%1 o oz oz o3 os  oa o4 the mass flow rate. Figure 7a) presents the temperature
Figure 6: Tg;:isngrn;?uh;agsa?w;?aﬂction of  distribution in the pipe upstream of the compressor
time at T,y and T,, ICE; Volume: V1 determined by means of steady-state S|mulat|on§. If the
entered mass flow rates are compared with the

determined surge limit (fig.3 & fig.4), it can be seen that the compressor is still in the stable operating
range, when the temperature rise at T;y occurs. In this area, the steady-state simulations are valid,
especially related to qualitative results. Detailed information for these simulations have been
published (Paul et al., 2021). The reason why T, does not record a temperature rise during surge is
that mild surge is present at the ICE (fig. 7¢) instead of deep surge at the HGTR (fig. 7b). According
to (Greitzer, 1976), the main difference is in the magnitude of the amplitude of the mass flow
fluctuations. While deep surge involves a global reversed flow, mild surge events include mass flow
fluctuations smaller than the stable mass flow rate through the machine. The transient pressure signal
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(p2,¢r) at the compressor outlet during surge can be used to interpret which type of surge is present.
Figure 7b) and 7¢) shows the comparison of the surge signature between HGTR (b) and ICE (c). In
contrast to the HGTR (b), where clear, cyclic oscillations with an amplitude of 0.25 bar are present,
a very different surge signature is present during engine operation (c). Stable and unstable operation
alternate, and the pressure levels reach their pre-surge levels after exiting the mild surge event again.
Similar characteristics of mild surge have been found (Lou et al., 2022b). One similarity that is present
between HGTR (b) and ICE (c) is the surge frequency. This suggests that the same outlet volume is
involved. This fact validates the dimensioning of the volume up to the throttle valve related to the
engine setup used in this work.

CONCLUSIONS

A new methodology to measure stable operating points at low mass flow rates and to determine
precisely the surge limit of a radial compressor working under pulsating boundary conditions, caused
by a fired internal combustion gasoline engine, has been presented. This technique makes it possible
to investigate the compressor characteristic at different mass flow rates during constant
circumferential speed, even though the engine has a throttle valve positioned at the compressor outlet.
This requires compressed air injection upstream the compressor and direct access to the engine maps
via the electronic control unit. With the help of this methodology, it was possible to investigate the
influence caused by the engine operation on various compressor characteristics. For this purpose, the
results were compared with experimental investigations on a hot gas test rig under steady-state
boundary conditions. It has been shown that engine operation has a positive effect on the surge line.
Furthermore, the pulsations, caused by the valve motion of the combustion engine, were analyzed.
The high cylinder pressure is responsible for shock waves that propagate upstream to the compressor
inlet. In the future, this knowledge will be used to represent pulsating boundary conditions in a
transient simulation. It was also elaborated, that the engine influences the surge signatures of the
compressor. While deep surge occurs on the hot gas test rig, the compressor performs mild surge
while operating under pulsating boundary conditions.
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