Proceedings of ASME Turbo Expo 2011
GT2011
June 6-10, 2011, Vancouver, British Columbia, Canada

GT2011-45858

A NEW APPROACH FOR COMPRESSOR ENDWALL CONTOURING

Alexander Hergt, Robert Meyer, Karsten Liesner, Eberhard Nicke
German Aerospace Center (DLR)
Institute of Propulsion Technology
Linder Hoehe
51147 Cologne, Germany
Email: alexander.hergt@dir.de

ABSTRACT

Against the background of the high development sta-
tus of modern axial compressors, a further performance
enhancement is linked with the extension of the design
space in the development process and the concentration
on the essential loss mechanisms in the compressor.

The performance of a compressor cascade is consider-
ably influenced by secondary flow effects in the near end-
wall region, since up to 50 percent (for low aspect ratio) of
the losses in the bladed channel of a turbomachinery are
linked to the endwalls. In this context the application of
non-axisymmetric profiled endwalls provides a potential
for compressor improvement.

The paper presents the detailed experimental and nu-
merical investigation of controlling the endwall cross flow
in a compressor cascade. The general approach is based
on a boundary layer fence arrangement, whose application
on the compressor endwall works as a non-axisymmetric
endwall contour. This non-axisymmetric endwall modifi-
cation constrains the interaction of the endwall cross flow
with the suction side boundary layer, thus the onset of the
corner separation is delayed and a significant loss reduc-
tion of 8 percent is achieved. The experiments were car-
ried out in a linear compressor cascade at the high-speed
cascade wind tunnel of the DLR in Berlin at peak efficiency
(design point) and off-design of the cascade at Mach num-
ber M = 0.67. Furthermore, high fidelity 3D-RANS flow
simulations were performed in order to analyze the com-
plex blade and endwall boundary layer interaction. The
combined consideration of experimental and numerical
flow pattern allows a detailed interpretation and descrip-
tion of the resulting flow phenomena.

NOMENCLATURE
Latin
b width
c profile chord length
h blade span, fence height
deHaller deHaller number = vy /vy
i incidence angle = $1-B1 Design
1 length
M Mach number
p pressure
Re Reynolds number based on chord length
t pitch
\Y velocity
X,y,z cartesian coordinates
Greek
B flow angle with respect to cascade front
€ cascade deflection angel = B1-52
w total pressure loss coefficient
= Pr,1P12/Pr1P1
Q static pressure ratio = py-p1/p1-p1
Subscripts
1 inlet plane
2 exit plane
ax axial
is isentropic
t total, stagnation value
Abbreviations

ADP aerodynamic design point

AVDR axial velocity density ratio
EF endwall-fence

MP1 measurement plane 1 (inlet)
MP2 measurement plane 2 (exit)
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INTRODUCTION

The Secondary flow phenomena in the endwall re-
gion of compressor blade cascades are well known and de-
scribed in detail since the early 1950°s [1], [2], [3], [4], [3],
[5], [6]. These secondary flow effects, in particular the in-
teraction of the endwall cross flow with the blade suction
side boundary layer and the resulting corner separation are
fundamentally limiting factors of compressor performance
and efficiency. Hence, a further improvement of compres-
sor efficiency is directly linked with the influencing of the
endwall cross flow and prevention of the corner separa-
tion.

In this context, the research is nowadays focused on
shaping three dimensional blades and non-axisymmetric
endwalls. The developed bowed blade design, as de-
scribed by Weingold et al. [7], [8], Lyes and Ginder [9] as
well as Fischer et al. [10] offers an opportunity to reduce
endwall losses by uploading the endwall blade corner re-
gion. In this process, the smooth passage of the cross flow
from the endwall towards the blade suction side is the fun-
damental effect which influences the cascade flow and pre-
vents the corner separation.

Concerning the development of non-axisymmetric
contoured endwalls Dorfner et al. [11], [12], [13] and Hergt
et al. [14], [15] [16] have recently shown that the applica-
tion of these endwall modifications can be very successful
in axial compressors in order to influence the endwall cross
flow. Their investigated endwall contour works as an aero-
dynamic separator, preventing the endwall cross flow from
interaction with the blade boundary layer. This method of
operation is comparable with the application of vortex gen-
erators on the endwall, which was investigated by Hergt et
al. [17], [6], [18].

Against this background the idea of the present work
was to develop a simple non-axisymmetric endwall modi-
fication using a boundary layer fence arrangement in order
to deflect the endwall cross flow downstream and prevent
its interaction with the blade suction side boundary layer.
Thereby the losses which are caused by the corner separa-
tion shall be reduced. In a study done by Rockenbach und
Brent [19] the application of a boundary layer fence on the
compressor endwall above the blade suction side was in-
vestigated. In this case, the minimum losses were shifted to
higher incidence angles and the deflection close to the end-
wall was reduced. Furthermore, this investigation shows
that the flow control effectiveness of boundary layer fences
depends on their number of items and arrangement on the
endwall. Furthermore, in previous studies, done by Meyer
et al. [20] and Liesner et al. [21], the possibility of loss re-
duction by boundary layer fences on the cascade endwall
was shown.

For this reason, the present investigation was started
with a parametric study in order to detect the depen-
dency of cascade losses on the number and arrangement
of boundary layer fences (endwall fences). Thereafter, the

fence configuration with the maximum cascade loss reduc-
tion was numerically and experimentally investigated in
detail. The outcome of this, provides a better understand-
ing of the correlation between the resulting flow structures
in the cascade endwall region and the achieved perfor-
mance enhancement. Finally, the results of the study give
an indication on how the compressor endwall could be
shaped to unload the cascade.

EXPERIMENTAL AND NUMERICAL SETUP

Baseline Linear Cascade The baseline configura-
tion is a high-speed compressor cascade consisting of 5
blades with a NACA-65 K48 profile. The blade profile as
well as the general design parameters of the cascade and
the test conditions at the aerodynamic design point (ADP)
are shown in Table 1.

The cascade blades have an aspect ratio of 1 which was
selected in order to emphasize secondary flow effects. Fur-
thermore, this value is typical for rear stages of high pres-
sure compressors. In addition, the cascade enables tests at
realistic flow conditions, e.g. Mach number, thus transfer-
ability to real turbomachines is possible to a certain extent.

The cascade measurements were carried out at cascade
design Mach number of 0.67. Based on the design inflow
angle (81 = 132 deg.) measurements at positive as well as
negative incidence angles (i = 2, 4, 6 deg. and -2, -4 deg.)
were performed in order to analyze the cascade behavior
over the operation range.

Table 1: NACA-65 K48 profile (top), cascade design parameters
and test conditions at ADP

Inlet Mach number M; =0.67
Inlet flow angle B =132°
Stagger angle Bst =1125°
Blade chord c =40 mm
Blade span h =40 mm
Blade aspect ratio h/c =

Pitch to chord ratio t/c =055

Incoming endwall
boundary layer thickness

absolute 1) =4 mm
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Endwall Fence Cascade For a variable endwall
fence (EF) arrangement both cascade endwalls were con-
structed with 8 slots as shown in Fig. 1. The pitchwise
distance between the slots amounts to y/t = 0.082 and the
axial length I ranges from x/c;x = 0.5 to X/ = 1 (trailing
edge position). The used endwall fences consist of sheet
metal plates with 0.1 mm thickness and are inserted in the
slots, thus their height h is variable by the insertion depth.
In addition, the leading edges of the fences are swept with
an angle of 45 deg. The parameters for the endwall fence
arrangement are defined in Fig. 2.

Endwall

Trailing edge

Endwall slots for
fence arragement

Number of slots: 8
Pitchwise distance

between the slots:
y/t = 0.082

Blade

Figure 1: Slot configuration on the cascade endwall

N

Endwall

Figure 2: Basic endwall fence parameters

Test Facility and Measurement Techniques The
experiments were carried out at the high-speed cascade

Air inlet Air outlet

m
\

Gear box  Silencer F|Iter Settling chamber

Cascade

Test section

Figure 3: High-speed cascade wind tunnel

Boundary layer
suction upper wall

Boundary layer
suction lower wall

Figure 4: Test section and cascade parameters

wind tunnel of DLR (Institute of Propulsion Technology)
in Berlin. The wind tunnel, as shown in Fig. 3, has
a rectangular cross section of 40 mm width and 90 mm
height at the exit nozzle (contraction ratio 1:218) of the
settling chamber. Thus, flow conditions of M; = 0.7 with
Re = 0.6 x 10° can be obtained [22]. The test section of the
wind tunnel with the attached cascade and the definition
of the cascade parameters is shown in Fig. 4.

For the tests the blade chord Reynolds number was
around 0.56 x 10 at M; = 0.66. The inflow Mach number
was determined at measurement plane 1 (MP1) by measur-
ing the static inlet pressure at this plane as well as the total
pressure and total temperature within the settling cham-
ber. Furthermore, the incoming endwall boundary layer
thickness at MP1 was also determined and amounts to
4 mm, which corresponds to about 20 percent of half span.

The total pressure distribution in the wake is mea-
sured with a wake rake placed 40 percent of chord length
¢ behind the trailing edge of the cascade blades consisting
of 26 pitot probes, which are equally distributed from end-
wall to endwall. In addition, the outflow angle is measured
at four blade height positions with a second rake consist-
ing of four Conrad probes, which are located at 0.087, 0.2,
0.325 and 0.45 z/h. Furthermore, the static pressure at
midspan was measured with the second rake and experi-
mental flow visualization by means of oil streak patterns
was performed in order to obtain a detailed description
and interpretation of the flow phenomena in the endwall
region. A detailed description of the measurement tech-
nique, data acquisition and analysis of the wake measure-
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ment at the high-speed cascade wind tunnel of DLR (In-
stitute of Propulsion Technology) is given by Liesner and
Meyer [23]

The estimation of the experimental accuracy yields a
uncertainty of £ 1.2 percent of the total pressure loss coef-
ficient and + 0.5 deg. of the outflow angle.

Numerical Approach For comparison with the ex-
perimental results and in order to analyze the flow phe-
nomena in the endwall region in detail, steady numeri-
cal simulations with DLR’s 3D-RANS flow solver TRACE,
including a k-w turbulence model, were carried out
at the aerodynamic design point of the datum cascade
and the EF cascade at the measured inflow conditions
(M; = 0.67, B1 = 132 deg.). Convergence massflow as
well as the global mean residue, which had to be less than
1x10~°, were considered. For both cascades a fine multi-
block grid with a OCH topology was used in order to suf-
ficiently resolve the blade and endwall boundary layer.
The grid of the datum cascade consists of nearly 1.3 mil-
lion nodes. For the simulation with the EF cascade a grid
of nearly 4.5 million nodes was constructed as shown in
Fig. 5, where the fences were shaped by small H-blocks
with a thickness of one cell. The panels of these blocks
were defined as viscous walls.

RESULTS AND DISCUSSION

Approach of endwall fence arrangement In the
first step of the study the correlation between the fence ar-
rangement and the cascade losses is identified by a varia-
tion of the fence number and height at ADP. In Tab. 2 the
different configurations of the endwall fences and the re-
sulting cascade losses w are listed. These results show that
for the EF configurations with 8 fences (max. number) of
equal height h the impact on cascade losses are marginal.

Nevertheless, the loss distribution is significantly in-
fluenced as exemplified in Fig. 6. This figure shows the

Table 2: Parameter and measurement results of the endwall
fence arrangement study at ADP

No. of fence  height h [mm] Loss w [-]
0 (datum) 0 0.097
1-8 04 0.096
1-8 0.7 0.095
1-8 1.0 0.096
1-8 2.0 0.096
1-8 3.0 0.095
1-8 4.0 0.096
1-4 4.0/3.0/2.0/1.0 0.094
1-6 4.0/3.0/2.0/1.0/0.7/0.4 0.089

H-blocks between a ‘ " ”W

I

|

H-block

C-block

Figure 5: Grid of the EF cascade
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Figure 6: Measured total pressure loss distribution at MP2 for
the datum cascade (left) and the EF cascade with 8
fences of height h = 4 mm (right)
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Figure 7: Optimal endwall fence arrangement

measured total pressure loss distribution for the datum
cascade and EF cascade with 8 fences of 4 mm height.
Three basic effects can be deduced from the comparison of
these results. The losses in the midspan region are reduced
(marked with I) and close to the endwall at relative pitch
positions from y/t = 0 to 0.2 (marked with II) and 0.8 to 1.0

Copyright © 2011 by ASME



the losses are increased. Furthermore, the loss wake is at
relative pitch y/t = 0.4 from the endwall to relative span
position z/h = 0.3 in a line, which leads to a more uniform
spanwise outflow angle distribution. The outcome of this
is, in the case of a multi-stage compressor, a more uniform
inflow condition to the next stage in the endwall region,
which is an important design criterion.

From these results the design of an optimal fence
arrangement can be extracted. The fence of height
h = 4 mm close to the blade suction side effectively influ-
ences the loss and outflow angle distribution. The fence
heights h have to be reduced with the increase of relative
pitch position, towards the blade pressure side of the ad-
jacent blade, otherwise they massively block the endwall
cross flow and produce high additional losses. Hence, an
optimal fence arrangement has staged fence height h as
shown in Fig. 7. A significant cascade loss reduction of
9 percent was achieved by this EF configuration. Subse-

Endwall
cross flow

Corner separation

Figure 8: Oil-flow visualization (top) and numerical streak lines
(bottom) on the endwall of the datum cascade at ADP

quently, this EF cascade is investigated in detail in order to
understand the effect on the endwall boundary layer be-
haviour, loss characteristics and cascade performance.

Endwall boundary layer behaviour Figure 8 and 9
show the oil-flow visualization and the numerical streak
lines on the endwall of the datum and EF cascade. For the
datum cascade the typical endwall cross flow is visible as
well as the corner separation in the rear part of the blade.
This separation is represented by the reverse flow in the
numerical streak lines and the congeries of the white oil in
the experimental flow visualization.

The topology of the endwall flow is significantly
changed for the EF cascade, since the cross flow is blocked
and downstream deflected by the fences. Between the
fences number 1 to 5 a conducted downstream flow is vis-

Reverse flow

Endwall fence

Cross flow Blade
deflection

Endwall
cross flow

Reverse flow

e Endwall fence

Figure 9: Oil-flow visualization (top) and numerical streak lines
(bottom) on the endwall of the optimal EF cascade at
ADP
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Figure 10: Simulated secondary flow vectors in a x-plane at
X/ cax = 0.95 of the datum (top) and EF cascade
(bottom) at ADDP, view direction is upstream

ible. Furthermore, between the blade and fence number 6
as well as between fences number 6 and 5 a reverse flow
with separation exists. These reverse flows are extended

Endwall

Cross flow Fence number 4

LE Blade suction side TE

Figure 11: Oil-flow visualization on blade suction side and
endwall of the EF cascade at ADP

behind the trailing edge of the cascade as shown in Fig. 9.
In addition to the flow visualization on the endwall
the secondary flow vectors in the x-plane at x/c;x = 0.95
shown in Fig. 10 clarify the impact of the endwall fences on
the passage vortex, whose existance results from the end-
wall cross flow. In this figure the separation of the passage
vortex from the endwall due to the staged endwall fence
arrangement is observable. At fences number 1 and 2 vor-
tices appear (fence vortex) with rotational sense in oppo-
site direction to the passage vortex. These vortices results
from the incoming cross flow to the fences on the endwall.

Furthermore, Fig. 10 (bottom) shows that the pitch-
wise extension of the passage vortex is reduced and its
interaction with the blade suction side boundary layer is
prevented, which results from the effect of fences number 1
and 2. The arrangement of these fences is the reason for the
significant loss reduction, because the achievable loss re-
duction is much lesser without these both fences as shown
by the results in Tab. 2 (second last line). In the case of
fence arrangement as described in the second last line in
Tab. 2 the endwall cross flow is not moved away from the
endwall but massively blocked by the fence number 3 of 1
mm height. For this reason additional losses occur.

The cross component of the flow decreases with the in-
creasing distance from the endwall, thus the fences num-
ber 4, 5 and 6 operate as blade profiles. Figure 11 shows
the oil flow visualisation on the endwall, the blade suction
side and the endwall fences. In this figure the reverse and
cross flow on the uppers side of the fences number 4, 5,
6 are observable. This behaviour is comparable with the
development of the original corner separation and result
from the pressure rise in the cascade.

Nevertheless, the corner separation has not dissa-
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Figure 12: Oil-flow visualization on blade suction side of the
datum (top) and EF cascade (bottom) at ADP
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Figure 13: Measured mass-flow averaged total pressure loss
distribution of the datum (left) and EF cascade (right)
at MP2, ADP

peared as shown in the oil flow visualization in Fig 12, but
the topology of the separation is significantly changed. The
extension of the separated area on the blade suction side is
reduced and the typical reverse flow does not occur, wich
leads to a reduction of the total pressure loss.

This described behaviour is reflected by the total pres-
sure loss distribution as shown in Fig. 13, where the posi-
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Figure 14: Measured spanwise distribution of pitchwise
averaged total pressure loss (left) and deflection
difference (right) at MP2, ADP and i = +4 deg.

tions of the fences are marked for the EF cascade. In the left
diagram the loss distribution behind the datum cascade
with the typical shape resulting from the secondary flow
in the cascade is diagramed. The rotational movement of
the passage vortex is represented by the arrow marked
with I and the resulting corner vortex, which rotates in
the opposite direction, is represented by the arrow num-
ber II. In comparison with the EF cascade it is noticeable
that the typical shape of the loss distribution is changed.
The loss wake is at relative pitch y/t = 0.5 from the end-
wall to relative span position z/h = 0.3 in a line. This indi-
cates that the original development of the passage vortex
(I) and the resulting corner vortex (II) is supressed by the
endwall fences, which leads to a more uniform spanwise
outflow angle distribution as shown in Fig. 14. The right
diagram shows the spanwise distribution of the pitchwise
averaged outflow angle of the datum and the EF cascade
at the ADP. For this operation point the outflow angle in
the midspan region (z/h = 0.3 to 0.5, marked with I) is
slightly influenced. In the spanwise region towards the
endwall (marked with II) the outflow angle is decreased,
which means an increase of deflection and a more uniform
outflow angle distribution.

Concerning the total pressure loss distribution in Fig.
13 it has further to be mentioned that the losses at midspan
region from z/h 0.3 to midspan (marked with I in Fig. 14)
are not influenced by the endwall fences. This behaviour is
also reflected by the loss curves in the left diagram of Fig.
14, which shows the spanwise distribution of the pitchwise
averaged total pressure loss of the datum and the EF cas-
cade at the ADP. In additon to that, the losses in the span-
wise region between z/h = 0.2 to 0.3 (marked with IT in Fig.
14) are reduced.

The most significant change in the loss distribution in
Fig. 13 and 14 is observable in the spanwise region be-
tween the endwall and z/h = 0.2 (marked with III in Fig.
14). The loss region is extended there in pitchwise direc-
tion (Fig. 13) but due to the loss region marked with IV,
where the loss intensity is decreased, the pitchwise aver-
aged losses are also reduced. The high loss region, marked
with III, results from the described fence vortices (fences
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number 1 and 2) and the high loss region, marked with
V, results from the separation between the blade suction
side and fences number 4, 5, 6 as already shown in Fig. 12
and 10.

The following step of the current study includes the
investigation of the loss characteristics and performance of
the EF cascade over their operation range.

Loss characteristics and cascade perfomance
Figure 15 shows the loss curve of the datum and the EF
cascade. In this figure it is noticeable that the character-
istic of the loss curve is significatly changed by the end-
wall fences. In addition to the loss reduction at the ADP,
the losses at negative incidence angle are also significantly
decreased. At positive incidence angles of 4 deg. and 6
deg. the losses are increased, thus the curve seems to be
turned. In order to assess this loss behaviour, the perfor-
mance data in terms of deflection, AVDR, deHaller number
and static pressure ratio at midspan have to be considered
as shown in Figure 16. In this figure the measured curves
at midspan of this performance data are diagramed and it
is visible, that the AVDR at negative incidence angle is only
marginally influenced, whereas at positive incidence angle
itis increased. This increase of the AVDR indicates that the
blockade in the cascade endwall region due to the endwall
fences also increases. For this reason the loss increase can
be traced back to an increase of additional loss production
by the endwall fences.

The increase of AVDR at positive incidence angles
leads to a reduction of blade loading at midspan, which
is reflected by the decrease of the 1-deHaller number as
well as the decrease of the static pressure rise. This be-
havior corresponds with the influence of the AVDR on de-
flection and static pressure rise described by Schreiber and
Starken [24].

At negative incidence angles an influence of the end-
wall fence arrangement on the cascade deflection is de-
tectable. In spite of unaffected AVDR and pressure rise the
deflection is increased. This considerably results from the
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Figure 15: Mass-flow averaged total pressure loss coefficient w
of the datum and EF cascade
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Figure 16: Deflection €, AVDR, 1-deHaller and static pressure
ratio () at midspan of the datum and EF cascade

significant loss reduction at these operation points.

CONCLUSION AND OUTLOOK

In summary;, it can be stated that the investigated end-
wall modification by a boundary layer fence arrangement
shows a significant influence on the endwall cross flow and
therby on the cascade loss distribution. The endwall cross
flow was blocked and deflected downstream, thereby pre-
venting the interaction of the cross flow with the suction
side blade boundary layer. This leads to a reduction of
the corner separation and a decrease of cascade losses at
the ADP of about 9 percent. Furthermore, a more uniform
spanwise outflow angle distribution was achieved.

These results of the investigation are considerably
caused by the staged arrangement of the fences, hence the
cross flow was moved away from the endwall and its ex-
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tension to the blade suction side was bounded. Moreover,
the fences with large heights produce additional losses due
to existing reverse flow between the fences as well as on
the endwall behind the fences. In future investigations the
endwall contour between the fences could be modified as
show in Fig. 17 in order to minimize the fence surface,
avoid such reverse flow and achieve further loss reduction.

Furthermore, from the resutls of this study a funda-
mental design criterion for endwall modifications can be
deduced. The aim of endwall modifications should be fo-
cused on the smooth deflection and guiding of the endwall
cross flow in order to delay or prevent its interaction with
the blade boundary layer.

Generally, the outcome of this study shows that end-
wall modification based on non-axisymmetric endwall
contouring and the use of flow control devices like bound-
ary layer fences offer the possibility to reduce secondary
flow losses and enhance the performance of compressor
cascades. Further studies should be focused on the im-
provement of the effectiveness of non-axisymmetric end-
wall modifications and their inclusion into the compressor
design process.
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