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ABSTRACT

The application of non-axisymmetric contours to the endwalls of axial turbine blade rows has been successfully
used for a number of years. The potential of this technology to also improve the performance of high pressure
compressors is the focus of a number of recently published investigations. The results seem to indicate that a
significant improvement of the relevant flow parameters can only be achieved under specific conditions. The
study presented in this paper uses a highly loaded stator blade row to numerically verify the hypothesis that
the main condition, which determines whether the application of non-axisymmetric endwall contouring has a
significant impact on the flow, is the presence of an extensive reverse flow area close to the endwalls. In order
to assess this, non-axisymmetric endwall contours were applied to a baseline stator at the hub and casing with
a semi-automated optimisation process. In a second step, the number of blades was reduced by approximately
18 %, which resulted in the development of a pronounced flow separation zone close to the stator casing. As a
last step, non-axisymmetric endwalls were applied at hub and casing of this new stator. The results of steady
3D viscous flow calculations were compared for the four resulting configurations at design speed conditions.
While application of non-axisymmetric endwalls to the baseline stator only resulted in an increase in polytropic
efficiency of about 0.05 % at design point conditions, an increase of 1.2 % was observed for the stator with
reduced number of blades. The results demonstrate that the potential of non-axisymmetric endwall contouring
in high-pressure compressors to improve the design in terms of cost, weight and aerodynamic performance
can be best exploited by making use of the increased design parameter space rather than simply applying the
method to a given design.

1 INTRODUCTION underlying mechanisms that are to be exploited by
this feature.

While some studies have been performed with axi-
symmetric or non-axisymmetric contours on high-
pressure compressor rotors [1], [2], [3], non-

axisymmetric endwalls seemed to lead to much

Until very recently, non-axisymmetric endwall
contouring was a turbomachinery technology feature
that could only be found in axial turbines. How-
ever, while there is no obvious reason why using

non-axisymmetric hub or casing geometries should
not help to improve the aerodynamic behaviour of
axial compressors as well, only few attempts have
been reported to do so. Even though similarities
exist between compressors and turbines in terms of
secondary flow features, their aerodynamics are fun-
damentally different. This complicates any attempt
to translate the basic parameters of successful non-
axisymmetric turbine endwall contours into the com-
pressor environment and raises questions about the
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higher performance improvements when applied to
stator blade rows or struts [4], [5], [6]. A review of
the literature currently available seems to indicate that
of non-axisymmetric endwall contours can be partic-
ularly well applied to stators that exhibit a significant
zone of reverse flow close to the endwall that is to
be contoured, spawning speculations that the con-
tours have a similar potential to suppress stator cor-
ner separation as conventional three-dimensional de-
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sign methods like aerofoil lean and sweep [7], [8].
The numerical study presented in this paper aims
to investigate the stall-suppressing potential of non-
axisymmetric endwalls beyond the level of 3D aero-
foil stacking. A highly loaded stator row, that does
not show significant separation at design point condi-
tions was loaded even further by reducing the number
of blades. The resulting reverse flow area near the
casing could not be suppressed by 3D aeoroil stack-
ing alone. The corner stall could only be reduced in
size after application of non-axisymmetric endwalls to
the stator. By analysing the detailed flow field at de-
sign point for both the stator axisymmetric and non-
axisymmetric endwalls and by relating the findings to
the impact that the endwall contouring method has on
the baseline configuration , it is confirmed that sup-
pression of corner stall is the main flow feature that
can be controlled by non-axisymmetric endwall con-
tours. Furthermore, it is demonstrated that the addi-
tional stall-suppressing potential of this feature can be
used together with conventional 3-D aerodynamic de-
signh methods to expand the design parameter space,
in this case the range of feasible stator blade num-
bers.

2 METHODS
2.1 CFD System

The results of all steady calculations presented
in this paper were generated with the Rolls-Royce
in-house CFD suite Hydra. It consists of meshing
and preprocessing tools, the actual flow solver and a
number of different postprocessors. The initial multi-
block structured mesh is generated by the parametric
meshing and design tool PADRAM [9]. The software
enables rapid meshing of aerofoil and annulus geom-
etry as well as secondary geometry features like fil-
lets, VSV part clearances, rotor running gaps, bleed
off-takes and shrouds. The mesh features a hybrid O-
H topology, with several layers of O-mesh around the
aerofoil and H-grid cells in the blade passage, near
the periodic boundaries and in the inlet and outlet sec-
tions. The mesh is clustered towards the endwalls as
well as the blade surface. The wall distance of the first
cell was set to result in a level of y* of 20 or lower on
all solid surfaces, which was considered sufficient for
the employed Spalart-Almaras turbulence model with
wall functions.
The flow solver itself has an edge-based data struc-
ture and is capable of running unstructured, multigrid
steady or unsteady CFD calculations with parallel pro-
cessing. Each blade row of the compressor is mod-
elled as a separate computational domain. Circum-
ferentially averaged flow parameters pressure, tem-
perature and the components of the velocity vector
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FIG 1. Sketch outlining the axial (a) and circumferential (b)
parametrisation of the non-axisymmetric endwall contour.

are exchanged between the individual blade rows via
mixing planes. The compressor inlet boundary condi-
tions are defined as circumferentially constant radial
distributions of total pressure and temperature, whirl
and radial flow angles as well as turbulence level. At
compressor exit, a radial equilibrium boundary condi-
tions is prescribed with a single value of static pres-
sure close to the inner annulus. Calculations are run
at constant rotational speed and different values of
exit static pressure. The highest pressure at which a
converged solution can be obtained is considered the
numerical stall point. This condition was used as an
estimate for compressor stability when comparing the
different variants presented in this investigation.

2.2 Definition of hon-axisymmetric endwalls

The non-axisymmetric endwall contours are gen-
erated by PADRAM during the meshing process. The
contour is defined as circumferential harmonic pertur-
bations of the original endwall contour at prescribed
axial locations. Perturbations of different order and
amplitude can be superimposed at the same axial po-
sition. The perturbation starts on the camber line of
the aerofoil endwall section and the phase length is
equal to one blade pitch at the axial location under
consideration. Furthermore, two additional axial po-
sitions are defined that mark the beginning and end
points of the contoured endwall.
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FIG 2. Semi-automated design procedure for non-axisymmetric
endwalls that was developed for this study.

For the current investigation, non-axisymmetric end-
walls were designed on both the hub and casing
endwalls of the stator. The contour range was set
to be equal to the axial length of the stator plat-
form. Circumferential perturbations were defined at
five equally spaced axial positions. The first position
was at the leading and the last one coincided with
the trailing edge of the aerofoil section, as shown in
FIG 1 (a). At each axial location, harmonics of zero,
first and second order were specified. As sketched in
FIG 1 (b), this resulted in a superposition of an axi-
symmetric radial offset and a harmonic perturbation
of defined amplitude and phase relative to the section
camber line. Specifying three parameters at five ax-
ial locations means that 15 design parameters were
necessary to define the non-axisymmetric contour for
one endwall.

2.3 Non-axisymmetric endwall designh process
At the time of the study, only very limited infor-
mation was available about design guidelines for
non-axisymmetric endwalls in compressor applica-
tions. Additionally, initial parameter studies by hand
did not lead to the desired results. Therefore, a semi-
automated design process using the Rolls-Royce
in-house optimisation tool SOFT was set up in order
to quickly and efficiently map the design parameter
space and select the most promising parameter
sets [10]. A flow diagram of the process is given
in FIG 2. First, a database was generated. It was
made up of 60 parameter sets that were selected by
based on initial parameter studies and configurations
that had been read across from turbine applications.
Furthermore, 150 additional parameter sets were se-
lected according to LP —t, a quasi-random design of
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experiments algorithm [11]. For every parameter set,
HYDRA design speed calculations were conducted
at three different operating conditions: near choke, at
the design point and near stall. The computation time
requirement for the numerous HYDRA calculations
was reduced by two strategies. Firstly, all three
operating conditions were run in parallel for one
parameter set. Secondly, by using a well-converged
solution from the axisymmetric baseline configuration
as initial solution, it became possible to reduce the
number of iterations by more than 50 % relative to the
nominal case. Overall, this resulted in an evaluation
time of approximately two hours for one parameter
set, including pre- and postprocessing.

Upon completion of the database, it served as basis
to create a response surface model with a linear
radial baseline function approach [12]. Subsequently,
an optimisation that employed the Adaptive Range
Multi-Objective Genetic Algorithm (ARMOGA) was
conducted on this response surface [13]. The
objectives of the optimisation were to maximise
compressor polytropic efficiency and minimise the
stator total pressure loss coefficient at all operating
points under consideration. No weighting factors
were introduced for the different operating points.
Constraints included the inlet mass flow rate, com-
pressor total pressure ratio and the stator exit whirl
angle. Flow rate and pressure rate were not allowed
to assume values lower than the axisymmetric base-
line case and the stator exit whirl was not allowed to
increase beyond the baseline value. The optimisation
consisted of 12 individuals per generation and ran for
1500 generations, yielding a total of 18000 function
calls. This high number of evaluations was chosen
in order to allow ARMOGA to search a large portion
of the design space for a global optimum. However,
since the optimisation was conducted on a response
surface, the time required for the optimisation still
remained small compared to the initial HYDRA CFD
calculations. Upon completion of the optimiser run,
the resulting parameter set was used to generate a
new endwall contour and the geometry was run in HY-
DRA. The result of this HYDRA calculation was fed
back into the database, an updated response surface
was generated and another ARMOGA optimisation
was conducted on this new response surface. After
five to ten updates, the prediction of the response
surface lined up reasonably well with the result of the
HYDRA calculation and the loop was aborted.

3 COMPRESSOR
This investigation was conducted on a transonic
compressor stage. The design reflects a modern
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axial high pressure compressor front stage in terms
of loading and Mach number levels as well as some
key geometrical features such as hub to tip ratio, rotor
running clearance etc.

3.1 Baseline configuration

FIG 3. Details of the stator grid domain used for the HYDRA cal-
culations.

The HYDRA setup for the compressor included
a stator-rotor-stator arrangement with realistic inlet
boundary layer thicknesses. The rotor was modeled
including the fillet and a running clearance of 1 %
blade height. The stator has no clearance, but a fil-
let at both hub and casing. Downstream of the sta-
tor trailing edge, a portion of the outlet duct was also
modeled that had an axial extent of approximately one
axial stator chord length. All mesh settings were cho-
sen according to standard values for compressor ap-
plications, resulting in approximately 0.5 million cells
for each blade row. FIG 3 shows the mesh on the
stator blade (black), the hub (blue) and casing (grey)
endwalls as well as the periodic boundary (green).
The stator is a 3D refined design in the sense that it
satisfies all relevant design criteria from aerodynamic,
stress, manufacturing and operational points of view.
After reaching an acceptable level of maturity for the
stator design, it was equipped with non-axisymmetric
endwalls with the process described in section 2.3.
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The two resulting configurations with and without con-
toured endwalls are referred to as "44 stators/contour”
and "44 stators/no contour” in the subsequent sec-
tions.

3.2 Configuration with reduced number of stator
blades

The stator was the only blade row that was mod-
ified during this investigation. The general aerody-
namic task of the stator, i.e. the desired radial dis-
tribution of stator exit swirl angle, was treated as a
constraint in order to ensure comparability between
the different configurations.
As a first step, the number of blades was reduced
from the baseline design value of 44 to 36, which
corresponds to a reduction of approximately 18 %.
Next, the camber and thickness distributions, blade
inlet and outlet angles as well as chord length of the
individual blade sections were modified to account for
the changes in blade-to-blade flow field due to the
increased space-to-chord ratio. The intention was
to reach the same exit whirl angle according to 2D
blade-to-blade calculations as the baseline stator with
44 blades while maintaining an acceptable balance
between low total pressure losses and high working
range. Stress-relevant geometric parameters such as
leading and trailing edge radii, the fillet radii at hub
and casing as well as maximum section thickness
were kept identical to the baseline stator. Also, the
axial positions of the leading and trailing edges at hub
and casing were not allowed to change. Upon com-
pletion of the section design phase, a number of HY-
DRA calculations were conducted in order to optimise
the aerofoil stacking and for final corrections to inci-
dence and deviation.
After no further improvements to the stator flow field
could be achieved through “conventional” 3D aero-
dynamic design methods, non-axisymmetric endwalls
were applied to the new stator by utilising the same
semi-automated process as for the baseline stator.
The two additional configurations with and without
3D endwalls that resulted from this procedure are re-
ferred to as "36 stators/contour” and "36 stators/no
contour” in the subsequent sections.

4 RESULTS
4.1 Comparison of endwall geometry

The amplitude of the resulting harmonic pertur-
bation reached a maximum level of 1.9 mm, which
corresponds to 2.5 % blade height. The maximum
observed value of the radial shift was 1.1 mm or 1.5
% blade height. As can be seen in FIG 4 and 5, cer-
tain qualitative similarities can be found between the
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FIG 4. Hub endwall radius contours of the different configurations with and without non-axisymmetric endwalls. White patches indicate

the imprints of the blades and the fillets on the hub.
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FIG 5. Casing endwall radius contours of the different configurations with and without non-axisymmetric endwalls. White patches indicate

the imprints of the blades and the casing fillets on the casing.

endwall contours for the baseline configuration and
the one with 36 stators.

At the hub, the harmonic amplitude has very low val-
ues of around 0.1 mm at the leading edge and in-
creases towards the trailing edge. The phase shift in
the rear half of the blade passage is set to increase
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the hub radius near the suction side and decrease it
close to the pressure side. Near the trailing edge, the
circumferential position of the maximum positive ra-
dial perturbation lies closer to the suction side for the
36 stators/contour configuration compared to the 44
stators/contour configuration.
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The casing contours depicted in FIG 5 show qualita-
tive similarities both between the 44 stators/contour
and the 36 stators/contour configurations as well as
to the hub contours plotted in FIG 4. In analogy to the
hub contours, the amplitude of the harmonic perturba-
tion increases from leading edge to trailing edge. Fur-
thermore, the phase shift near the trailing edge also
results in a reduction of flow area close to the suc-
tion side and an increase close to the pressure side
of the stator. However, the contours at casing also
exhibit certain common qualities that are not found
at the hub. Near the leading edge, there a visible
harmonic perturbation with an amplitude of approxi-
mately 0.7 mm. The phase shift in this region is set
almost opposite to the one observed near the trailing
edge, increasing the flow area near the suction side
and decreasing it close to the pressure side. Overall,
a "trench”™-like structure can be observed that leads
from the leading edge suction side to the trailing edge
pressure side of the neighbouring blade. It should
be noted that this is opposite to the main direction of
the cross-passage secondary flow driven by the static
pressure gradient between the suction and pressure
sides, which is directed from the leading edge pres-
sure side towards the suction side of the next blade.
The most prominent difference between the casing
contours of the 44 stators/contour and the 36 sta-
tors/with contour configurations can be observed at
approximately 50 % axial chord length. Here, the
"trench” has a depth of around 2 mm for the 36 sta-
tors/contour configuration, resulting in a distinctively
higher increase in flow area for this configuration.

4.2 Overall performance

FIG 6 shows a comparison of the normalised
design speed characteristics of both the 44 and
the 36 stator configurations with and without non-
axisymmetric endwalls. For the baseline configura-
tion, the impact of the non-axisymmetric endwalls on
polytropic efficiency amounts to an increase of 0.05
% at design point conditions. Furthermore, no signif-
icant effect on the shape of the pressure ratio versus
inlet flow function characteristic or the stability margin
of the compressor can be observed.

Without non-axisymmetric endwalls, reducing the
number of stator blades from 44 to 36 results in de-
creased compressor performance. The flow rate is re-
duced by approximately 0.5 %. The maximum achiev-
able pressure ratio also deceases by 0.5 % relative to
the design point pressure ratio. And finally, the poly-
tropic efficiency of the 36 stators/no contour configu-
ration is significantly lower than the 44 stators/no con-
tour configuration throughout the entire characteristic,
with a magnitude of 0.9 % at design point conditions.
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FIG 6. Design speed overall compressor characteristics.

When comparing the characteristics of the 36 sta-
tors/no contour and 36 stators/contour configurations,
it can be observed that the non-axisymmetric end-
walls have a much greater impact on the overall per-
formance of the compressor than was the case with
44 stators. With contouring, the relationship between
flow rate and pressure ratio is virtually identical to
the baseline case, as is compressor stability. Poly-
tropic efficiency increases across the whole design
speed characteristic relative to the 36 stators/no con-
tour configuration, amounting to 1.2 % at design point
conditions. At this condition, the 36 stators/contour’s
efficiency is even 0.3 % above the baseline, making it
the configuration with the highest efficiency of all vari-
ants considered in this investigation.

Furthermore, the impact of the non-axisymmetric
endwalls on the stator exit whirl angle is higher with
36 stators than with 44 stators. While with 44 sta-
tors, the average exit whirl improves by approximately
0.25 degrees throughout the whole characteristic, the
configuration with 36 stators showed a change in exit
whirl of more than 1 degree towards the design intent.
Finally, a change in average static pressure ratio can
also be observed with 36 stator blades. Without con-
toured endwalls, the static pressure rise achieved by
the blade row decreases across the whole character-
istic by an average value of 0.8 % compared to the
baseline configuration. When considering the 36 sta-
tors/contour variant, no significant difference of the
static pressure rise relative to the baseline can be ob-
served.
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FIG 7. Design point total pressure contours at stator exit for the different configurations with and without non-axisymmetric endwalls.

4.3 Design point performance

In order to better understand the mechanisms
that lead to the observed differences in impact of
the non-axisymmetric contours on compressor over-
all performance, a more detailed analysis of the stator
flow field at design point conditions was conducted.
Contour plots of normalised total pressure in an ax-
ial plane at stator exit are shown in FIG 7. With
44 stators, the qualitative appearance of the pres-
sure distribution does not differ significantly between
the variants with and without non-axisymmetric end-
walls. The wakes of the stator trailing edges are
visible as low pressure zones with small circumfer-
ential extent. Close to the hub and casing, the cir-
cumferential extent of these low pressure zones in-
creases, most likely as a result of the influence of the
secondary flows. In contrast to this, a low pressure
area that extends approximately one third of the duct
height in radial direction and half of one blade pitch
circumferentially, can be observed near the casing for
the 36 stators/no contour configuration. With con-
toured endwalls, this pronounced low pressure zone
disappears, resulting in a pressure distribution for the
36 stators/contour variant that qualitatively resembles
the cases with 44 stators.

Radial distributions of circumferentially averaged sta-
tor total pressure loss coefficient in FIG 8 show that
the low pressure zone in FIG 7 corresponds to an
area of high loss for the 36 stators/no contour vari-
ant. With contoured endwalls, the amount of loss gen-
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FIG 8. Design point radial distributions of total pressure loss co-
efficient.

erated near the casing is reduced to the level of the
variants with 44 stators. This corresponds to a reduc-
tion in average loss coefficient of approximately 30 %
for the 36 stators variant which can be accounted to
the presence of the non-axisymmetric endwalls. In
addition, it should be noted that between 10 % and
90 % annulus height, the 36 stators/contour config-
uration reaches a lower loss level relative to the 44
stator configurations. Since the losses of IGV and ro-
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FIG 9. Iso-surface of design point reverse flow areas for the dif-

ferent configurations.

tor did not change for any of the four configurations,
the combination of comparable near-wall losses and
lower main flow losses is interpreted as the reason
why the 36 stators/contour configuration shows the
highest design point efficiency of all variants consid-
ered in this study.

A survey of the areas with reverse flow was con-
ducted by plotting iso-surfaces of negative axial ve-
locity. A comparison of the resulting iso-surfaces
is given in FIG 9. It can be seen that the 36 sta-
tors/no contour configuration has the biggest reverse
flow zone close to the casing, corresponding to the
area of high total pressure loss in FIG 8. Applica-
tion of non-axisymmetric endwalls indicates a reduc-
tion of this reverse flow zone back to the extend vis-
ible for both 44 stators configurations. Therefore, it
is concluded that the main mechanism of loss reduc-
tion exploited by the non-axisymmetric endwalls in the
present study is the suppression of stator casing cor-
ner stall. This is also supported by the observation
that the near-casing reverse flow region is of signifi-
cantly smaller size for the 44 stators/no contour vari-
ant than for the 36 stators/contour configuration, thus
leaving a greatly reduced improvement potential to be
exploited by application of contoured endwalls.

Distributions of blade surface isentropic Mach num-
ber close to the stator hub and casing are given in FIG
10 and FIG 11, respectively. It becomes clear that the
non-axisymmetric endwalls cause a redistribution of
the local blade loading. At the hub, a shift of the suc-
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at 95 % blade height.

tion side peak Mach number towards the leading edge
can be observed for both 44 and 36 stators. The value
of the peak Mach number remains constant. The de-
celeration of the flow and corresponding static pres-
sure rise, visible as a decrease in suction side Mach
number, is accomplished more rapidly and in the case
of 36 stators, also leads to lower levels at the trailing
edge. Overall, the load is lowered in the mid-chord
area and increased near the leading and trailing edge.
At the casing, FIG 11 shows that a qualitatively sim-
ilar change in Mach number distribution takes place
for the 44 stators configuration. However, both quali-
tative and quantitative changes are observed with 36
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FIG 12. Radial distributions of stator diffusion factor.

stators. Without endwall contouring, the suction side
Mach number stays almost constant from approxi-
mately 30 % axial chord length. This indicates a sep-
aration of the blade suction surface boundary layer
and the subsequent formation of a blockage area in
the flow path, thus preventing any further deceleration
of the flow. With contour, this deceleration is now ac-
complished by suppressing separation and decreas-
ing blockage in the blade passage, resulting in the al-
tered suction surface Mach number distribtion.

Radial distributions of circumferentially averaged dif-
fusion factor are plotted in FIG 12. The diffusion factor
DF was derived according to

V2

AVy
Vi

(1) DF =(1 o

)+

where Vjis the stator inlet total velocity, V; is the stator
exit total velocity, AVj is the difference in circumferen-
tial velocity across the blade row and ¢ is the solidity,
e.g. the ratio of chord length to blade spacing.

The figure demonstrates how the design parame-
ter space, in this case the feasible range of stator
blade numbers, was extended by the possibility to
apply non-axisymmetric endwalls to the stator. For
the baseline design, the number of stator blades was
set to reach a limiting diffusion factor of about 0.50 at
blade mid height in order to enable acceptable stator
performance at the given aerodynamic environment.
Decreasing the solidity by reducing the number of
blades increases the diffusion factor even more. With-
out non-axisymmetric endwalls, this leads to massive
changes in the flow field and as a consequence, a
significantly altered radial distribution of diffusion fac-
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tor. Close to the casing, where the large separa-
tion zone described earlier is located, the diagram
shows a disproportionate increase in local aerody-
namic loading as a result of the low stator exit ve-
locity. While the high blockage near the casing leads
to a higher level of inlet velocity between about 10
% and 70 % of the blade height and therefore lower
loading, it becomes clear that overall, reducing the
number of blades without non-axisymmetric endwalls
increases the loading beyond levels that are manage-
able by 3D blade design methods alone. The high-
est level of diffusion factor seen in FIG 12 only re-
sults in an acceptable design once non-axisymmetric
endwall contours are introduced. Thus, it can be
concluded that non-axisymmetric endwalls allow the
aerodynamic designer to extend the range of diffusion
factor where blades can still operate with satisfying
performance.

5 CONCLUSIONS

It was demonstrated that application of non-
axisymmetric endwall contouring to the endwalls of
a highly loaded stator only leads to significant im-
provements in aerodynamic performance if a sepa-
ration zone of significant size is present in the con-
figuration without contour. Therefore, suppression of
near-wall separation zones is identified as the main
flow feature that can be controlled by this technol-
ogy. Furthermore, it was demonstrated how the non-
axisymmetric endwalls can be used as a means of
extending the design parameter space beyond the
range that is accessible by conventional 3D design
methods alone. The possibility to reduce the number
of stator blades while maintaining or increasing de-
sign speed efficiency would also lead to further bene-
fits in terms of weight and cost savings.
Further studies should include a more detailed anal-
ysis of the stall-suppressing mechanism of the end-
wall contours as well as alternative ways of using this
technology to improve the aerodynamic properties in
a high-pressure compressor environment. Finally, ex-
perimental validation of the findings of this numerical
study would help to understand the true potential that
non-axisymmetric endwall contours offer.
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