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ABSTRACT

The paper presents numerical and experimental results for
a low speed compressor cascade with bleed air removal at the
endwall. The aerofoil design is representative for a stator blade
in a modern high pressure compressor near the casing wall. Sec-
ondary air is commonly supplied by simple bleed geometries
downstream of stator rows. The focus of the present investi-
gation was the systematic development of a passage integrated
bleed configuration which, with the constraint of an invariable
bleed mass flow rate, provides advantageous effect on the main
flow and furthermore a high pressure recovery in the bleed flow.
Steady 3D RANS simulations were performed using the Spalart-
Allmaras turbulence model. In both, numerical simulations and
experiments, an improved performance was found. Beside re-
duced losses and increased pressure rise the wake flow down-
stream of the customized bleed geometry was found to be more
homogeneous with decreased deviations due to a favorable influ-
ence on the secondary flow.

NOMENCLATURE

Geometric and Flow quantities

o,B,i Flow angles

A Stagger angle

u Axial velocity ratio

&y Loss coefficient (§y = (pi1 — pr2)/q1)

cp Pressure coefficient (cp, = (px,y: — P1)/q1)
Ap/q Pressure recovery
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D Diffusion Number

o Boundary layer thickness

H Blade height

l Chord length

m Streamwise coordinate

t Pitch

p Static pressure

Dt Stagnation pressure

q Dynamic head

s Radial gap width

X, 0,2 Cascade coordinate system
Indices

1 Inlet plane (/3 upstream LE)

2 Measuring plane (//3 downstream TE)
Bleed Bleed (analysis plane)

Ref Reference

Abbreviations

RANS Reynolds-averaged Navier-Stokes
CDA Controlled Diffusion Airfoil
NACA National Advisory Committee for Aeronautics
VBP Vortex Bleed Port

SS Suction side

PS Pressure side

TE Trailing edge

LE Leading edge
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INTRODUCTION

The compression system has significant influence on weight
and efficiency of an aero-engine or gas turbine. Within the
last decade successive improvements in compressor aerodynam-
ics were accomplished. Especially high-capacity CFD tools al-
lowed to simulate and analyze complex flow phenomena within
research and the design process, Cumpsty [1].

Despite of all evolution, one of the inevitable loss sources
is the secondary air system of the gas generator. Commonly, the
bleed air decreases the overall efficiency depending on the re-
moved massflow rate and the pressure level accordingly the stage
number where it is removed from the core flow. In operational
engines the secondary air use reaches up to 30 percent of the core
massflow due to additional air demand for cabin climate con-
trol and deicing. Recent engine-concepts also need a secondary
air system which at least supplies high pressure fluid for turbine
cooling purposes. Beside proceeding improvements in cooling
effectiveness and concepts like cooled cooling air which promise
a further reduction of bleed air consumption, one important issue
is to advance the secondary air removal in the compressor stage.
Commonly for the customer bleed a high pressure recovery of
the bleed massflow and minimum interference to the main gas
path besides structural requirements are aspired.

In literature, much research work about the bleed air distri-
bution system downstream of the actual bleed port is published.
Bowman, Gomes and Schwarz [2] - [4] investigated principle
loss-mechanism in a secondary air system with the aim to im-
prove existing correlations by means of CFD simulations and
experiments of secondary components such as annulus plenum
and connecting pieces. Further work has been done about exper-
imental and numerical calibration of flow losses of bleed via slot
and hole arrays as they are commonly used for boundary layer
removal, Willis [5].

Leishman et al. [6] - [8] accomplished comprehensive stud-
ies about secondary air bleed in stator cascades. In [6] both ex-
perimental and numerical results for variable bleed through cir-
cular holes within the passage were introduced. They proved
that the pressure recovery highly depends on the position within
the passage. Secondary effects within the bleed cavity disturb
the primary flow especially for low bleed rates. The investi-
gated geometries were customized and added by ramp and slot
geometries to influence the secondary flow and loss behavior, [7]
and [8]. Here, the bleed configurations, which were dimensioned
for a broad massflow range up to ten percent with accordingly
large sectional areas, were afflicted with strong secondary flow
phenomena for low and medium bleed fractions, too.

Giimmer [9] used a bleed port configuration which will be
used as reference for present performance evaluation. This tai-
lored bleed port is characterized by an effective removal of a de-
veloped corner separation on the blade suction side adjacent to
the endwall. In Fig. 1 an overview of prescribed bleed port de-
signs and positions within the compressor passage is given.
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I Circular hole at rotated
positions, [6]

II | Ramped bleed port, [7]

III | State-of-the art bleed

via mid-row circ. hole, [10]

IV | Slot downstream row
with ramp, [8]

V | Reference bleed port, [9]

VI | Novel VBP port

FIGURE 1.

Bleed port designs and positions

DESIGN APPROACH

The design intention of the present work was to develop
a bleed port configuration which primarily has positive influ-
ence on the main flow in terms of loss coefficient and pressure
rise. Secondary a high pressure recovery of the bleed air was
requested. This should be accomplished by the definition of a
constant design bleed rate of three percent referred to the actual
passage flow amount. Moreover, preliminary numerical investi-
gations of bleed via sloped circular holes indicated an advantage
of an early extraction near the suction side surface. By means
of a continuous removal of the skewed endwall boundary layer
starting in the front section on the blade the development of the
typical cross passage flow can be essentially weakened. How-
ever, by positioning a bleed cavity that near to the suction peak
the strong pressure gradients amplify secondary flow phenom-
ena within the cavity itself. In other words, one general trend

FIGURE 2. Problem of negative bleed for passage integrated bleed
offtake
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of the bleed air is to maintain its flow direction (marked (I) in
Fig. 2) and concentrate the removal in the area (II) toward the
pressure side of the neighboring blade. Thereby a high risk of
low momentum flow leakage back into the passage in fields of
low pressure near the suction side surface (III) has to be beard.
The flow performance of the main passage is degenerated very
strongly by that negative bleed effect. Interestingly, this unfavor-
able effect for the core flow becomes even worse if one tries to
adapt the bleed geometry to the bleed flow by means of ramps
and radii. Nevertheless, the stagnation pressure loss and hence
the pressure recovery of the bleed air is continuously improved
by that.

A new approach was to take advantage of the principle of
a sub-merged NACA inlet, Frick [11]. Thereby a vortex pair
discharges fluid into the cavity leading to a high flow rate and
pressure recovery with low interference with the overlying main
flow. A geometry configuration with a curved sidewall and ramp
contour was designed according to required space limits in the
cascade. The bleed port was positioned to the local flow direc-
tion providing a continuous vortex formation by the sweep back
shape of the duct sidewall (See Fig. 9). Continued numerical
investigations evoluted to a single-edge contoured bleed port ge-
ometry adjacent to the blade suction side which will be presented
as the VBP (longitudinal vortex bleed port) in this paper.

NUMERICAL PROCEDURE

The 3D RANS simulations presented in this paper were per-
formed with NUMECAs FINE/Turbo”™ [12]. Therefore the cas-
cade was discretized by a multi-block (H-O-H topology) mesh
with approximately 3.6 million structured cells. For taking ad-
vantage of the multigrid method meshes with at least three grid
levels have been generated. The inlet and outlet boundaries
were situated one and a half chord length up- and downstream
of the blade respectively. Early simulations indicated that the
fluid removal at only one of the endwalls causes severe three-
dimensional effects in the low aspect ratio cascade. The occur-
rence of a complete corner stall at the opposing endwall for well
performing bleed configurations did not promise a practicable
flow evaluation. In contrast to a symmetric setup with air re-
moval on both endwalls a one-sided offtake meets the conditions
in the machine hence the redistribution effects are also from in-
terest. Finally a radial gap was appended at the opposite endwall
forming a tip leakage vortex which reacts less sensitive to flow
changes like axial velocity and incidence.

The bleedport cavities were meshed with up to 1.6 million
additional hexahedrals and linked to the main passage via non-
matching connections. This approach provided by the solver
environment allowed the investigations of different bleed ge-
ometries in combination with constant meshing of the main gas
path hence with accordingly low mesh sensitivity. For the non-
matching connections comprehensive interpolation work has to
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FIGURE 3. Mesh resolution in the bleed port environment

be done by the solver. To achieve good interpolation perfor-
mance, special care has been taken to the mesh quality in that
region, in particular with respect to cell expansion and width
ratio. For the meshes a dimensionless wall distance value of
y* & 5 was aspired. In Fig. 3 the standard resolution mesh is
shown. The solid boundaries at the VBP bleed port are visual-
ized by means of an iso surface for computed walldistance zero.
To assure the correct bleed flow ratio a fixed massflow boundary
condition at the passage inlet and bleed port outlet was applied.
Further, scaled spanwise velocity ratio distributions for the axial
velocity V,/V; and the pitchwise velocity V,,/V; which produce

FIGURE 4. Integration planes for the CFD studies
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the desired inlet angle B; and a collateral boundary layer with
the thickness 0 in the reference plane representative for the wind
tunnel was prescribed. For an enhanced numerical stability of
the bleed outlet an additional flow passage with decreased cross
section was appended downstream of the real bleed port geome-
try.

For the presented steady simulations the Spalart-Allmaras
turbulence model was applied. The spatial discretization used
was a 2" order upwind scheme for convective terms, and cen-
tral differencing for diffusion terms. The code solves the RANS
equations using an explicit time marching 4-step Runge-Kutta
procedure. Convergence is accelerated by means of local time
stepping, a full multigrid approach and implicit residual smooth-
ing. The progress of the simulations was monitored by means of
weighted and local density residuals. The computation work was
performed parallelized with up to eight processors.

Sensitivity of the numerical studies

To quantify the numerical uncertainties of the present flow
phenomena numerous sensitivity studies have been accom-
plished. Simulations were performed regarding both, refined
meshes up to 21 million cells respective half-sized cell width
and a mesh topology avoiding the non-matching connections for
a similar bleed configuration. Furthermore, other two-equation
turbulence models were tested. The corresponding results indi-
cate certain variations for the integral values. Up to 11 percent
higher pressure recovery and lower loss coefficients for both the
secondary air and the core flow were predicted by computations
with further refined meshes. The simulations with full-matching
connection between the bleed port and the passage generally
showed an intensified vortex formation hence improving perfor-
mance and stability. The variations due to turbulence modeling
indicated slightly declined coefficients for the two-equation tur-
bulence models. The observed flow phenomena and hence the
trends in comparison of the bleed configurations remained al-
most unchanged. Despite the investigated variations the VBP
bleed port remained superior to the reference persistently. Ac-
companying simulations with a modeled plenum box according
to the experimental setup showed no influence on the calculated
upstream cavity flow. Some of the sensitivity results are shown
in the appendix of the paper.

EXPERIMENTAL SETUP

The experiments were carried out in the low-speed cascade
wind tunnel for low aspect ratios at the Institute of Fluid Me-
chanics of the Technische Universitiat Braunschweig. The test
section has the dimensions of 200 mm x 500 mm and is shown in
Fig. 5, [13]. An array of five CDA profiled vanes with fixed
stagger angle and for the bleed configurations four secondary
air removal ports at one of the endwalls was investigated. The
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l 150 mm
t/l 0.65

H 200 mm
Bires | 48°(i=07)
Bores | 18°

W 65 m/s
W, 46 m/s
s/l 0.01

A 28.95

o 10 mm
D 0.456
% 3%

FIGURE 6. Cross sectional view of the reference bleed configuration
installed

cascade geometry and wind tunnel data is summarized in the ta-
ble within the figure. Periodic cascade flow was achieved by
boundary layer suction at the tailboards and monitored by using
the static pressure distribution in pitchwise direction in the in-
let plane. The boundary layers on the vertical test section walls
(endwalls) were not influenced. The boundary layer and the flow
angles at the inlet plane were measured during preliminary inves-
tigations. The boundary layer thickness was found to be almost
independent from the inlet angle and the maximum deviation be-
tween geometrically adjusted inlet angle and effective flow an-
gle was AB; < 0.2°. The flow quantities were measured with a
calibrated and 2D traversable mounted five-hole probe. The ac-
curacy of the measured data within this paper is for the angles
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FIGURE 7. Wind tunnel facility with pressure measurement equip-
ment installed

40.1% and for the pressures coefficients =1.5%, [13].

A modular design was used for the bleed rig so that dif-
ferent bleed geometries could be investigated easily. In the as-
sembly shown in Fig. 6 the blades were mounted at the same
endwall as the bleed port forming an undisturbed hub gap at the
opposite side required for flow stabilization. For the wind tunnel
model fillet radii and overrunnings were avoided where possible
to maintain the comparability to the numerical investigations of
the simplified linear cascade geometry. The mass flow was deter-
mined by a volume meter in combination with temperature and
pressure gauges and controlled by the rotational speed of the ra-
dial compressor in the secondary air system. The complete test
setup is shown in Fig. 7. The pressure recovery of the bleed
air flow was measured for each of the four treated passages by a
pressure tap inside the corresponding plenum box. The achieve-
ment of periodic flow for a low aspect ratio cascade with non-
symmetric fluid removal was found to be quite challenging so
that conformity of test section had to be checked persistingly by
pressure traverse measurement and oil-flow visualization cover-
ing all passages.

The surface pressure measurements included eleven pres-
sure taps within the VBP bleed port along the centerline of ramp
and pressure taps at the midsection blade. Therefore a gauging
blade was manufactured by stereolithography technique which
enabled the simultaneous measurement of up to 135 pressure taps
at the half-span facing the bleed port.

RESULTS

The presentation of results will begin with the description
of the flow phenomenology at both bleed configurations as it has
been predicted by the CFD calculations. If not otherwise speci-
fied the results shown in the paper are for the aerodynamic design
point at an inlet angle of B ,.; = 48° (i = 0°). In Fig. 8 a per-
spective view at the bleed ports and the corner between the blade
suction side and the endwall is given. The core flow leads from
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(a) VBP bleed port
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(b) Reference bleed port [9]

FIGURE 8. Flow topology at both bleed ports near the endwall,
RANS

lower left to upper right direction. Streamlines indicate the cap-
turing streamtube of the bleed air flow. One can observe that the
bleed flow at the VBP bleed port is quite straight and particularly
the low momentum flow adjacent to the endwall is discharged.
Despite a slight bleed amount which is spilled back into the pas-
sage (negative bleed) there is obviously no negative effect on the
passage flow as it is shown by the straight wall friction lines at
the blade and the endwall solids downstream of the bleed cavity.
In contrast to that, the reference bleed port looks conspicuously
inhomogeneous. This bleed geometry only partly removes the
fluid from a developed separation region (lucent greenish isosur-
face) at the blade corner. Additionally, a larger amount of bleed
air is spilled and again sucked by the cavity causing a displace-
ment of the core flow which is suspected to be a cause of the flow
separation at the blade itself. At the endwall downstream of the
bleedport the surface streamlines indicate a newly formed disad-
vantageous longitudinal vortex rotating in the same direction like
the secondary vortex.

The VBP principle which has been found to work well in
the compressor cascade shall be illustrated more detailed in Fig.
9. The main flow comes from the left while the blade surface
adjacent to the lower edge of the inlet is not shown. The ve-
locity component into the cavity (spanwise velocity v;) in four
planes perpendicular to the local streamwise direction is plotted.
Blue lines represent velocity values into the cavity as they are as-
pired for a homogeneous removal. The lucent bluish isosurfaces
indicate areas of axial backflow on the ramp and the sidewalls.
The volume streamlines demonstrate the strong vortex genera-
tion and its trajectory which enables the port to homogeneously
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axial backflow
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inlet egde /

inlet lip

Blade suction side contour

FIGURE 9. Flow topology within the VBP cavity, RANS

remove the bleed fluid from the main flowpath. Even though the
vortex breaks down in the rear part of the section the flow stays
attached to the ramp for a long distance which was an applicable
indicator for the operating state of the port. This will be analyzed
by means of pressure measurements later in the paper.

Wake plane measurements

The five-hole probe measurements form the base of the ex-
perimental bleed port investigations. In Fig. 10 and 11 the two-
dimensional distributions of the loss coefficient {y and the outlet
angle 3, are illustrated. The cascade configuration without bleed
(planar endwall) is placed at the top, the reference bleed port is
placed in the middle and the results for the tailored VBP port can
be found at the bottom. Likewise the numerical results are given
at the right. For each sub-plot the half of the passage adjacent
to the bleed side is shown. In the contour plots the blade suction
side is above the profile wake and the endwall is at the left. The
loss coefficient plot of the clean configuration shows the typical
wake of a corner separation at the blade suction side with the
corresponding pattern of over- and underturning in the deviation
plot. This is satisfactorily predicted by the CFD where the inten-
sity of secondary loss in the experiment is lightly increased. In
low-speed cascades, the development of the corner separation is
sensitive to endwall boundary layer properties as it was observed
for related investigations, [14].

For the reference bleed configuration the total pressure loss
could be decreased due to the partly extraction of fluid from
the corner separation. Nevertheless, the local maximum of to-
tal pressure loss adjacent to the endwall is displaced towards the
pressure side. The underturning at about 12 percent of the span
has been damped but the overturning adjacent to the endwall is
almost unchanged which is a result of the strong discharge near
to the trailing edge. Near the endwall at y/t = —0.15 a remark-
able turning beyond the axial direction (3, < 0) can be observed.
However, this is found to be unfavorable as it decreases the pres-
sure rise for the cascade and will be harmfull for downstream
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Loss coefficient | Bleed pressure
&/ &v.noBleed Ap/qBiced
No bleed 1.0 -
Reference port 0.49 (0.42) -0.07 (-0.07)
VBP port 0.40 (0.43) 0.16 (0.122)
TABLE 1. Global flow performance (0 < z/h < 0.5) for experiment

and CFD (in parenthesis)

blade rows in the machine. This overturning is complementary
to the vortex found in the wall streamlines in Fig. 8 (b).

The VBP bleed port leaves an improved wake pattern with-
out the described negative effect in deviation as seen for the ref-
erence configuration above. The flow appears almost two dimen-
sional near the endwall, hence demonstrating the success in sup-
pressing the secondary flow. The numerical results confirm the
positions of local maxima of losses with the restriction that the
corner separation is persistently underpredicted. Note that the
measurements start due to the diameter of the five-hole probe at
a certain distance to the endwall (z = 5 mm for reference and
z=2mm for the VBP port).

In Fig. 12 the pitchwise-averaged distributions for the loss
coefficient {y and the outlet angle 3, are plotted. The curves for
the loss coefficient confirm the observation from the planar dis-
tributions that the secondary losses were underpredicted by the
CFD. Otherwise the measured profile losses for z/H > 0.3 are
reduced due to the laminar part of the blade surface in the exper-
iment. While for the CFD data with bleed the vortex bleed port
indicates reduced losses only near to the sidewall it is superior to
the reference bleed port along the complete half-span in the ex-
periment. The pitchwise distributions of the outlet angle 3, are
plotted in the lower partfigure. At midspan the design outlet an-
gle B gey = 18° can be observed for the experimental data. For
CFD it is increased by approximately one degree because of the
fully turbulent approach. The devolution of the outlet angle with
deflections due to over- and underturning is predicted satisfacto-
rily. Both, numerical and experimental data show with a variation
of A, & 2° a quite homogeneous flow for the new vortex bleed
port. Considering the loss coefficient and the outlet angle dis-
tribution of the reference bleed port the measured characteristics
are remarkably decreased compared to the CFD prediction.

The relative variation of the integral values for the loss co-
efficient {y and the pressure recovery of the bleed air Ap/qpeca
are summarized in Table 1. The experimental and the numerical
loss coefficient values are given for the considered half passage
with bleed disregarding the tip vortex influence at the hub. Gen-
erally, the characteristics of the core flow could be significantly
improved by both bleed configurations. The total pressure loss
was reduced by up to 60 percent for the VBP port which im-
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Loss coefficient §y Outlet angle 3,

Clean configuration without bleed - experiment
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VBP bleed port - experiment
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0.05 9.10 0.16 0.21 0.26 0.31 0.37 0.42 0.47 0.52

FIGURE 10. Flow in the wake plane - measurement

plies a complete suppression of the secondary flow. The pressure
recovery of the bleed air is negative for the reference port, im-
plying reduced pressure in the secondary system compared to
the passage inlet. The VBP port recovers 16 percent of the inlet
dynamic head. In comparison, the pressure recovery of an sub-
merged NACA duct [11] for aircraft inlet purposes reaches up to
75 percent - but without having to deflect the removed flow by
Ao =70°.
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Outlet angle 3,

Loss coefficient {y
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Reference bleed port - CFD
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FIGURE 11. Flow in the wake plane - RANS

Oil flow visualizations

The wall-near flow phenomena for the configurations are
presented with the help of oil flow pictures and wall shear stress
lines for CFD. In figure 13 the full-span blade suction sides for
the three configurations are shown. The laminar separation bub-
ble at approximately 30% of chord length indicates the transition
location for the wind tunnel experiment. Towards the endwall
the laminar flow portion degenerates caused by the fully turbu-
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FIGURE 12. Pitchwise-averaged results for loss coefficient {y and
deviation angle 3,

lent endwall boundary layer. Related investigations using transi-
tion strips in the experiment revealed that the separation bubble
has no significant effect to the considered phenomena. The case
without bleed offers the characteristical flow picture for a mod-
erate corner separation of a low aspect ratio blade which affects
about 25 percent of the span. This is essential for the loss char-
acteristics of the investigated cascade.

The CFD calculations reflect the same flow topology with
the constraint that the transitional effects are neglected. For the
reference bleed port the corner flow region on the blade is de-
creased. A separation focal point has formed as it was predicted
by the RANS simulations. Additionally, along a broad part of
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Oil flow Skin-friction lines RANS

Clean configuration without bleed

Reference bleed port

VBP bleed port

FIGURE 13. Flow visualizations of the blade suction side

the span the streamlines shift to the offtake side which indicates
a strong redistribution within the passage. The flow at the VBP
port shows clear advantages as the secondary flow on the blade is
diminished to a very small corner with less cross-flow. At the op-
posite endwall the streamlines on the suction side are influenced
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"primary" NACA vortex zone
"secondary" vortex (counterrotating)

FIGURE 14. The wall-near flow topology within the VBP cavity

by the tip vortex indicating some remaining interaction between
both endwalls if bleed removal is present.

In Fig. 14 the flow at the VBP port is illustrated by sur-
face streamlines for the CFD data and an oil flow picture from
the wind tunnel. At the wetted solids in the cavity a com-
plex flow pattern of characteristic lines forms due to the three-
dimensional flow. Earlier in the paper the strong longitudinal
vortex was found to be important for the functionality of the duct
as it charges fluid into the cavity. The footprint of this so-called
primary NACA vortex is marked lucent red (I) in the upper part
of the figure. The induced swirl of the vortex becomes appar-
ent at the ramp surface in terms of streamlines which converge
respectively diverge to a pair of separation (SL) and attachment
lines (AL). After about 70% of the streamwise path along the
ramp the flow separates at another separation line which merges
in a focal point. The blue marked area (II) on the surface indi-
cates the existence of a secondary counterrotating vortex. For
well performing configurations this inferior vortex is located be-
low the utile primary vortex (see isolines for spanwise velocity
in Fig. 9) thus having no significant effect on the bleed offtake
mechanism. Due to several circumstances like the oil flow prop-
erties, accessibility and illumination no better photography of the
cavity which had to be taken during the wind tunnel run could be
accomplished. While the spiral point is well visible in the oil
flow picture, the correct devolution of all characteristic lines is
not completely apparent. But the picture does confirm the de-
velopment of the longitudinal vortex trajectory and its separation
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from the ramp surface. As additional verification of the bleed
port mechanism, further calculated surface streamline plots for
selected CFD studies are discussed in the appendix.

Surface pressure measurements

A further comparison of the numerical prediction and ex-
periments of both bleed configurations is performed by using
surface pressure data. In Fig. 15 the blade suction side pres-

o HIET T 7707 7 [ THE

-0.70 -0.66 -0.43 -0.29 -0.15 -0.02 0.12 0.26 0.39 0.53

FIGURE 15. Surface pressure distribution at the blade suction side

sure distributions for the VBP (left column) and the reference
bleed port (right column) are illustrated. Each sub-figure shows
a half-span blade with the bleed cavity at the left side. The flow
comes from below. The experimental plots are based on a data
point mesh consisting of five spanwise arranged rows each with
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15 chordwise pressure taps. Considering the left partfigures, one
can observe that the early starting offtake causes a surface pres-
sure distribution which has almost two dimensional properties.
The suction peak near the cavity is amplified due to the addi-
tional velocity of the longitudinal vortex.

The reference bleed port shows an unlike inhomogeneous
pattern in the pressure distribution. The gained pressure coeffi-
cients towards the trailing edge are slightly decreased. The bleed-
offtake at the rear part of the blade shifts the load downstream.
Considering the challenging wind tunnel boundary conditions,
the experiments confirm all the observed effects, providing fur-
ther confidence to the CFD results.

FIGURE 16. Pressure distribution along VBP ramp

In the next plot some of the results of the pressure tap mea-
surements along the centerline of the ramp are presented. This
complements the oil-flow pictures with quantitative data. In
Fig. 16 the streamwise pressure distribution of the CFD re-
sults (dashed lines) and measured values (approximated by a
solid spline curve) for design inlet angle 3; = 48° and off-design
i1 = +4° (color coding) is plotted. The data points start at ap-
proximately x/l = 2% and end at the axial position of the inlet
lip (x/! = 70%) with an deflection angle of oc = 40°. The flow
direction is hence from left to the right. Generally, the curves
start with a drop in pressure down to a local minimum which
results from the combination of the profile pressure distribution
and the additional velocities caused by the vortex. Further along
the ramp the pressure continuously levels off at the magnitude
representative for the cavity outlet. On this way a local flow sep-

aration is indicated by a sectional discontinuity in the pressure
coefficient. In the experiment the pressure minimum axial posi-
tion stays fixed at m’ = 32 mm for different cascade inlet angles
B1. Based on the fact that the profile suction peak travels down-
stream for increased incidence the vortex intensity maximum ap-
parently has been shifted downstream. This effect is unascertain-
able in the CFD curves where the generally increased pressure
minimum is traveling upstream with increased incidence. As the
blade pressure distribution for the experiment and RANS match
very well (shown for design inlet angle in Fig. 15) the vortex
intensity seems to be underpredicted by the CFD so that the suc-
tion peak of the blade pressure distribution is dominant. This
decreased vortex intensity is common for linear eddy-viscosity
turbulence models as they lead to exceeded damping of longi-
tudinal vortices. Nevertheless, the separation position along the
ramp is similarly predicted by RANS. Despite an increased sepa-
ration intensity in the experiment, the achieved pressure recovery
at the cavity outlet is in good agreement.

Pressure recovery characteristics
In Table 1 the bleed air pressure recovery values for design
inlet angle were already provided. Using Fig. 17, the offtake
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FIGURE 17. Pressure recovery for both bleed configurations for vari-
able incidence

behavior is discussed more detailed. The pressure recovery co-
efficient Ap/qgpjecq is plotted over the cascade incidence i. The
relative bleed massflow is kept constant at rige.q /1) = 3% for
every point. The filled symbols are measured pressures within
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the plenum box. For both bleed configurations the pressure in-
creases with throttling of the passage. The VBP port delivers
throughout higher pressures. For the VBP configuration addi-
tional data was available by means of the last pressure tap in
streamwise direction at the ramp which is shown by the hol-
low triangles. The offset between the triangles hence indicates
a constant additional pressure recovery within the plenum box
with Ac;, geeq = 0.075. Further the values predicted by CFD are
printed as thick solid lines based on three simulated inlet angles.
This calculated pressure coefficient represents a mass-averaged
value at the bleed analysis plane and yields results somewhere
between the pressure level at the ramp end and the plenum box.
Both, the level and the trend of pressure recovery could be pre-
dicted well.

CONCLUSIONS

In the paper a novel geometry for compressor secondary air
offtake has been introduced. The bleed design enables a smooth
discharge of endwall-near fluid hence reducing the cross flow
vortex in a compressor passage. The formation of a strong longi-
tudinal vortex within the cavity facilitates the fluid removal from
critical regions and reduces leakage back into the passage. Con-
sequently, the main flow could be further improved in terms of
loss coefficient and pressure rise compared to an already well
performing reference configuration. Despite the expected addi-
tional stagnation pressure loss due to the strong vortex formation
the bleed pressure recovery could also be enhanced. For a fixed
bleed rate of 3% the passage loss coefficient for the considered
half of the passage was reduced by more than 50% in comparison
to the configuration with planar endwall which implies a signifi-
cant reduction of the secondary loss for the cascade.

The comparison between experimental and numerical re-
sults overall pointed out a good agreement even if the accuracy
of some of the flow details and absolute values are in need of im-
provement. For the presented investigations, the numerical simu-
lations using the Spalart-Allmaras turbulence model were found
to be suited for design process dealing with the present complex
vortex flow.
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Appendix
Numerical sensitivities

In the following chapter some results of numerical sensitiv-
ity investigations are discussed. In Fig. 18 the wall streamlines
on the VBP ramp surface comparable to Fig.14 are shown. The

(a) Spalart-Allmaras

(b) SA refined mesh

(© k-g (d) k-0 SST

FIGURE 18. Surface streamlines on VBP ramp for different turbu-
lence models

partfigures (a) and (b) show the results for the Spalart-Allmaras
turbulence model for the reference mesh (a) and a globally’ re-
fined mesh (b) with halved cell width (21 million cells). In the
partfigures (c) and (d) the streamlines for the k-¢ by Chien and k-
@ SST turbulence model are plotted. In the first two partfigures
one can observe only little changes in the devolution of the char-
acteristic lines and the forming of the focal (I) and saddle (II)
point. Important for the cavity flow and hence the pressure re-
covery is the separation line transverse to the main flow direction

Tonly the half of the passage adjacent to the bleed port was refined due to
CPU and memory reasons

(III). Compared to the reference simulation (a) this separation is
shifted downstream for the refined mesh (b) and displaced up-
stream for the SST turbulence model (d). The k-¢& simulation (c)
shows the most extensive topology change as the primary vor-
tex zone is interrupted by a broader focal point. Furthermore the
separation line (III) and the saddle point (II) are not existing.

FIGURE 19. Sensitivities of pressure distribution along VBP ramp

The numerical sensitivities of the pressure distribution are
plotted in Fig. 19. For the different turbulence models within the
first m’ = 30 mm only slight variations of the pressure coefficient
and hence velocity distribution occur. The minimum pressure
which represents the vortex peak velocities are almost equal in
position and value within Ac, ~ 0.015. Only the refined mesh
shows clearly decreased pressure minimum and hence tends to
the measured data. As the wall streamline plots in Fig. 18
indicated a different separation behavior the pressure distribu-
tions in the rear part of the ramp show consistent variations.
The two-equation turbulence models predict an earlier starting
and stronger decay of the longitudinal vortex in terms of an in-
creased adverse pressure gradient dp/dm’ > 0 in combination
with a larger flow separation (see focal point for k-€). This re-
sults in a decreased pressure recovery at the end of the ramp. The
Spalart-Allmaras simulation on the refined mesh shows an in-
creased pressure recovery of Ac, = 0.07 as it has been mentioned
earlier in the paper. Considering the highly three-dimensional
cavity flow and limitations of the applied linear eddy-viscosity
models, the agreement of the predicted pressure distributions is
good.
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Finally the sensitivity of flow topology within the passage CFD Vortex bleed port
for both offtake configurations is discussed. In Fig. 20 the corner
flow between bleed port and trailing edge is visualized in terms of
surface streamlines. Further the spanwise velocity v, through the
bleed inlet area is plotted. At the vortex bleed port (partfigures
a-d) the flow at the endwall is subjected to only small changes
within topology near the trailing edge in terms of position and
development of a reattachment nodal point (b+c) or reattachment
focus (a+d). For the reference mesh with Spalart-Allmaras turbu- (a) VBP, Spalart-Allmaras (b) SA refined mesh
lence model only one separation line can be observed in the out-
flow direction. The flow separation at the endwall downstream
of the area with negative bleed (red contour values v, > 0) is
decreased for the SST simulation only. The two-equation tur-
bulence models indicate a further decrease of the corner separa-
tion on the blade which was already found to be underpredicted
by the Spalart-Allmaras turbulence model in comparison to the
measurement. Nevertheless, the wall-near flow is very similar
for all simulations.

For the reference bleed configuration (partfigures e-h) tur-
bulence model and mesh refinement show slightly increased in-
fluence. The extension and strength of the focal point on the
blade suction side slightly differs between the cases. At the end-
wall downstream of the trailing edge the unfavorable longitudinal
vortex is a little sensitive to the numerical parameters. The de-
tailed topology of the wall streamlines depends on the CFD setup
similarly to the VBP configuration. For the refined mesh (f) the
trailing edge vortex becomes apparent in terms of an additional (e) Reference bleed port, SA (f) SA refined mesh
attachment and separation line. The sub-figures (i)+(j) show the
accordant oil flow pictures for the wind tunnel experiment. The
three characteristic lines described above for the CFD results can
be found in the oil flow visualizations, too.

In summary, the largest sensitivity for both bleed config-
urations is given for the SST simulations what was confirmed
by the ramp pressure distribution and the passage flow pictures.

The simulation with strongly refined mesh in combination with

(c) VBP, k-¢ (d) VBP, k- SST
CFD Reference bleed port

Spallart-Allmaras shows a further improvement toward the mea- (2) Reference bleed port, k-& (h) Reference bleed port, k- SST
surement. Nevertheless, a general conclusion which turbulence
model is the most appropriate one for the present flow could not v,y I ] [ [
L. 40 -37-39-32-29 -27-24 22 -19-16-14-11 8 -6 -3 -1 2 § 7 10
be made. Altogether, the apparently moderate sensitivity of the
vortex within the cavity, the consistent pressure data on the ramp Oil flow visualization

and especially the low effect on the remaining secondary flow in
the passage are providing further confidence to the CFD results.
The reference mesh resolution (5.2 million cells) which should
be near the actual limit for a multi-row simulation is found to be
sufficient.

(i) VBP (j) Reference bleed port

FIGURE 20. Surface streamlines and radial velocity distribution for
both bleed configurations for different turbulence models
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