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ABSTRACT

A novel sector test rig has been used to evaluate a new
airfoil concept for multistage radial compressors. The test rig is
supported by a blow-down facility where the operation
conditions are adjusted by controlling mass flow, pressure and
temperature. At inlet to the sector test rig itself a set of
adjustable inlet guide vanes provide the test vanes with the
correct inlet three-dimensional flow-field.

The rig is equipped with instrumentation to allow a
detailed description of the inlet and outlet conditions, as well as
the blade pressure loading. This rig, using rapid prototyped
vanes, allows design candidates to be screened quickly and is
ideal for conducting an experimental investigation of a design
space using a Design-of-Experiments approach.

In this paper the rationale for the sector approach is
described, the design of the test rig with 3D-CFD methods is
outlined and a detailed validation of the rig is presented. For
the vane in question detailed investigations of different
operation points close to stall are reported, blade pressures and
inlet and exit flow profiles are given. Where applicable,
measurement data from the sector rig was compared to 3D-
CFD calculations of the full annulus multistage configuration,
to 3D-CFD calculations of the sector rig itself and to the test
results from a 1.5-stage rotating test rig. The measurement data
are compared to the CFD predictions and served as a
calibration basis for the design tools.
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NOMENCLATURE

Symbols

c Chord length at mid-span [m]
D Rotor outer diameter [m]

m Mass-flow [kg/s]

u Molecular viscosity [kg/ms]
) Flow coefficient [-]

P Pressure [N/m?]

R Gas constant [J/(kg K)]

Re Reynolds number [pvc/u]

p Density [kg/m®]

T Temperature [°K]

Theta  Angular coordinate [°]

U Rotor speed at outer diameter D [m/s]
v Velocity [m/s]

Subscripts

S Static quantity

0 Stagnation quantity
INTRODUCTION

In the design of industrial multistage centrifugal
compressors it is sometimes desirable to redesign the stator
parts without altering the impeller. Testing these designs in a
full rotating test is both an expensive and time-consuming
process requiring the commitment of significant resources. It
would thus be advantageous to have an inexpensive and
flexible test rig that could be used to screen different return
channel vane designs prior to a final validation test in a rotating

rig.
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In the field of axial turbomachinery linear cascades have
been used to facilitate high fidelity measurements in a
simplified environment thus providing valuable information on
blade performance. These test rigs are relatively inexpensive
and simple to construct/operate requiring only a wind tunnel as
supporting infrastructure. Whilst the cascade approach fails to
capture some of the important flow phenomena, such as
unsteadiness from the upstream impeller, adaptations have been
made to counter these shortcomings [1].

The need for an inexpensive test rig for the screening of
vane designs and the observation of the usefulness of axial
turbomachinery cascades lead to the development of a “sector
test rig” for the testing of radial compressor stator vanes. This
rig, via the use of a novel inlet design and a set of preswirl
vanes, provides the correct flow angle profile to the return
channel vane in a test rig that can be attached to a suitable blow
down test facility.

The development and commissioning of the sector test rig
has been introduced in a previous paper [2] in which the design
objectives were summarised as follows:

1. The vanes and flow channel should not be scaled
geometrically. This is to facilitate a one-to-one comparison
to the expected operating conditions. Further, a reduction
of the dimensions of the flow channel would potentially
impact on the practicality of detailed measurements.

2. The rig should be constructed such that the vanes can be
readily interchanged.

3. It should be possible to utilise the test section with a range
of blow-down test facilities.

4. The operating condition should be variable to allow
experiments at different flow coefficients to be conducted.

5. The test rig should be designed to allow a range of high-
resolution measurement techniques to be applied at a
variety of locations.

6. The turbulence conditions at the inlet to the test section
should be adjustable in order to facilitate investigations of
the influence of turbulence. This is in recognition of the
controversy that surrounds the effect of turbulence in the
inflow, [3].

In this paper the sector test rig, the test facility and the
commissioning will be briefly summarized. The discussion will
then consider a range of results from the rig in greater detail.
These will include experiments at low flow coefficients and the
impact of surface roughness on performance.

SUPPORTING INFRASTRUCTURE

One of the blow-down facilities available at GE Global
Research Munich, described in more detail in [2], has been
used to provide a carefully controlled flow for the sector test
rig. Mass-flow, pressure and temperature are controlled and are
variable on the ranges indicated in table 1.

Flow Parameter Range
Mass-flow 0-900 g/s
Pressure 0-9 Bar
Temperature 0-120 °C

Table 1: Flow parameters for the blow-down test
facility used to supply the sector test rig.

Mass-flow measurements were conducted with vortex type
mass-flow controllers attached to the blow-down facility.
Accuracies, varying with mass-flow, were of the order of
+0.5% for the flows typically set for the sector test rig.

The inlet included several components to ensure the sector
test rig received a well-conditioned inlet flow. These included a
diffuser, a flow straightening section and a metal gauze. The
gauze was included to set the turbulence intensity at the inlet of
the test section. An exhaust duct connected the exit of the
sector test rig to the throttle system.

ROLE |IN
STRATEGY

In an investigation by the same authors that has been
reported in a separate paper, [4], an attempt has been made to
reduce the outer radius (i.e. arrive at a reduced radius design)
of a stage for a multistage centrifugal compressor. The radius
reduction is measured in terms of a “diffusion ratio” which is
defined as the ratio of the outer radius of the vaneless diffuser
to the inner radius. The “baseline design” had a diffusion ratio
of 1.45 (redesigns were attempted with diffusion ratios of 1.30
and 1.19). Schematics of multistage radial compressor stator
parts illustrating different diffusion ratios are illustrated in Fig.

L LA

1.45 1.30 1.19

OVERALL STAGE DEVELOPMENT

Figure 1. Three schematics of the flow path of a
centrifugal compressor stage. The number under
each schematic corresponds to diffusion ratio.
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The overall design objective was to achieve the radius
reductions without penalizing efficiency or operating range.
This was achieved. In terms of the reduced radius effort the
role of the sector test rig is to allow elements of the off-design
performance of the stator vanes to be understood such that the
operating range of the reduced radius design could be extended
to lower flow coefficients. Thus, the experiments reported in
this paper will focus on operating points at lower mass flows
than that corresponding to design.

THE SECTOR TEST RIG

This section will present a description of the test rig and
instrumentation discussed in this paper and includes some
insights into the design process. The interested reader is
pointed to [2] for more details. Figure 2 shows a schematic of
the flow path of a centrifugal compressor stage highlighting
key components. From this point on this stage will be referred
to as the “design configuration”.

The sector test rig was designed as a 90-degree sector of
the return channel of the design configuration. A schematic
(front and axial view) is shown in Fig. 3. Photographs (front
and approximately axial view) are shown in Fig. 4. A carefully
designed inlet and set of guide vanes effectively mimicked the
impeller, diffuser and bend. From this point on these guide
vanes will be referred to as “preswirl vanes” and the section
around it will be referred to as the “preswirl section”. The inlet
and the preswirl vanes were designed to produce flow profiles
at the exit of the preswirl section that matched numerical
predictions at the entrance to the return channel of the design
configuration. It should be noted that both the preswirl and the
deswirl vanes are three-dimensional airfoils.

In a typical full annulus test a “pseudo stage”, [4], is used
to mimic the effect of an upstream stage (apart from
unsteadiness). The pseudo-stage consists of a set of pre-swirl
vanes (preswirler) followed by a scaled version of a return
channel (deswirler), typically corresponding to the return
channel of the test stage. The inlet of the sector test rig
presented a significant design issue due to the bend
downstream of the diffuser. The radial pressure distribution
attributable to the bend leads to a substantial divergence of
flow angle, of the order of 40°, between the hub and the
shroud. This renders a preswirl configuration in the form of a
traditional pseudo stage (configuration (a) in Fig. 5) impractical
as it yields streamlines across the bend that, due to their
divergent nature (they would have to intersect numerous
vanes), are impossible to follow using sidewalls. In order to
address this issue, a number of alternative configurations were
studied, all with the preswirl vanes located downstream of a
potential bend. The configurations studied are illustrated in Fig.
5. It was concluded that only the configuration with the reverse
inlet and a half bend (Fig. 5 configuration (f)) generated the
desired spanwise flow profiles at the inlet to the deswirl
section. For more details please consult [2].

Bend

Vaneless Diffuser t/
{ = ‘

\
| Return Channel
with Stator Vane

Impeller

Inlet Flow

Figure 2: Schematic of the flow path of a centrifugal
compressor stage.

Inlet Plane

Left Sidewall

Inlet

Preswirl Section

— Span

Traverse Plane 1

Deswirl Section

Left Middle Right
Deswirl Vane

Exit

Traverse Plane 2

Figure 3: Schematic of the sector test rig (axial and
front view). Traverse plane locations are marked in
red. Coordinate directions are marked in blue.

Figure 4: Photographs of the sector test rig (axial
and front view). Red arrows indicate flow direction.
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Figure 5: Pre-swirl configurations investigated in this
study: (@) traditional pseudo stage, (b) radial inlet, (c)
full bend left, (d) half bend left with constant width, (e)

half bend left with constant area, (f) half bend right
with changing width and area.

A numerical DOE employing 3D-CFD predictions
was utilized to determine the optimal geometry for the vanes
for three separate flow coefficients. The endwalls of the
preswirl section are slightly divergent from inlet to the deswirl
section. This is in order to decelerate the flow in the radial
direction and thus achieve the required turning. The sidewalls
of the preswirl section of the sector test rig consisted of two
“half-vanes” of the preswirl vanes corresponding to the 80%
operating point.

The inlet is instrumented with a combination of
thermocouples and RTD’s (upstream of the gauze, accuracy
better than +0.5°C), nine circumferentially distributed static
pressure taps on the shroud and nine kiel probes at mid-span
(upstream of the preswirl vanes). In all cases pressure
measurements were acquired using a combination of 5psid
differential pressure transducers (accuracy of +0.05%) and
2Bar absolute pressure transducers (accuracy of +0.3%). A
radial port at the same location facilitates hotwire
measurements. A traverse slot downstream of the preswirl
vanes, shown in Fig. 3 (marked in red), facilitated the
determination of flow profiles at this location. Traversing was
performed on a 12x30 measurement grid covering a little over
one pitch.

The design configuration has 16 vanes in the return
channel. The return channel portion of the sector test rig,
referred to as the “deswirl section”, has three whole vanes and
two “half” vanes making up the side-walls (i.e. defining the
limit of the section). These three whole vanes will be referred
to as “deswirl vanes” from this point on and are identical in
geometry to those from the design configuration. The hub and
shroud walls of the sector test rig were designed such that the
preswirl and deswirl vanes were both readily interchangeable.

In the region between the preswirl vanes and the deswirl
vanes the sidewalls were shaped to follow the predicted
streamlines between the two vanes. This was done in order to
achieve optimum periodicity among the flow channels. It is
important to note that while the preswirl and deswirl vanes in
the flow path are exchangeable (as well as the endwalls in the
deswirl section), the sidewalls of the present sector test rig are
not adjustable. In order to achieve optimum periodicity,
different operating points would clearly merit the
implementation of adjustable sidewalls (relatively straight

forward). A careful CFD based optimization produced a
reasonable compromise of sidewall design that did not justify
the added complexity of a design with variable sidewalls.

The value of Reynolds number (Re) at the leading edge of
the deswirl vane was 1.2x10° (at the controlled operating
conditions corresponding to 80% mass-flow) and tests were
conducted with an exit stagnation pressure of 1.4Bar. The
deswirl vanes were equipped with static pressure taps for the
measurement of static pressure profiles. The middle deswirl
vane, see Fig. 3, was equipped with static pressure taps at 20%,
50% and 80% span on the suction surface and at 50% span on
the pressure surface. The left and right deswirl vanes (labeled
in Fig. 3) were equipped with taps at 50% span on both the
suction and pressure surface. A traverse slot downstream of the
deswirl vanes facilitated traverse measurements. A 12x30
measurement grid was used at this location and covered
approximately two pitches.

NUMERICAL METHODS

Two separate CFD codes were used throughout the
investigations discussed in this paper:

1. Ansys-CFX 11, a commercial CFD package,

2. and an structured grid non-linear Navier-Stokes solver

(developed in-house for turbomachinery applications).

During the design phase two approaches were used to
discretize the geometry. In the initial phase the vane shapes
were developed by using fully periodic boundary conditions for
the modeling of the flow channels. The mesh was generated
using an in-house mesh generator (structured grid, 1.3 million
cells).

In the second phase the full sector test rig was modeled
(four flow channels, no slip condition at sidewalls). This was
for design of the sidewalls and verification of the flow
characteristics. This study was carried out using Ansys-CFX 11
with a structured grid consisting of 5.8 million cells. The grid
resolution at the wall surfaces, in terms of the dimensionless
wall distance, was of the order of y+=1. Wall integration was
used to compute wall shear stresses and turbulence effects were
approximated using the k- model.

The boundary conditions utilized in both cases were fixed
total pressure, temperature and turbulence properties at the inlet
to the transition duct and fixed mass-flow at the exit of the test

rig.

RESULTS AT 80% DESIGN FLOW COEFFICIENT

This section will consider measurements and numerical
predictions corresponding to the key sections of interest
throughout the test rig for the 80% design flow coefficient case.
In all of the plots the hub lies at 0% span and the shroud lies at
100% span. All numerical predictions regarding the sector test
rig itself reported in the remainder of this paper have been
performed using Ansys CFX-11 using the geometry shown in
Fig. 3. This allows a one-to-one comparison between the
measurements from the sector test rig and the numerical
predictions.
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Inlet

The inlet pressure profiles, as a function of circumferential
angle theta, are shown in Fig. 6. These profiles are taken using
the kiel and static pressure taps available at inlet to the test
section as discussed in the section titled “The Sector Test Rig”.
The stagnation pressure measurements indicate a uniform inlet.
It should be noted that the measurement plane at inlet is close
to the leading edge of the preswirl vanes. The agreement
between the static pressure measurements and the CFD
prediction at this location is generally satisfactory with the
influence of the potential fields due to the downstream preswirl
vanes clearly evident. The slant of the profiles is believed to be
attributable to the asymmetry of the test rig caused by the
influence of the sidewalls. The turbulence intensity and integral
length scale were measured at inlet and found to be 3.4% and
1.2mm respectively.

90

80 A

70 A

60 -

50 1
® Experimental Data
— CFD Prediction

40 1

Theta[°]

30 A

20 A

10 1

0 T T T T T
0.990 0.992 0.994 0.996 0.998 1.000 1.002

Ps / PO,lnlet average PD / PO‘lnIet average

Figure 6: Circumferential inlet profiles of stagnation
and static pressure from the sector test rig at 80%
design flow coefficient (inlet plane). Stagnation
pressure measurements are taken at mid-span, static
pressure measurements at the shroud. Numerical
predictions were performed using Ansys-CFX11.

Downstream of the Preswirl Vanes

Having considered the inlet to the test rig it is now
appropriate to consider flow profiles at inlet to and exit from
the deswirl vanes. It should be noted that all measurements and
predictions concerning the sector test rig presented in this
paper, with the exception of Fig. 5, are limited to the region
around the middle preswirl or deswirl vane (1 pitch), where
good symmetry has been established (discussed later).

Figure 7(a) presents contour plots whilst Fig. 7(b)
illustrates area-averaged pressure profiles from traverse
measurements and numerical predictions downstream of the
preswirl vanes. As such, these profiles represent the inlet
condition to the deswirl vanes. The contours appear
qualitatively similar whilst the averaged profiles are generally
in reasonable agreement. The stagnation pressure is in good

agreement across the majority of the span with a deviation
visible at the hub. There is a slight offset in terms of static
pressure that is attributable to a slight deviation in yaw angles
between the predictions and the measurements. This will be
shown later.

30 35 40 45 50
Theta [degrees]|

30 35 40 . 45 50
Theta [degrees]|

Figure 7(a): Sector test rig contour plots of measured
(top) and predicted (bottom) stagnation pressure
downstream of the middle preswirl vane (traverse
plane 1) at 80% design flow coefficient. Numerical
predictions were performed using Ansys-CFX11.
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Figure 7(b): Sector test rig circumferentially area
averaged profiles of stagnation pressure and static
pressure downstream of the middle preswirl vane
(traverse plane 1). Numerical predictions were
performed using Ansys-CFX11.

Figure 8(a) illustrates the measured and predicted (pre-
measurement) contours of yaw angle. It is noted that there is
reasonable agreement between the two plots. The
corresponding circumferentially area averaged spanwise
profiles of yaw angle are shown in Fig. 8(b). In this case the
agreement is good across the majority of the span (within the
+0.5° measurement error), however, a significant deviation is
seen in the outer 30% of the span (towards the shroud). This
deviation will be discussed in greater detail later.
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Figure 9(b) illustrates the numerical predictions and the
- measurements for the static pressure profiles of the middle vane
at three spanwise positions. It should be noted that
measurements are only available on the pressure side at 50%

at span. There is generally good agreement between the two sets

0 B 0 5 a0 Al of prOﬁIeS'
Theta [degrees] Figure  9(c) presents two  distinct sets of
measurement/numerical prediction comparisons. First, the
0y i static pressure profiles from the measurements and the
£05 7 numerical predictions (using ANSYS-CFX 11) are overlaid.
& 04 " Second, the measurements from full annulus rotating rig test
02 and CFD predictions from the in-house design code are

30 £ 0 5 &0 = overlaid.

Theta [degrees]

Figure 8(a): Sector test rig contour plots of measured 3
(top) and predicted (bottom) yaw angle downstream &
of the middle preswirl vane (traverse plane 1) at 80% ; O] %% % o e,
design flow coefficient. Numerical predictions € 10 o n
performed using Ansys-CFX11. = I "
£ .15 4 o PS LeftVane
& " e PS Middle Vane
& -20 4 m SS Middle Vane
'c'l O SS Right Vane
100 O 25 T T T T
0 20 40 60 80 100
80 - ® Experimental Data Chord [%]
— Predicted CFD ...o.

60 1

Figure 9(a): Sector test rig static pressure profiles at
mid-span for deswirl vanes at 80% design flow
coefficient. PS = Pressure Surface, SS = Suction
Surface.
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Flow Angle [°] 5

Figure 8(b): Sector test rig circumferentially area
averaged profiles of yaw angle downstream of the
middle preswirl vane (traverse plane 1). Numerical

predictions using Ansys-CFX11. 10

Span Test
20% ®m

-15

(ps - ps,in\el) /(PO.inIet - ps.inlet)

Next, static pressure distributions from the deswirl vanes

A . . W -20 50% © —
of the sector test rig and a corresponding stator vane in a full I 80% ¢ —
annulus rotating machine are considered. Figure 9(a) illustrates -25 : : : :
the measured static pressure distribution of the deswirl vanes at 0 20 40 60 80 100
Chord [%]

mid-chord and the periodicity of the two flow channels around
the middle vane. Note that only the pressure surface of the left
vane and the suction surface of the right vane are plotted. There
is clearly reasonable agreement between the static pressure
profiles, indicating good symmetry within the two flow
channels (left and right of the deswirl vane) at the center of the
deswirl section.

Figure 9(b): Sector test rig measurements and
predictions of static pressure distributions of the
middle deswirl vane at 20%, 50% and 80% span.
Numerical predictions performed using Ansys-CFX11.
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Figure 9(c): Measurements and predictions of static
pressure of the middle deswirl vane in the sector test
rig and of a stator vane of the full annulus rotating
machine at 50% span, respectively. Full-annulus
numerical predictions were performed using the in-
house CFD code. Sector test rig numerical
predictions was performed using Ansys-CFX11.

The deviation between the two sets of results (i.e. from the
sector test rig and the full annulus rig) is caused by a difference
in the boundary conditions between the two. The sector test rig
was designed wusing pre-test (full annulus) numerical
predictions of impeller exit velocity and yaw angle profile. It
was found later on the basis of a rotating rig test that there was
a reasonable disagreement between the assumed profiles and
the measured profiles. More information regarding this subject
can be found in [4].

Downstream of the Deswirl Vanes

At 80% of the design mass flow the return channel as
operated in the steady environment of the sector test rig
experiences a highly separated flow along the return channel
vane, making it a particularly challenging environment to
produce good agreement between numerical predictions and
measurements. Improving this agreement is the objective of an
ongoing study, therefore, only preliminary results are presented
here. Early results from this study confirm that the return
channel/deswirl vane is highly sensitive to the inlet condition at
this mass flow and thus the deviation seen between the
measurements and the numerical predictions downstream of the
preswirl vanes (see previous section) is critical.

Figure 10(a), (b) and (c) illustrate the predicted and
measured circumferentially mass averaged spanwise profiles of
pressure, yaw angle and axial Mach number downstream of the
deswirl vanes in the sector test rig respectively. In the case of
the pressure (non-dimensionalized by the inlet stagnation
pressure), the measurements and numerical profiles are in fair
agreement with the hub section resolved quite well. There is
however a slight offset between the measurement and
numerical data towards the shroud.

Figure 10(b) shows the yaw angle as a function of span
with measurements plotted alongside CFD predictions of the
entire test rig and predictions of the rotating stage calculation.
Considering first the measurements and numerical predictions
of the test rig itself it is apparent that whilst the general “wave-
like” trend in the profile is captured the CFD predicted profile
appears exaggerated when contrasted with the measurements.
The rotating test prediction is included to show the impact of
the inlet boundary conditions on the flowfield downstream of
the vane. As one might expect, [5], the flow conditions at the
exit of the deswirl vanes are highly sensitive to the conditions
at the inlet to the deswirl vanes. This emphasizes that accurate
prediction of the flow condition at the leading edge of the
present highly separated return channel vane is essential to
obtaining good predictions at the deswirl exit.

For completeness Fig. 10(c) shows measurements and
predictions of axial Mach number as a function of span. The
agreement is again fair considering the challenge associated
with predicting highly separated flows and the sensitivity of the
predicted flow at the stage exit to the predicted inlet conditions
at the deswirl section.

100

® Experimental Data

80 1 — Predicted CFD
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40 -
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3 !
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Figure 10(a): Mass averaged pressure profiles
downstream of the middle deswirl vane (traverse
plane 2) from measurements and numerical
predictions. Numerical predictions performed using
Ansys-CFX11.
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Figure 10(b): Mass averaged flow angle profiles
downstream of the middle deswirl vanes (traverse
plane 2) from measurements and numerical
predictions. Numerical predictions of the sector test
rig (labeled predicted CFD) were performed using
Ansys-CFX11. The rotating stage numerical
predictions were conducted using the in-house
design code.
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Figure 10(c): Mass averaged flow angle profiles
downstream of the middle deswirl vanes (traverse
plane 2) from measurements and numerical
predictions. Numerical predictions performed using
Ansys-CFX11.

RESULTS AT 70% DESIGN FLOW COEFFICIENT

This section will consider measurements and numerical
predictions downstream of the preswirl vanes and downstream
of the deswirl vanes for the configuration corresponding to
70% design flow coefficient. This was achieved by adjusting
the conditions at the inlet to the test rig and by exchanging the
preswirl vanes in the sector test rig with a new set of vanes that
was designed to deliver yaw angle and velocity distributions
corresponding to the 70% operating point in the rotating test
configuration. In all of the plots the hub lies at 0% span and the
shroud lies at 100% span.
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Figure 11(a): Spanwise mass averaged profiles of
pressure downstream of the preswirl vanes (traverse
plane 1) at 70% of the design flow coefficient.
Numerical predictions performed using Ansys-CFX11.
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Figure 11(b): Spanwise mass averaged profiles of
flow angle downstream of the middle preswirl vane
(traverse plane 1) at 70% of the design flow
coefficient. Numerical predictions performed using
Ansys-CFX11.

Figure 11  illustrates measured and predicted
circumferentially mass averaged spanwise profiles of total and
static pressure (Fig. 11(a)) as well as yaw angle (Fig. 11(b))
downstream of the preswirl vanes. The agreement between
measurements and predictions is found to be good for both total
and static pressure. The measured yaw angles agree
qualitatively well with the desired (=predicted) distribution.
Deviations between measurements and predictions are within
measurement uncertainties across a large part of the span,
however, similar to the 80% configuration, significant under
prediction by CFD can be observed towards the shroud.
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Figure 12 plots the measured and predicted static pressure
distribution at mid-span as a function of chord for the deswirl
vane at 70% of the design flow coefficient. There is
qualitatively good agreement between the measurements and
the numerical predictions. The slight offset between the two
sets of data, which is somewhat larger than the 80% case, is
believed to be attributable to the difference in the inlet yaw
angle.
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Figure 12: Measurements and predictions of static
pressure profiles at mid-span for the sector test rig
deswirl vanes at 70% design flow coefficient.
Numerical predictions performed using Ansys-CFX11.

THE EFFECT OF SURFACE FINISH

In order to investigate the effect of vane surface finish on
the pressure loss across the return channel of the centrifugal
compressor, two separate sets of vanes were prepared for use in
the present test rig. The two sets of vanes (rapid prototyped
from an epoxy resin) were identical apart from the quality of
the surface finish. The first set of vanes had a relatively rough
surface finish achieved using 320-grade sandpaper. The second
set of vanes had a smoother finish that was achieved using wet
800-grade sandpaper and a polishing process. The pressure loss
coefficient across the deswirl vanes is defined in terms of a loss
coefficient which is defined as:

& _ I:)0, Deswirl Inlet |:)0, Deswirl Exit (1)
|:>0, Deswirl Inlet — ps, Deswirl Inlet

Figure 13 plots the loss coefficients (calculated from
measurement data) across the vanes as a function of flow
coefficient for the two different vane surface finishes.

Clearly, there is a marked and consistent difference
between the loss coefficient measured for the rough and smooth
vanes. In each case the smooth vane exhibits a lower loss
coefficient. In order to check the repeatability of the loss
coefficient measurement a second set of deswirl vanes with the
rough surface finish was tested and the measurement data was
found to be consistent with the first set. It is thus concluded

that the surface finish has an important impact on the loss
through the deswirl vanes. This is in line with observations
reported in [6] where the impact of surface roughness on the
performance of axial compressor stators was considered. This
phenomenon is the subject of an ongoing investigation.
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Figure 13: Measured loss coefficient across the
deswirl section of the sector test rig for two different
vane surface finishes each at 70% and 80% design
flow coefficient.

CONCLUSIONS

The use of a sector test rig as a test vehicle for radial
compressor stator vanes has been discussed. Measurements
taken at different locations throughout the rig have been
presented and compared to the results from numerical
predictions and rotating test data. This has shown that:

e  The preswirl section of the sector test rig produces the
desired flow distribution for the stator vanes for both
the 70% and 80% design flow coefficient
configurations.

e The measurements in the rotating test rig and the
sector test rig show reasonable agreement with
differences attributable to a difference in the inlet
boundary condition.

e The agreement between measurements and numerical
predictions is generally quite good. Predicted flow
details near the shroud and downstream of the highly
separated deswirl vanes need further
refinement/calibration.

e Surface roughness of the stator vane surface has an
important effect on the measured loss coefficient
across the deswirl section.

It is concluded that the sector test rig provides the designer

with a useful tool for screening potential stator vane designs for
radial compressors.

9 Copyright © 2008 by ASME

Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



ACKNOWLEDGMENTS

The work reported in this paper was partially funded by
the Bavarian Ministry of Economics under the contract number
0705/89375/1119/05/3910/06/3911/07. The contributions and
comments of Kevin Kirtley, Carlos Haertel, Georg Toplack are
gratefully acknowledged. The tests utilizing the rotating rig
were performed within the test facilities of GE Oil & Gas, Italy.
The authors would like to make special mention of Carlo
Bacciottini and his team for their efforts. The authors would
also like to thank GE Oil & Gas for their support and

permission to publish the results.

REFERENCES

[1] Opoka, M.M., Hodson, H.P., 2007, *“Transition on the
T106 LP Turbine Blade in the Presence of Moving Upstream
Wakes and Downstream Potential Fields” ASME GT2007-
28077.

[2] Schmitz, M.B., Simpson, A., Aalburg, C., Michelassi, V.,
“Development of a Sector Test Rig for Radial Compressor
Stators”, Isromac12-2008-20254.

[3] Cumpsty, N.A., 1989, “Compressor Aerodynamics”,
Longman Scientific and Technical, ISBN 0-582-01364-X.

[4] Aalburg, C., Simpson, A., Schmitz, M., Michelassi, V.,
Bacciottini, C., “Design and Testing of Multistage Centrifugal
Compressors with Small Diffusion Ratios”, GT2008-51263.

[5] Japikse, D., 1996, “Centrifugal Compressor Design and
Performance”, Thomsom-Shore Inc.

[6] Gbadebo, S.A., Hynes, T.P., Cumpsty, N.A., 2004,
“Influence of Surface Roughness on Three-Dimensional

Separation in Axial Compressors”, ASME Journal Of
Turbomachinery, Vol. 126, pp. 455-463.

10 Copyright © 2008 by ASME

Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


