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ABSTRACT
A parametrized numerical study is performed to assess the design of circumferential grooves in
a radial compressor. The validation with experimental data shows good agreement for the base-
line case. Groove location, shape and number are varied, based on an initial design. The results
show clear trends, which correlate with the impeller performance. Improvements in terms of
pressure rise and efficiency are observed for groove locations towards the inducer. Moreover,
high inclination angles and a normalized width at the casing of 4 % to 10 % of the meridional
blade length are found to be most effective for all locations. Results obtained with multiple
groove configurations suggest that the respective single groove effects can be partially superim-
posed and do not degenerate the performance by interference. The subsequent evaluation of
the near tip flow field shows a weakening and deflection of the tip vortex for inducer grooves
resulting in decreased blockage. Additionally, a splitter blade leading edge separation, emerg-
ing towards lower flow rates, is effectively suppressed. This is supported by grooves in the bend
region, which prevent local leakage backflows. In contrast to that, grooves near the outlet are
found to be ineffective as losses increase.
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NOMENCLATURE
Latin

b groove width
d pipe diameter
g groove number
m meridional length
m′ normalized meridional location
ṁ massflow
t groove depth
ū averaged meridional velocity

Greek
α absolute flow angle
∆ difference to baseline case
ε blockage ratio
γ groove inclination angle
π pressure ratio
η efficiency
τ temperature ratio

Subscripts
area area averaged
mass massflow averaged
ss static to static
s isentropic
tt total to total
red reduced

Abbreviations
sc smooth casing
TE trailing edge
LE leading edge
ITSM Institute of Thermal Turbomachinery
� placeholder for geometric parameters

INTRODUCTION
The usage of circumferential groove casing treatments has become popular in the design of axial

compressors to increase the surge margin, while maintaining and even increasing efficiencies and
performance (Houghton and Day, 2009, 2012; Wilke and Kau, 2002). Extensive research has been
performed to understand the underlying flow mechanisms. Shabbir and Adamczyk (2005) concluded
that the stall margin improvements can be attributed to a reduction of blockage due to a radial transport
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of axial momentum into the grooves. Similar effects would be also beneficial for radial compressor
applications. However, the axial designs might be inappropriate for the radial compressor flow fields,
which are substantially different from axial ones. Although Bareiss et al. (2015) reported partially
improved performance and a shift of the surge margin for a single speedline, the understanding of
the underlying physical mechanisms and in consequence design guidelines are not yet available in
open literature. On this background, this study applies a numerical investigation to asses the impact
of different groove design parameters on the compressor performance. Furthermore the near tip flow
field is evaluated to foster the understanding of the related flow mechanisms.

Tip leakage flow is known to be one of the most influential flow phenomena for loss generation,
but also compressor stability. Towards lower flow rates, its trajectory shifts towards the circumferen-
tial direction and thereby leads to increased blockage in the compressor inducer. As a result, losses
increase and the performance is reduced, see Bousquet et al. (2014). Similar to the mechanisms re-
ported by Pullan et al. (2015) or Vo et al. (2008) in axial compressors, this can lead to spillage and
near tip flow separations which emerge into flow instabilities (Bousquet et al., 2016). Moreover the
breakdown of the tip vortex and a resulting flow separation at the splitter blade leading edge (LE), is
also reported to increase blockage in transonic radial impellers (Hazby and Xu, 2009; Yamada et al.,
2011). Thus, influencing the tip vortex development and the near tip flow field in an appropriate man-
ner could delay these effects and therefore positively affect the impeller performance and efficiency.
The diffuser performance and also its stability is strongly depending on the impeller discharge flow.
Several studies for vaneless and vaned type diffusers showed that the diffuser inflow angle is the most
influential parameter for its performance, see Inoue and Cumpsty (1984) for example. Consequently,
generating more uniform impeller outlet profiles would be advantageous for the diffuser performance.

The present paper is organized as follows; firstly the methodology of the study and the validation
of the numerical model with experimental data are described. Secondly, the results on the overall
performance and suggestions for an optimized design are presented. Thereafter, the corresponding
flow mechanisms are evaluated to explain and substantiate the findings.

METHODOLOGY
The compressor stage used in the present study represents a state of the art, transonic high pressure

ratio impeller with an outer diameter of 113 mm and a maximum pressure ratio of about 4.5. It features
a total of 14 blades whereof 7 splitter blades and a maximum running speed of 90 000 rpm. A picture
of the impeller is presented in figure 1. The tip gap size is varied from 0.4 mm at the blade leading
edges to 0.3 mm at the trailing edge, which equals 2 % and 4.9 % of the respective blade height.
The casing groove geometry is parametrized to study the influence of the location, the shape and the
size of circumferential grooves on the compressor performance and the near casing flow phenomena.
Figure 2 depicts an exemplary groove and furthermore illustrates the parameters and the respective

Figure 1: Picture of the
investigated impeller
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Figure 2: Circumferential groove shape parametrization and
corresponding nomenclature
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nomenclature. Based on the normalized meridional location m′, the groove shape is defined by the
inclination angle γ , the groove width b and its depth t. The groove inclination is defined with respect
to the shroud normal direction. The groove number g describes the amount of grooves in multiple
groove configurations but is omitted for single groove cases.

NUMERICAL MODEL
Two different numerical models are applied in this study. Firstly a model, which represents the

test rig setup is used for the validation. This model includes all stage components and also the relevant
piping system to include the actual measurement locations that are used for the validation. Periodic
boundaries are used where applicable, resulting in a single passage, mixing plane model. To fully
resolve the boundary layers, the meshes are generated with y+ ≈ 1. A subsequent grid study, which
evaluated overall efficiency, pressure ratio and local flow profiles, led to a mesh size of 1.16×106 cells
for a single passage of the smooth casing impeller domain. The diffuser consists of 2.6×105 cells
and the volute of 7.6×105 cells. Geometrical details like the blade fillets and the impeller spinner are
included to accurately capture the flow fields. A reduced second model, a so called rotor only con-
figuration, is used for the parametric studies on the groove design to further decrease computational
cost. Therefore, the volute and the piping systems are neglected. A sketch of this model is given
in figure 3. Total pressure and massflow boundary conditions are used at the in- and outlet of the
domains. ANSYS CFX 19.0 is used to perform the computations with the SST-k-ω turbulence model
applied to close the RANS equations given its well known suitability in flows with adverse pressure
gradients, such as in centrifugal compressors (Gibson et al., 2017). The calculations are considered
to be converged if the standard deviation of the efficiency and the pressure ratio is below 0.02 % for
the last 100 iterations.

To avoid using interfaces and thus interpolation in the regions of interest, a node-to-node meshing
approach is applied to connect the groove volume to the impeller domain. For this purpose, the block
structured impeller meshes are generated using ICEM CFD. To allow for an insertion of circumfer-
ential grooves, the mesh at the shroud is oriented in circumferential direction. The blocking approach
in the meridional direction is shown in figure 4 alongside an exemplary illustration of the resulting
mesh for a single groove configuration. A Python based tool that accesses prebuilt ICEM templates is
used to generate the different geometrical configurations. Therefore the groove shape and position is
changed by adjusting the so called groove blocks for each respective groove. Based on another grid
study for the groove resolution, a value of 10 cells for every millimeter of groove depth and width is
chosen for the inner groove block while the boundary layers remain unchanged. As a consequence,
all meshes are comparable despite the geometrical changes.
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Figure 3: Reduced numerical model for the
parametrized study
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Figure 4: Blocking approach for circumferential
groove node to node meshing and exemplary mesh
of a single groove configuration
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INVESTIGATION APPROACH
To assess the impact of different groove configurations on the impeller flow field, the following

approach is applied. Originating from a baseline groove, the parameters are varied one after the other.
Studies on axial compressor groove design, such as Müller et al. (2007) and Sakuma et al. (2014),
used a groove aspect ratio, defined by t/b, in the range of 0.33 to 3 and a width at the casing of
about 7 % of the unwrapped blade length. Transferring this to the studied compressor, a baseline
width of b = 1.5mm is chosen. An aspect ratio of 2 is selected, which results in an initial depth of
t = 3mm. The initial inclination angle is set to γ = 45◦, roughly following the design of Bareiss
et al. (2015). Figure 5 summarizes the approach including all investigated variants alongside a sketch
of the impeller subdivision and the considered speedline for the smooth casing configuration. Five
different operating points are calculated for each configuration, representing the whole compressor
range from near choke to near stall. The respective points are marked in the plot. The maximum
running speed of 90 000 rpm is chosen for the investigations due to the high blade loadings and thus
strong leakage flows. Three distinct regions are defined to distinguish and identify potential local
optima, as different flow phenomena are expected to be affected. The inducer region, where the tip
vortex development is most prominent, extends up to the splitter blade leading edge (m′ from 0 % to
30 %). It is followed by the bend region (30 % to 70 %), which is characterized by the subdivision
of the flow channel, additional splitter blade leakage flow and the start of the flow turning in radial
direction. Thereafter, the radial directed outlet region (m′ from 70 % to 100 %), where typically large
regions of low momentum fluid are present near the shroud, is defined. First, the groove location
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Figure 5: Investigation approach for the parametric study: impeller subdivision (left), investi-
gated operating points on the speedline (mid) and single groove investigation plan (right)

is investigated with the baseline groove shape, according to the parameters given in figure 5 on the
right (also marked in red in the left sketch). Following the location, the inclination angle is varied
separately within the range of −60◦ to 60◦ for the distinct regions, which are represented by the
locations m′ = 15, 50 and 85%. Based on the results, the remaining studies of aspect ratio and size
are performed with a constant angle of γ = 60◦. Once again, different locations are studied to ensure
that the flow mechanisms, which possibly differ in each region are captured. The aspect ratio is varied
by changing the groove depth in the range of 2 mm to 6 mm. Building on these results, the size of the
grooves is changed by scaling the grooves in width and depth with a constant aspect ratio of 2. The
respective steps for the different parameters are given in the results section. Finally, multiple groove
configurations are defined with the most promising variants to investigate their interaction based on
the findings from the single groove study.
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Figure 6: Overall comparison of the numerical and experimental results
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Figure 8: Experimental and nu-
merical shroud pressure values
along the impeller casing

Experimental tests were conducted at the ITSM to validate
the numerical model used within this study. A bellmouth was
used to determine the volume flow and to calculate the corrected
massflows. Circumferential averaged pressures and tempera-
tures in the pipes at the inlet and outlet were measured to eval-
uate the overall performance of the compressor stage. Addi-
tional static pressure taps at the shroud casing were deployed
to acquire the pressure rise characteristic of the impeller for
a more detailed validation. 9 pressure measurement locations
were equally distributed from the main blade leading edge (LE)
to the trailing edge (TE). 3 additional taps were applied just in
front of the impeller and at the inlet of the diffuser respectively.
Each measurement location was averaged in circumferential di-
rection, using 3 taps shifted by 120◦. A sketch of the compressor
stage including the measurement locations is given in figure 7.
A measurement time of 3 s with a resolution of 10 Hz is used for
the averaging after ensuring a steady state operation by monitor-
ing pressures and temperatures. The reference state for reduced
speed and massflow calculation is 1 bar and 20 ◦C.

A comparison between the experimental and the numerical
performance data at equivalent reduced speeds is given in figure
6. The predictions of the static pressure ratio πss in figure 6(a)
as well as the total temperature ratio τtt infigure 6(c) are in good
agreement with the measured data. The steady-state numerical
results overpredict the pressure rise but the trends are captured
well. The choke massflow is predicted accurately with a dif-
ference of about 1 %. The normalization of the results with the
respective maximum pressure ratio in figure 6(b) shows that the overprediction of the pressure rise
is systematic and that the slope of the speedlines matches well for the complete operating range. A
comparison of the static pressure evolution along the impeller casing for the red boxed operating point
from figure 6(b) is given in figure 8. The values are normalized with the inlet static pressure. The ex-
emplarily chosen operating point represents peak efficiency for the considered speedline. Again, good
agreement with the CFD data is observed. The slope of the pressure rise in the impeller is predicted
accurately with only small discrepancies. The differences observed for the overall performance start
to become evident at the diffuser inlet, where CFD starts to overpredict the test data. Similar results
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are obtained for other operating points as well. The differences in figure 6(a) can be partly attributed
to simplifications of the calculation model, such as for example the negligence of roughness. How-
ever, another part stems from discrepancies in the flow fields of the impeller discharge flow, as the
diffusion after the impeller is overpredicted. Nevertheless, the predictions are satisfactory with respect
to the present study, which aims at demonstrating trends and understanding the physical mechanisms.
Hence it can be concluded that the steady-state calculations with the presented numerical model are
sufficiently accurate for the following parametric studies.

PERFORMANCE EVALUATION
The overall results of the parametric study are presented in this section. CFD calculations for the

baseline groove at eight different locations along the casing are performed. Figure 9 plots the overall
changes in terms of efficiency and pressure ratio, with regard to the sc configuration. Each data point
represents the arithmetic mean value of the five points of the speedline (see figure 5). The averaged
change in pressure ratio is calculated as follows; mean ∆πtt = ∑

5
n=1

((
πtt,grooved/πtt,sc

)
−1

)
/5, where

n represents the individual operating point. The same equation is accordingly used for the efficiency.
Improved results are observed for locations up to m′ ≈ 50%. A clear trend is established for an
efficient placement of the grooves. Efficiency and pressure rise deteriorate when moving the groove
towards the impeller TE. However there is an exception for the near TE groove at m′ = 93% where
the pressure rise is increased by up to 1.85 % but efficiency is still following the downward trend.
The underlying mechanisms and the alteration of the near casing flow are explained in the following
section.

Based on the findings for the groove location, the inclination angle is varied for three distinct
locations (m′ = 15, 50 and 85%). The maximum value of 60◦ is restricted by manufacturing, because
the front edges of the groove would become to small. Figure 10 presents the mean overall results
for all locations with respect to the sc configuration. Again a clear trend is observed. Efficiency and
pressure rise both increase for positively inclined grooves, independently of the location. Nevertheless
only the inducer and the bend grooves show improved results with regard to the sc configuration. The
results can be explained with the flow pattern that develops inside the groove and interacts with the
near casing flow field.

Figure 11 visualizes this interaction for different inclination angles for the bend groove at m′ =
50%. In and outflow zones into the groove are highlighted by a spanwise momentum contour. In
addition, schematic sketches of the flow pattern entering and leaving the groove are shown for the
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Figure 11: Interaction of differently inclined grooves with the near casing flow field for the bend
groove location for 0.54 kg/s and schematic flow mechanism for positive inclination

positively inclined groove (γ = 60◦) on the right-hand side. The flow enters in the rear part of the
groove, mainly at the blade pressure sides and exits in the front part. The resulting vortex enables the
transport of the leakage flow in circumferential direction, which is crucial for the groove effectiveness,
similarly reported by Sakuma et al. (2014) and Bareiss et al. (2015). The results show that only the
positively inclined groove enables this specific flow pattern. Otherwise an outflow region in the rear
part of the groove, which disturbs this pattern, develops. As shown by the streamlines originating
from the contour surface, the positive inclination prevents backflows towards the inlet as the outflow
is directed in streamwise direction. In contrast to that, the flow leaving the negatively and the 0◦

groove is partially directed towards the inducer, resulting in backflow and recirculation zones. This
explains the increase in performance as mixing losses are reduced. In conclusion, highly inclined
grooves show superior performance and hence γ = 60◦ is used for the following studies on the groove
size and aspect ratio.

To find the optimized dimensions for a single groove, the depth and the width are varied based
on the adjusted groove angle of 60◦. Figure 12 depicts the results for the variation of the groove
aspect ratio for a constant width of 1.5 mm for an inducer and a bend groove. A trend towards smaller
aspect ratios and thus shallow grooves is observed, which is consistent to the findings of Rabe and
Hah (2002) for a transonic axial compressor. Endwall losses increase as more wetted area is provided
by deeper grooves, which deteriorates performance. As the afore described mechanism is maintained,
the impact on the pressure rise is small compared to other parameters, more precisely below 0.1 %.
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Figure 12: Aspect ratio variation at constant
width of 1.5 mm and 60◦ angle
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Different researchers tested various aspect ratios for axial compressors and observed the same trends.
Müller et al. (2011) additionally reported that aspect ratios below 1.5 deteriorate the stall margin
improvements that were found for higher values, whereas Shabbir and Adamczyk (2005) found no
differences for aspect ratios bigger than 2. Based on the results and the published literature, a groove
aspect ratio in the range of 2 is suggested for an optimized design.

Figure 13 presents the variation of the groove size by changing the width b for a constant aspect
ratio of 2. Again a clear trend is observed. The results deteriorate for large grooves at both locations.
Moreover the convergence criteria are not fulfilled anymore for the near stall operating points for
b = 4mm. For small widths of 1 mm to 2 mm the differences in efficiency are very small. This
equals groove openings at the shroud between approximately 4 and 10 % of the unwrapped meridional
chord length of the main blade. This is again consistent with values known to be effective in axial
compressors, see Du et al. (2016) or Sakuma et al. (2014) for instance.

Based on the findings, an optimized groove shape of t = 3.0, b = 1.5 and γ = 60◦ is defined for
further investigations on multiple grooves. A constant shape is suggested due to identical trends for all
locations. Subsequently the promising single groove variants are combined to study their interaction.
Only grooves that show improvements individually are considered here, such as the inducer and bend
region locations. The results for the investigated configurations are plotted in figure 14. The groove
number is increasing towards the right. Additionally two single groove configurations are included
as references. Each multiple groove configuration exceeds the improvements of the single groove
cases for both efficiency and pressure ratio. This suggests that the single groove trends add up if
they are combined and thus can be superimposed. The results also imply that the single groove
mechanisms are not decisively influenced by an interference with other grooves as improvements
occur for any combination. Two inducer grooves (g2,m′ = 10%,20%) show a large potential. This
is further exceeded if additional bend grooves are added, resulting in mean improvements of up to
1.45 % in pressure ratio and 0.41 % in efficiency (g4). The responsible flow phenomena that lead to
those improvements are analyzed in detail in the next section.
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Figure 14: Averaged overall results for different groove number configurations

FLOW MECHANISMS
This section addresses the underlying flow mechanisms for the parametric study findings to further

examine how the performance is affected. The evolution of blockage, or alternatively the presence
of low momentum fluid regions near the tip, is commonly considered as one of the main precursors
for the onset of stall in compressors (Sakuma et al., 2014; Shabbir and Adamczyk, 2005), but also
strongly affects the performance in terms of pressure rise and efficiency. Those regions increase with
decreasing flow rate as a result of the shifting tip vortex trajectory and ultimately can lead to a spillage
of flow at both the main or the splitter blades, which is connected to a further rise of blockage and
often initiates unstable operation. According to that, a reduction of blockage in these regions can
positively affect the performance and moreover result in more evenly distributed flow fields.
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Figure 15 depicts the blockage ratio ε for se-
lected configurations along the meridional direction
(left side). Blockage is calculated using the ratio of
mass and area averaged meridional velocities, thus
ε = 1− (ūarea/ūmass), see Hazby and Xu (2009). All
considered groove configurations lead to a reduction
of blockage starting at the location of the first groove
in the inducer. Adding additional grooves intensifies
the effect, which confirms the superposition of single
groove effects. Additionally, the evolution of block-
age towards lower flow rates in the middle of figure 15
shows that the reduction is present for the whole oper-
ating range. The nearly linear growth for the sc case is
changed with grooves applied and a flatter character-
istic is obtained towards low flow rates. The entropy
contours depicted at m′ = 31%, directly after the split-
ter blade LE, show that regions of high entropy are present for the sc case, especially in the splitter
blade suction side channel 2. Applying grooves in the inducer leads to a more even distribution of
these regions between the two channels, which result from the tip leakage and boundary layer flows.
Moreover, the reduced extent of those regions and the lower levels of entropy suggest that the accu-
mulated losses up to this plane are reduced. Adding additional grooves downstream of the splitter LE
(g4) further reduces the blocked high entropy regions and thus further reduces losses. This is caused
by a deflection of the tip vortex due to the circumferential transport of the leakage flow in the inducer
groove. Figure 16 visualizes this effect for an exemplary groove location at m′ = 15%. The near
groove tip leakage flow (green streamlines) is sucked into the groove preventing a further wrapping
around the already existing part of the tip vortex like in the sc case.
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90% span
splitter blade loading

Figure 18: Impact of inducer grooves on
the splitter blade loading at (90 % span)
and 0.525 kg/s

This weakens the vortex development and ultimately
causes a deflection (black arrows) towards the stream-
wise direction (orange streamlines). Therefore the im-
pingement onto the splitter leading edge and the result-
ing backflow and spillage, which is present in the sc case,
is prevented. The relative total pressure contour on 95 %
span again confirms the reduction of losses connected
with this effect, as higher values are maintained for the
grooved configuration.

Figure 17 presents the splitter blade surface shear
strain rate for the inducer groove configurations along-
side streamlines originating from the first 10 % of the
main blade tip gap. The tip LE separation caused by the
tip vortex backflows (low surface strain) in the sc case is
reduced for a single groove and even vanishes when two
inducer grooves are applied. Additionally, this results in an improvement of the incoming near tip
flow to the splitter blade. Consequently, the loading near the LE is increased for the inducer groove
configurations, which contributes to the increased pressure rise of the grooved configurations. This
becomes evident in figure 18, where the corresponding blade loading at 90 % span for the splitter
blade front part is shown. In summary, this explains why blockage and losses are reduced and addi-
tionally indicates that the application of inducer grooves can provide a more evenly distributed flow
field near the tip.

The application of bend grooves near the splitter LE further improves these phenomena. The
negative streamwise velocity component of the tip leakage flow contributes to the accumulation of
low momentum fluid near the tip. Applying casing grooves enables a circumferential transport and
redirection of these leakage flow components and suppresses the backflow. A comparison for the sc
case and a single groove at m′ = 50% illustrates this mechanism in figure 19, showing streamlines
originating from the splitter tip gap section below the groove. Parts of the leakage components flow
towards the inducer and spill around the splitter LE of the adjacent passage (sc). This is suppressed
for the bend groove configuration. Moreover, the presented streamlines in the sc case (left) are subject
to high losses on their path as indicated by the increasing entropy levels. In contrast to that, the flow
in the grooved configuration (right) is captured inside the groove and mostly reenters the core flow in
the adjacent blade passage without any backflows.

The overall results showed a deterioration of efficiency for locations towards the impeller exit.
This can be attributed to the boundary layer losses inside the grooves. These losses increase with
higher tip speeds and thus larger m′. In contrast to inducer and bend grooves, these losses are not

g1
m'=50 %

sc

normalized entropy0 1

backflow
region

leakage flow
transport

groove

Figure 19: Impact of a bend groove on the leakage flow orig-
inating in the tip gap below the groove opening

%

wake region extension

Figure 20: Outlet flow angle for
a TE groove case at 0.525 kg/s
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compensated for by a decrease of tip vortex mixing losses and a reduction of blockage. A different
trend was found for the near TE groove configuration where the total pressure ratio was increased.
This effect is resulting from an increase of the loading near the TE tip. Thus a higher torque and
therefore more power is necessary to drive the compressor. Moreover, the outlet flow field is changed
as can be seen in figure 20. The circumferential averaged flow angles at the impeller exit are signif-
icantly affected by the TE groove. The wake region present near the tip, characterized by low flow
angles, is pushed towards the hub resulting in an even more nonuniform outlet profile. Hence, further
mixing losses in the diffuser are to be expected, which disqualifies an application in this region.

CONCLUSIONS
A numerical study on the design of circumferential grooves for a radial compressor has been

presented. Location, inclination, size and number of grooves have been varied to find optimized
configurations. The results suggest that an effective placement is possible in the inducer and the bend
region and that high inclination angles should be used to enable the required groove flow pattern. For
the size of the grooves, a width at the casing between 4 % to 10 % of the meridional blade length and
an aspect ratio in the range of 2 is found to be most efficient. The variation of groove number suggests
that the single groove effects can partially be superimposed with a maximum mean performance
increase of 1.45 % in pressure ratio and 0.41 % in efficiency for the studied impeller. To understand
the underlying mechanisms, the near tip flow field has been evaluated in detail. It was found that
inducer grooves weaken the tip vortex rollup and moreover deflect the vortex trajectory. This leads
to a reduction of the near tip blockage, which is further enhanced by bend grooves preventing local
backflows towards the inducer. Additionally, a tip separation at the splitter blade LE, which develops
towards lower flow rates due to the impingement of the tip vortex onto the splitter blade, is suppressed.
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