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Abstract: The surge limit of centrifugal compressors is a key parameter in the design process of
modern turbochargers. Numerical methods like steady-state simulations are state-of-the-art methods
for predicting the performance of the centrifugal compressor. In contrast to that, the determination of
the surge limit with any numerical method is still an unsolved challenge. Since the extensive work of
GREITZER and many other researchers in this field, it is well-known that surge is a system-dependent
phenomenon. In the case of steady-state simulations, the simulation domain is chosen to be as small
as possible due to the numerical cost. This simply implies that there is no system information included
in the numerical model. Therefore, it is not possible to determine any system-dependent surge limit
with today’s applied numerical methods. To overcome this issue, an enhanced GREITZER surge
model, which has been developed at TU DARMSTADT, should act as a link between the simulation
and the system in which the compressor will be operated. The focus of this paper will rather be on
the methodology of determining the surge limit by means of numerical data than on the surge model
itself. The methodology will be validated by experimental data of different systems.

Keywords: centrifugal compressor; turbocharger; surge limit; CFD

1. Introduction

Through the past years, the ratio of boosting internal combustion engines (ICE) has
been increased gradually and the dynamic response behaviour has been improved sig-
nificantly. This has been achieved by combining multiple sizes of turbochargers on the
one hand and intelligent, closed-loop controls on the other hand. Even if the complexity
has increased over the years, the basic principle of boosting an ICE is still the same and is
depicted by a basic assembly diagram of a turbocharged ICE in Figure 1a.

(a) (b) (c)
Figure 1. Simplified schematic of a turbocharged ICE (a), test rig (b) and CFD (c).

Int. J. Turbomach. Propuls. Power 2023, 8, 48. https://doi.org/10.3390/ijtpp8040048 https://www.mdpi.com/journal/ijtpp

https://doi.org/10.3390/ijtpp8040048
https://doi.org/10.3390/ijtpp8040048
https://creativecommons.org/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.mdpi.com/journal/ijtpp
https://www.mdpi.com
https://orcid.org/0000-0001-5237-1143
https://doi.org/10.3390/ijtpp8040048
https://www.mdpi.com/journal/ijtpp
https://www.mdpi.com/article/10.3390/ijtpp8040048?type=check_update&version=1


Int. J. Turbomach. Propuls. Power 2023, 8, 48 2 of 13

From the basic assembly diagram in Figure 1a, an important thing can be seen. The
engine intake flow path consists of an air filter, a compressor and an intercooler, as well
as a certain amount of piping between all of these components. The piping depends
especially on the engine architecture and varies between different applications. All of
the components upstream of the compressor inlet obviously induce a certain pressure
loss, depending on the components’ design as well as the flow rate. The components
downstream of the compressor primarily result in a certain plenum size. So, if the same
compressor wheel is used for different engines or engine configurations, the compressor
wheel is operated in different systems. The so-called system can be generalized by throttles
(pressure loss components), the compressor (pressure rise component) and volumes. Based
on this, the flow diagram from Figure 1a can be transferred into the diagram in Figure 1b.
Every subcomponent along the flowpath can then be mathematically modeled by its
own characteristic.

1.1. The Surge Limit as a Function of the System

Since the fundamental publications of GREITZER in the 1970s for axial compressors [1,2],
it is well-known that surge is a system-dependent phenomenon. At this point, it is im-
portant to say that surge, in this case, needs to be distinguished from small-scale stall
phenomena that can often be seen for axial compressors. Surge is a global phenomenon
including the piping upstream and downstream of the compressor. GREITZER showed
that the exit plenum has a significant influence on the location of the surge limit. The
dependency on the outlet plenum size can be estimated by the well-known B-parameter
(Equation (1)).

B =
u
2a

√
VP

ACLC
(1)

In this equation, u is the compressor speed, a the speed of sound, VP the compressor
exit plenum size and AC and LC are the compressor’s equivalent cross-sectional area and
length. Based on linear system analysis and for a system with a very large plenum (B→ ∞),
surge occurs at the peak pressure ratio, when the slope of the compressor characteristic
c′ = d∆ps,C/dΦ becomes positive. The compressor characteristic is, thus, an important
parameter. Some years later in the 1990s, Fink et al. [3] applied the findings on centrifugal
compressors and confirmed the same as for axial compressors. With a small B system, it
was possible to operate the compressor to a mass flow rate of almost zero. In the years
after, a few researchers were improving and applying the initial modeling approach and
published the results for the scientific community [4–10]. Common to all of them is the fact
that the compressor characteristic is modeled by a functional relationship. Formulating
this relationship in a generalized form to fit all kinds of compressor wheels is a costly
undertaking. What all of these showed by the mathematical formulation, as well as the
associated experiments, is the influence of the system on the surge limit.

1.2. Numerical Modeling and the Challenge with the Surge Limit

In the current investigation, the compressor characteristic is determined by means of
numerical simulations. The setup of these simulations uses a steady-state approach, since the
performance data over a wide range of mass flow rates and compressor speeds are required.
The details of the numerical setup have been published by Dielenschneider et al. [11] and will
therefore not be mentioned again from this point. A more important detail is the simulated
flow domain, which should be repeated and explained at this point by Figure 1c. The numeri-
cally simulated flow path differs significantly from the experimental setup (cf. Figure 1b,c).
The numerical domain starts at the measurement section upstream of the compressor inlet
(MS 1) and ends at the measurement section downstream of the compressor (MS 2). It basically
consists of the compressor stage only. There is no additional piping or any throttle up- and
downstream of the compressor. By default, a constant total pressure of 100,000 Pa is defined as
the inlet boundary condition. A certain operating point is set by defining a constant mass flow
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rate as the outlet boundary condition. As a criterion for surge, the numerical convergence is
often used. As the numerical investigations of the authors showed, it is possible to achieve
converged results in a very wide mass flow range. However, considering that the numerical
model does not include the system information, the numerical convergence is not a good
criterion to determine the surge limit of a certain application.

In the literature, many very extensive, numerical investigations on surge in centrifugal
compressors can be found. Since steady-state simulations cannot capture the transient
flow dynamics of surge, many investigations use complex transient simulation methods
like Large Eddy Simulations (LES) [12–14]. The results for a certain low mass flow rate
show the pulsating nature of surge in the pressure and pressure ratio signals. These
publications have their focus on the flow phenomena leading to surge, which they explain
in a detailed manner. But, they all neglect the influence of the system on the surge initiation.
Additionally, these kinds of simulations are very computationally expensive and, thus,
are not options in an industrial environment. A second category of approaches uses
steady-state simulation data and tries to link a physical parameter to the existence of surge,
indicated by experiments which have also been conducted [15,16]. Some examples are the
temperature at the leading edge (indicator for recirculation flow), the entropy production in
the compressor wheel tip region (indicator for the tip gap vortex) or the velocity (indicator
for flow reversal), which have been selected as physical parameters for surge detection.
Just like the first category (highly detailed transient simulations), these publications also
neglect the system influence. The third category is not exactly comparable since it does not
use CFD-data for the compressor wheel. It should be pointed out at this point, nevertheless.
The procedure of this category uses experimental data for the compressor wheel and a
commercially available, quasi 1D engine simulation code to simulate the dynamic system
behaviour [17]. Within this model, all of the ducting around the compressor is considered.
The compressor performance is provided by a 0D look-up table and is extrapolated to choke,
zero mass flow rate and reverse flow. This approach enables the simulation of system-
dependent surge. The disadvantage of this approach is the extrapolation of speedlines. As
a conclusion, it can be said that as far as the authors know, the determination of the surge
limit by means of steady-state CFD-simulations with respect to a certain system is still an
unsolved challenge (cf. [18]).

2. Determination of the Surge Limit

The basic idea for determining a system-dependent surge limit is to split the compres-
sor wheel and the system and bring them together again in a second step. The compressor
wheel performance is gained by steady-state CFD-simulations. On the other hand, the
system is represented by an analytical model based on the GREITZER approach. The initial
approach has been extended in-house at TU DARMSTADT to consider the compressor inlet
system. Further details about the development and the underlying equations have been
published by Bühler et al. in [19,20].

2.1. Methodology—Analytical Modeling of the Compression System

The procedure of the approach should be demonstrated by Figure 2. The core of it is
the part highlighted by the gray box. This part basically represents the flow path including
the compressor and flow variables like the pressure, temperature and velocity, which are
calculated along this flow path. To do so, some information about the system is needed.
Starting at the inlet, this is provided by a polynomial for the pressure loss as a function of
mass flow rate for the intake section (labeled Inlet throttle in Figure 2). Information about
the compressor wheel is provided as pressure ratio Πtt and isentropic efficiency ηis,tt, both
versus corrected mass flow rate ṁcor. This is the connection of steady-state CFD-simulations
and the analytical model, or in other words, the system. The compressor outlet throttle
(labeled Outlet throttle in Figure 2) is used to set the operating point of the compressor in
the real application. Since the pressure loss across the throttle is dependent on the pressure



Int. J. Turbomach. Propuls. Power 2023, 8, 48 4 of 13

and flow rate at the throttle inlet, the geometry of the throttle and, thus, the pressure loss
versus mass flow rate curve is different for any operating point.

Figure 2. Definition of system parameters along the flowpath influencing the surge limit determina-
tion and their interaction.

After calculating the static pressure at any section along the flowpath, some further
values can be derived. This, in particular, is the throttle characteristic for the inlet system, the
compressor characteristic and the throttle characteristic for the outlet system. Characteristic,
in this case, stands for the gradient of the static pressure difference over the particular
section versus the mass flow rate. All of these values are used in the final stability criterion,
Equation (2), to check whether the system is stable or not. Stability, in this case, means that
the system surges or not.

DS =
L
A
− V · g2 · (c− g1)

a2
2

Stable: DS > 0

Unstable: DS < 0

(2)

For the derivation of Equation (2), the compression system is simplified by a replace-
ment system, as schematically shown in Figures 1b and 2. In accordance with [1], the
compressor is represented by an actuator disk placed in a pipe of a representative length
and cross-sectional area. Downstream of the compressor stage, the piping is represented
by a plenum with a certain volume. The pressure loss upstream of the compressor inlet
is modeled as a throttle, comparable to the throttle downstream of the plenum, to set the
compressor operating point.

The dynamic behavior of the compression system can then be modeled by formulating
two conservation equations. Firstly, for the subsystem from the ambient to the compressor
stage outlet, the one-dimensional momentum equation is formulated. Secondly, for the
subsystem from the compressor stage outlet to the ambient, the continuity equation for
the plenum is formulated. Both equations result in a system of equations, for which the
characteristic polynomial can be determined based on the small perturbation analysis.
Similarly to structural dynamic theory and analogous to the mass-spring-damper-system,
the equation of the damping ratio can be defined. If the value of the damping ratio is less
than zero, the system is attenuated and, thus, unstable. In contrast to that, the system is
stable if the damping ratio is greater than zero, meaning energy is dissipated during the
oscillation process. Taking only the part of the equation of the damping ratio which can be



Int. J. Turbomach. Propuls. Power 2023, 8, 48 5 of 13

smaller than zero results in the stability criterion DS in Equation (2). Further details on the
derivation can be taken from [19,20].

By evaluating the damping ratio only, nothing can be said about the actual oscillation
amplitude. For this reason, it can only be distinguished between a stable and unstable
state of the system. Details about the nature of the instability cannot be determined from
this. Thus, it cannot be distinguished between deep surge and mild surge by this approach.
However, the advantage is that the system of equations does not have to be solved, which
makes the procedure much more efficient. Furthermore, in an industrial environment, both
types of surge have to be avoided and, therefore, it is mainly of interest if the system surges
(unstable) at all or not.

In Equation (2), L and A are defining the length of the inlet piping and the cross-
sectional area of the inlet piping, V the volume of the compressor outlet plenum, c the
compressor characteristic, g1 the inlet throttle characteristic, g2 the outlet throttle charac-
teristic and a2 the speed of sound in the outlet plenum. Any of the values in Equation (2)
are dependent on the current operating point and system. For any operating point in the
compressor map, the stability criterion is used to check if the operating point is stable or
not. From all of the stable operating points for a certain speedline, the one at the smallest
mass flow rate is defining the surge limit.

2.2. The Resulting Surge Limit for a System with Inlet Pressure Losses

In this section, the surge limit for a compressor in an application-oriented environment
will be determined based on steady-state CFD-simulations. The system represented by
the stability model will be called System 1 from now on and is the turbocharger test rig at
TU DARMSTADT. The setup and all of the specifications of this test rig have been published
by Dielenschneider et al. [21]. The physical (constant) parameters necessary for the stability
equation can be taken from Table 1. One additional detail should be pointed out here,
again. The mass flow rate is determined by two differently sized orifices far upstream of
the compressor inlet. The size of the orifice is chosen to be adequate for a certain mass flow
rate range. Furthermore, the mass flow rate measurement system includes some additional
components like air filter, piping and flow straightener. All together, these components
are creating a pressure loss from ambient to the compressor inlet as a function of the
currently selected orifice and the mass flow rate. The pressure characteristic, representing
the pressure loss for the mentioned system, is depicted in Figure 3a for both orifice sizes.
The pressure is normalized by the ambient pressure. The pressure loss in the case of the
small orifice is almost up to 15%.

Table 1. Physical parameters for the investigated systems.

Parameter Calculation System 1 System 2

L Environment to compressor inlet 7.5 m 0.25 m
A Impeller intake cross section 6.21× 10−4 m2 6.21× 10−4 m2

V Outlet plenum 1.29× 10−3 m3 1.29× 10−3 m3

Passing this information together with all of the other specific system information
to the stability model and calculating the system stability for the complete compressor
map (determined by steady-state CFD-simulations) results in the surge limit depicted in
Figure 3b. This figure is showing the numerically determined compressor speedlines, and
the color of the speedlines indicate if the system is stable or not at a particular mass flow
rate. The surge limit (blue dashed line) is defined by the last stable operating point, starting
at large mass flow rates. A closer look should be taken on the 117% speedline. The surge
limit is far away from the peak pressure ratio, well located in a region of positive or zero
pressure ratio gradient. This is noteworthy, since a rule of thumb is that a positive pressure
ratio gradient is a good indicator for an unstable region in the compressor map. The reason
for not becoming unstable is the inlet pressure being a function of the mass flow rate and
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its influence on the compressor characteristic c. This fact will be further explained in the
next section by applying the stability model onto a system without any intake losses. From
the 124% speedline, another remarkable fact can be seen. Stable and unstable operating
points can apparently alternate. If the surge limit is determined as in the experiment by
throttling the compressor at a fixed compressor speed and starting from the choke limit,
the surge limit would be at the first unstable area. Crossing this unstable area by quickly
throttling the compressor, it might be possible to reach a stable operating point again at
a lower mass flow rate for the same compressor speed. This reveals an uncertainty in
determining the experimental surge limit. By making a large mass flow rate step when
throttling the compressor, it might be possible to jump over unstable areas and determine
the surge limit at a lower mass flow rate.

(a) (b)
Figure 3. Compressor inlet pressure ps,1 (a) and the surge limit (b) for System 1.

2.3. Variation of the Inlet Pressure Loss and Its Influence on the Surge Limit

A great advantage of the stability model is the possibility to investigate the operation
of the compressor stage in different environments. The inlet pressure loss curve is simply
replaced by a curve that represents the pressure loss of an air filter only. Since the rest of
the system remains unchanged, the compressor map provided to the stability model is still
based on the same steady-state CFD-simulations, as in the case of System 1. The current
system will be called System 2 from now on. Again, the physical (constant) parameters nec-
essary for the stability equation can be taken from Table 1. The now-specified compressor
inlet pressure can be taken from Figure 4a in comparison to the pressure from the preceding
section. The intake pressure loss is significantly reduced (black dots, below 2% of ambient
pressure), resulting in a much lower gradient of the inlet throttle characteristic. Before
analysing the influence of the inlet pressure on the surge limit, the influence on the pressure
difference over the compressor (ps,2 − ps,1) should be analyzed. The slope of this curve is
the compressor characteristic c, which is one input parameter of the stability equation. The
pressure difference for both systems (System 1 and 2) is depicted in Figure 4b. From this
figure, it is remarkable that System 1 and System 2 result in different compressor characteris-
tics even though the same compressor map, determined by steady-state CFD-simulations,
has been used. Important to notice is the fact that not only the absolute value has changed
but also the sign of the local gradient. And, this is most important for the system stability.

Based on this fact and Figure 4b, the compressor map can be separated into two
regions. The first one (Region 1) contains all of the lower speedlines (55% to 100%). In this
case, the inlet pressure loss changes the absolute value of the gradient only and not the
sign. The change in the sign in the compressor characteristic is almost at the same mass
flow rate when comparing System 1 and System 2. The second region (Region 2) applies to
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speedlines where the pressure ratio curve (Πtt vs. ṁcor) shows a less pronounced peak, a
very flat region or even a local and global maximum. Speedlines 110% to 124% belong to
this group. In this case, the inlet pressure loss has a significant influence on the sign of
the compressor characteristic c and on the location, where the change in sign is located.
The inlet pressure loss apparent in System 1 results in a purely negative gradient until the
surge limit. This is favourable for the system stability. Removing or reducing the inlet
pressure loss leads to a change in sign at larger mass flow rates. For non-existent inlet
pressure losses, the course of the pressure difference (ps,2 − ps,1) follows the course of the
total pressure ratio. This makes the system possibly unstable at larger mass flow rates.

(a) (b)
Figure 4. Compressor inlet pressure ps,1 (a) and the influence on the static pressure difference
ps,2 − ps,1 (b); Comparison of System 1 and System 2.

2.3.1. The Compressor Enthalpy Rise

The reason for the different pressure deltas (∆ps,21) can be explained by the enthalpy–
entropy curves of the compression process for different compressor inlet pressures (cf.
System 1 and System 2), depicted in Figure 5. The lines are drawn in an idealized form,
but this should be sufficient enough to explain the fundamental processes. The following
assumptions and simplifications have been made:

• Air as ideal gas;
• The change in kinetic energy across a throttle is negligible;
• The compressor wheel (and no diffuser) is considered only;
• Reynolds number effects are neglected.

The assumption of a constant kinetic energy across the throttle is important, since the
influence on the static pressure upstream and downstream of the compressor wheel needs
to be assessed. Strictly speaking, only the total enthalpy is constant across a throttle and
not the static enthalpy. According to the Fanno-curve, as shown and explained in [22], a
constant static enthalpy is only applicable if the pressure difference and, thus, the density
change across the throttle is small. In the present case, this condition is considered to be
fulfilled in good approximation, since the velocity upstream of the throttle and the pressure
loss across the throttle is small.
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Figure 5. The compression system in the h-s-diagram.

Both systems are compared for the same operating point, implying the same corrected
mass flow rate and circumferential speed. The reference section for the correction is the
compressor inlet section, labeled with 1 in the following paragraph. Due to the underlying
Mach similarity and the assumptions above, the velocity at the compressor inlet is the
same for both systems. Proceeding with that and applying the Euler Turbine Equation in
Equation (3), it can be said that the total enthalpy rise across the compressor ∆ht,C equals
for both systems.

∆ht,C = 0.5 · (v2
2 − v2

1 + w2
1 − w2

2 + u2
2 − u2

1) (3)

Saying that the total enthalpy rise ∆ht and the entropy production ∆s of the compres-
sion process (1 → 2) equals for both systems and that an isobar can be expressed by an
exponential expression (ht = href · es/cp) leads to the equation of the total enthalpy ratio,
Equation (4). In this equation, href is defining the enthalpy of an isobar at a reference state
and thus setting the pressure level of this certain isobar. Reformulating the initial fraction
results in the fact that the total pressure ratio Πtt,C is the same for both systems.

ht2†

ht1†
=

href,2†

href,1†
·�

�
e

∆s†
cp =

href,2∗

href,1∗
·�

��
e

∆s∗
cp →

pt,2†

pt,1†
=

pt,2∗

pt,1∗
(4)

With all of the facts above, the cycles from the ambient, through the inlet section and
the compressor wheel, can be outlined in the h-s-diagram for both systems, in the case of
the total enthalpy at first. Again, both cycles are drawn for the same operating point of the
compressor in case of corrected mass flow rate and circumferential speed. The difference
is, mainly, the compressor inlet pressure, due to the modified inlet section. Position 0 is
representing the ambient boundary condition. Position 1 and Position 2 are the conditions
upstream and downstream of the compressor wheel. In case of System 2, states 0 and 1† are
the same. The compressor sucks in air from the environment. The corresponding line in
the h-s-diagram is the blue line.

In case of System 1, there is a throttle between the ambient and the compressor inlet.
The total enthalpy across this throttle (0→ 1∗) is constant. The compressor inlet pressure
(total, 1∗) is, thus, lower than the ambient pressure. From state 1∗ to state 2∗, the same total
enthalpy rise as for System 2 is applied to the fluid. The major difference comes from the
exponential course and the resulting divergence of the isobars. The divergence increases
for larger entropies. It is not important at what exact values the process is running. It is
just important to see that the compression process for System 1 runs in a region with an
increased divergence of the isobars compared to System 2. This is the reason why a lower
total pressure difference from state 1∗ to state 2∗ is achieved.
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What matters more for the system stability, however, is the static pressure difference.
Based on the assumptions above and the fact that the velocity at any position along the
flowpath for both systems equal, the cycles in the h-s-diagram are comparable in case of
the static enthalpy. For this reason, the same as for the total pressure difference applies
to the static pressure difference. The influence on the system stability should now be
demonstrated by the diagram at the lower left corner of Figure 5. If the pressure at the inlet
would be decreased constantly for all operating points along a speedline (e.g., operation at
higher altitude), the pressure difference ∆ps,21 would be lowered constantly (blue line→
grey line). There would be no influence on the compressor characteristic (i.e., gradient is
unaffected). If the pressure at the inlet is not lowered constantly but as a function of the
mass flow rate, the gradient of the pressure difference ∆ps,21 and, thus, the compressor
characteristic is altered (blue line→ yellow line).

2.3.2. The Stability Map

Now, determining the stability for all operating points of the compressor map results
in the stability map, depicted in Figure 6a. This figure is comparable to Figure 3b. The
difference is in the color, which is now indicating the stability for System 2. For the
speedlines belonging to Region 1, nothing surprising happens. All operating points on the
right side of the surge limit are stable and the remaining ones the left side of the surge
limit are unstable. For speedlines belonging to Region 2, the surge limit is now shifted to
larger mass flow rates. Following the procedure as in the experiment and taking the last
stable operating point as the surge limit results in the surge limit depicted in Figure 6b. The
blue solid line is showing the surge limit for System 2 in comparison to the surge limit for
System 1 (yellow line). This shows that the influence of the inlet pressure can be significant,
depending on the shape of the speedline.

(a) (b)
Figure 6. The system stability throughout the compressor map and the surge limit for System 2 (a)
and the surge limits for System 1 and System 2 in comparison (b).

3. Experimental Validation

The results of the experimental investigation are depicted in Figure 7 for System 1
(Figure 7a) and System 2 (Figure 7b). The grey solid lines are showing a reference compressor
map, which has been gained experimentally through a maximum reduction in the outlet
plenum volume. The reference map is the same in Figure 7a,b. The green solid lines are
showing operating points that have been measured for System 1 and System 2 and the color
is indicating that these operating points are stable. By comparing the green with the grey
lines in both cases, it can be confirmed that the total pressure ratio is unaffected by the
compressor inlet pressure.
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For the validation of the surge limit for System 1, two different regions in the com-
pressor map need to be distinguished. In case of the 55% to 117% speedlines, there is
only one surge limit. In case of the 124% speedline, two surge limits can be determined
experimentally. Coming from the choke limit, the first surge limit will be reached. Beyond
this limit (red dashed line, unstable), the compressor can not be operated safely. Referring
to Figure 3b, there should be another stable area at lower mass flow rates according to the
stability model. By accurately sticking to the speedline, this area is not reachable. But, as
shown by the experimental data, this area can be reached by approaching it from a lower
speedline, like shown by the black arrow in Figure 7a. Through this procedure, a second
surge limit can be determined.

At this point, the following three facts can already be concluded from the experimental
investigation:

• There can be multiple surge limits for one speedline;
• The experimental and numerical surge limits match very well;
• The alternating stable and unstable regions can be predicted very well.
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Figure 7. Comparison of the experimental and numerical surge limit.

The influence of the compressor inlet pressure can now be analyzed by Figure 7b. The
compressor map can again be divided into different regions. There is the first region at
lower compressor speeds, including the speedlines 55% to 100%. For this region, there
is only one surge limit, which is not significantly affected by the inlet pressure. The next
region consists of the speedlines 110% and 117%. Referring to Figure 6a, the stability
model predicts alternating stable and unstable areas. In case of the 110% speedline, the
experimental data is showing only one surge limit and at much lower mass flow rates than
the stability model based on the steady-state CFD-simulations. The predicted unstable
areas are either predicted wrong or too small to be captured by the experiment. In the case
of the 117% speedline, the unstable area is predicted much larger and now the experimental
data is showing two surge limits. There is one at a larger mass flow rate and one at a lower
mass flow rate. The second surge limit and the operating points close to it can again be
determined by the procedure mentioned for System 1. This is shown by the black arrow in
Figure 7b. The last speedline, 124%, belongs to the third region. This region shows only one
surge limit, comparable to the first region. Finally it can be concluded that the experimental
and numerical surge limit match very well, except for one speedline.

4. Conclusions

The goal of the paper was to present a methodology on how to determine a surge limit
by means of numerical simulations and a GREITZER surge model. To do so, the connection
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between different system parameters and the system stability must be understood and
considered. For this reason, mainly two different systems have been investigated experi-
mentally and analytically. Since the influence of the compressor outlet system is already
understood very well, the focus of the system variation within this investigation had
been on the compressor inlet system. Based on these variations, the following concluding
remarks can be drawn.

4.1. The System Influence on Stability Limiting Parameters

A rule of thumb is that a negative speedline gradient is superior for the system stability.
Since the gradient of the static pressure difference over the compressor stage is relevant
for the system stability and not the gradient of the total pressure ratio, this is only valid
for a constant compressor inlet pressure. If the compressor inlet pressure is a function of
the mass flow rate, there is an interaction with the compressor wheel that can lead to a
negative gradient of the pressure difference even if the speedline gradient is positive.

4.2. The Numerical Convergence Is No Good Indicator for Surge

If the simulation domain consists of the compressor stage only, like is often the case to
save numerical resources, the system influence is not considered. The numerical stability,
or in other words the numerical convergence, is, thus, a matter of the numerical setup and
not of the system stability.

4.3. There Is Not a Single Surge Limit

Surge is a phenomenon that is influenced by multiple system parameters and not only
dependent on the compressor wheel or stage. Since most of the influencing parameters
are functions of the mass flow rate, stable and unstable areas in the compressor map can
exist alternately. An important requirement for this to happen is either a flat speedline
or a speedline with a local and global maximum. In this case, the surrounding system
parameters and their interaction with the compressor stage can stabilize the system.

4.4. Modeling the System Dynamic Behavior Is Necessary to Determine a Surge Limit

The system dynamic behaviour needs to be considered in any way when determining
the surge limit by means of numerical simulation data. A practicable method has been
shown within this paper by using an analytical surge model based on the GREITZER

approach. The usage of commercial 1D gas dynamic tools could also be a feasible way.
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Nomenclature
The following nomenclature is used in this manuscript:

Abbreviations
C Compressor
EFF Efficiency
EGT Exhaust gas treatment
EXP Experiment
ICE Internal combustion engine
LO Large orifice
MFR Mass flow rate
MS Measurement section
PR Pressure ratio
S1 System 1
S2 System 2
SO Small orifice
SL Surge limit
T Turbine
TC Turbocharger
t-t Total-total
Latin Symbols
A Cross section area
a Speed of sound
B GREITZER B-parameter
c Compressor characteristic
DS Stability criterion
η Efficiency
g Throttle characteristic
h Specific Enthalpy
L Length
ṁ Mass flow rate
Π Pressure ratio
p Pressure
s Specific Entropy
T Temperature
u Circumferential Velocity
V Volume
v Abolute velocity
w Relative velocity
Subscripts/Superscripts
0 Ambient
1 Compressor Inlet
2 Compressor Outlet
C Compressor
cor Corrected
is Isentropic
P Plenum
ps Pressure Side
ref Reference
s Static
ss Suction Side
t Total
tt Total-total
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