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ABSTRACT

An experimental and numericd study was performed to
investigate unsteady flow fields inside the vaneless and vaned
diffuser aress of a high-pressure-ratio, transonic, centrifugal
compressor. The compressor stage was designed as part of a
program to develop a highly efficient, transonic, centrifugal
compressor stage with a pressure ratio of 5.7. Therotor tip speel is
586 m/sec at the design rotor speed. The vaned diffuser has a
relatively small height of 9 mm with an exit radiusratio of 1.5. An
experimental investigation of the flow field inside the compressor
was caried ou with a laser two-focus velocimeter developed at
DLR. Unsteady flow measurements were taken at 32 instantaneous
impeller positions. To understand cetail ed ursteady flow structures
inside the vaned dffuser area, unsteady, viscous, three-dimensional
flow analyses were condicted for the impeller/diffuser stage. The
calculated flow fields represent the measurements very well. Both
the measurements and the cadculations sow high unsteadiness in
the flow field rea the hub at the diffuser inlet area. The
unsteadiness decays rapidly as the flow enters the vaned dffuser
area, suggesting that a steady impeller/diffuser calculation
procedure might calculate the time-averaged flow field fairly well
for thistype of flow.

INTRODUCTION

Centrifugal compressors are widely used bah in stationary and
aircraft applications. The current design trends in centrifugal
compressors are to increase stage loading and to reduce the overall
machine size. These reguirements result in designs with transonic
flows at the impeller and diffuser inlet areas. Centrifugal
compressors with high presaure ratios are designed with vaned
diffusersto oltain higher pressurerecovery. The unsteady transonic
flow structure in the region between the impeller exit and the
diffuser inlet are believed to impact the operating range and the
aerodyramic efficiency significantly. However, the flow physicsin
thisareaare not well understood at high speed.

A coll aborative reseach program between DLR, Germany and
NASA, US has been conducted to advance the current
understanding d the flow physics inside a high-pressure-ratio,
centrifugal compressor. Extensive experimental studies with
state-of-the-art measurement techniques were conducted in a
high-presaure-ratio, centrifugal compressor (Eisenlohr et al., 1998;
Hah andKrain, 1999; Krain et al., 1995; Krain and Hoffman, 1998;
Krain, 1999; Krain et a., 2001). In paralel, steady and unsteady
numerical studies were condwcted to validate CFD codes and to
investigate detailed flow structures (Hah, 1987; Hah and
Wennerstrom, 1991; Maerz et d., 2002).

In the following section, the test rig and measurement
techniquesfor the current unsteady flow investigation are described.
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This is followed by an explanation of the numerical procedures
used for thethree-dimensional, viscous, unsteady flow cdculations.
Numericd results are then compared with measurements. Finally,
the caculated flow fields are used along with the measurements to
study the flow structure.

TEST RIG AND INSTRUMENTATION

The DLR transonic centrifugal compressor test rig was used for
carrying ou the tests on the vaned diffuser. Figure 1 displays a
meridional view of the slightly diagoral stage (13 degrees from
radial). The mainrig specifications are listed in Table 1. Due to the
diagoral diffuser section, the diffuser geometry is completely
threedimensional. Figure 2 shows a phao of the open stage. The
test facility is mainly suitable for testing rotors with high tip speeds
and high presaure ratios. The overdl stage dimensions are rather
small. On the one hand, this ensures low energy consumption,
which isimportant for long-term |aser measurement campaigns. On
the other hand, accesshility for the measurement systems is
somewhat difficult.

Table 1 Test rig spedfications.
M aximum power input 1500 kw
Maximum shaft speed 60,000 rpm
Maximum rotor tip speed 700 m/s
Maximum presaureratio 9.5:1
Maximum flow rate 3.5kgls
Rotor tip diameter 250 mm
Stage diameter 600 mm
Powered by 2 DC motors

The compressor stage under consideration consists of a
backswept, high-specific-speed impeller (Ns=105) and a vaned
diffuser. The main design parameters of the overall stage ejuipped
with the vaned dffuser are given in Table 2. At design spead the
rotor runs with transonic inlet condtions; i.e. the relative rotor tip
Mach number is supersonic and the flow condtionsin the hub inlet
region d the rotor are subsonic. The ésolute Mach number in the
vaned dffuser inlet region is aso supersonic, which will be
examined in more detail later on.

Previous geady measurements and caculations at the design
speel revealed supersonic flow conditions at the rotor tip leading
edge with a maximum relative Mach number of 1.4 (Eisenlohr et al.,
1998; Hah and Krain, 1999; Krain et a., 1995; Krain et al., 2001).
Unsteady measurements inside the diffuser were carried out with
the laser-two-focus velocimeter available at DLR (Schodl, 1989).
This technique was previously used for extensive rotor
measurements and is most suitable for turbomachinery appli cations
if high speals and strong velocity gradients are present, as in
transonic compressors with shocks (Krain and Hoffman, 1998;
Krain, 1999).



Table 2 Stage design data.

Rotor shaft speed 50,000 rpm
Mass flow rate 2.55kg/s
Rotor blade number 13+13
Rotor leading hub radius 30 mm
Rotor leading edge tip radius 78 mm
Rotor exit radius 112 mm
Rotor exit blade height 8.7mm
Rotor exit blade angle 52 deg.
Rotor exit tip speed 586 m/s
Rotor inlet tip Mach number 1.3 (relative)
Diffuser blade number 23

Diffuser inlet/rotor exit radiusratio 1.15
Diffuser exit/rotor exit radiusratio 15

The measurement grid used on blade-to-blade planes for the
|aser measurements is shown in Fig.3. The 3D grid consists of four
measurement planes located on constant radii (M1-M4) and afifth
plane that coincides with the diffuser throat (M5). Plane 1 islocated
in the middle of the vaneless space, plane 2 is just behind the
diffuser leading edge, and plane 4 is positioned close to the vaned
diffuser passage exit. Plane 3 islocated half way between the vaned
diffuser inlet and the vaned diffuser exit. At each plane, five
measurement points equaly spaced from the pressure side to
suction side were selected to resolve the flow field. From hub to
shroud, measurements were taken at 5 channel depths positioned at
10, 30, 50, 70 and 90% of channel height. In total, measurements
were taken at 5X5X5 grid points. At each of these grid points,
measurements were taken at 32 different impeller positions from
which the unsteady flow character was found. The 32
measurements were triggered with the rotor blade frequency in
such a way that the flow field is representative of two rotor flow
passages adjacent to a splitter blade. Thus, differences resulting
from different flow patterns caused by the rotor splitter blades were
taken into account. The measured flow field is very complex and
the flow character found at the diffuser mid span does not represent
a diffuser mean flow condition. This is mainly due to the highly
distorted flow discharged by the rotor that generates significantly
different diffuser inlet flow conditions across the relatively small
diffuser height (Krain, 1999). In general this results in a diffuser
inlet flow with high positive incidence directed toward the diffuser
pressure side in the shroud region and with negative incidence in
the hub area.

NUMERICAL PROCEDURES

A numerical investigation was performed to examine detailed
unsteady flow structures in the diffuser area. A three-dimensional
Navier-Stokes code that has been tested for awide variety of steady
and unsteady turbomachinery flows (Hah, 1987; Hah and
Wennerstrom, 1991; Maerz et a., 2002) was applied for the current
problem. A third-order accurateinterpolation schemeis used for the
spatial discretization of the convection terms and central
differencing is used for the diffusion terms. A modified
two-equation model is used for the turbulence closure. The
computational grid is shown in Fig. 4. A sliding overlapped grid
interface is used to transmit flow variables between the impeller
and the diffuser zones. The stageis composed of 13 impeller blades
with a splitter in each passage and 23 diffuser blades. The primary
objective of the current numerical analysis is to characterize the
nature of unsteady flow structures in the diffuser area. To reduce
necessary computational resources, the number of diffuser vanes
was increased to 26. Consequently, unsteady flow analyses were
performed for the flow in one impeller passage and two rescaled
diffuser passages. For the investigated flow regime in the current
centrifugal compressor stage, this scaling of the vaned diffuser is
believed to have little effect on the study of the unsteady flow
interaction.

The grid consists of 40 nodes in the blade-to-blade direction, 36
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nodes in the spanwise direction, and 260 nodes in the streamwise
direction. Six nodes are located between the blade tip and the
casing to discretize the impeller tip clearance. Approximately 10
impeller rotations were required to obtain a periodic unsteady flow
solution at each operating condition.

At theinlet of the computational domain, total pressure, total
temperature, and two velocity components were specified. At the
domain exit, static pressure was specified on the casing.
Non-reflecting boundary conditions were applied. The computation
was carried out on an SGI Origin 300 Workstation. Each operating
condition required approximately 40 wall clock hours of
computing.

RESULTS AND DISCUSSION

Measured and calculated stage performance maps at the design
rotor speed of 50,000 rpm are shown in Fig. 5. Operating conditions
where laser measurements were performed are marked by squares
and those where numerical analyses were performed are marked by
circles. The design point is at amass flow rate of 2.55 kg/sec. and a
total-to-total pressure ratio of 5.7:1. The numerica analyses
predicted slightly lower adiabatic efficiency values than the
measurements. However, the calculated pressure rise is in good
agreement with the measured val ues.

Figure 6 shows measured and calculated mid-span velocity
vectors at the design flow condition at four equally spaced
impeller/diffuser relative positions during 1/13 of an entireimpeller
rotation. Computed vectors are shown at only a few computational
nodes for clarity. Both the measured and calculated results show
that the flow has negative incidence at the diffuser leading edge and
that a low momentum area devel ops on the pressure side near the
trailling edge. In Fig. 7, calculated velocity vectors at design
condition at al time steps during 1/13 of an impeller rotation are
plotted simultaneously to illustrate the degree of unsteadinessin the
flow field. Significant unsteadiness can be seen at the diffuser inlet,
but it quickly decays so that the flow becomes almost steady by the
timeit enters the diffuser passage.

Measured and cal culated mid-span Mach number distributions
at the design flow condition are shown in Fig. 8. The measured
Mach number was cal culated with the assumption of constant total
temperature inside the diffuser. The measured and calculated values
agree very well with each other, considering the various
assumptions used to obtain them. The shape of the instantaneous
Mach number distribution does not change significantly during
operation since most of the unsteadiness occurs near the impeller
exit. At this operating condition, a supersonic flow region extends
from the impeller exit to the diffuser throat. No pronounced shock
wave forms near the diffuser inlet area at this operating condition.

Figures 9 and 10 show measured and calculated instantaneous
Mach number distributions near the hub and shroud, respectively, at
the design condition. Corresponding calculated velocity vectors at
all time steps are shown in Fig. 11. Near the shroud, the supersonic
region extends upstream of the diffuser inlet, while near the hub, it
extends further downstream into the diffuser passage. The
instantaneous vel ocity vectorsin Fig. 11 explain the trend shownin
Figs. 9 and 10. Theflow incidence angleis positive near the shroud,
but negative near the hub. Velocity vectorsin Fig. 11 indicate that
unsteadiness is greater near the hub than near the shroud, because
the impeller exit velocity profile has a more pronounced jet/wake
structure near the hub than at the shroud (Hah and Krain [1999]).

Figure 12 shows calculated mid-span Mach number
distributions for the two off-design operating conditions at four
impeller/diffuser positions. Calculated off-design velocity vectors
at all time steps are shown in Fig. 13. At the near-choke condition,
the supersonic flow region extends into the diffuser passage. At the
near-stall condition, the flow incidence at the diffuser leading edge
increases and the supersonic flow region moves upstream. Also at
the near-stall condition, decreased unsteadiness is observed in the
velocity vectors. Again, thisis due to the less pronounced jet/wake
structure at mid-span



Figure 14 compares measured and cdculated spanwise
distributions of flow ange at measurement plane M1 for four
impeller/diffuser positions at the design operating condition.
Maxima and minima of the unsteady values at each spanwise
location are illustrated by dashed lines for the measurements and
solid lines for the cdculations. The agreement between the
measured and caculated flow angles is quite good, considering the
complexity of the flow field and the various assumptions invol ved
in both the experimental and the numerical procedures. Nea the
shroud, the numerical analysis predicts a flow angle roughly 5
degrees higher than the measurements. A variation of roughly 15
degrees in flow angle is observed on average during peration. A
large change in flow angle from hubto shroud, on the order of 30
degrees, is observed at all impeller positions. The span of the
diffuser is 9 mm, and the change of flow angle over this dhort span
seans sgnificant for impell er/diffuser matching.

CONCLUDING REMARKS

Experimental and numerica studies were performed to
charaderize unsteady flow fields in the vaned dffuser areaof a
high-presaure-ratio, centrifugal compressor. A laser two-focus
technique was used for the experimental study while a
three-dimensional unsteady Navier-Stokes procedure was applied
for the numericd study. Both the measurements and the
calculations show that high unsteadiness occurs, primarily in the
vaneless area, and that the unsteadinessdecays very rapidly as the
flow moves downstream. The flow becomes almost steady near the
exit of the diffuser. The unsteadinessis higher near the hub area
than near the shroud area. Large variationsin theincomingflow are
observed from hub to shroud, which creges a dallenge for
impeller/diffuser matching. For the current stage, further design
modifications eem necessary in order to improve the performance
charaderistics. The numerica procedure caculates the measured
steady and ursteady flow fields very well. The current generation
of numerical tods can be dfectively applied to the design of such
high pressure-ratio centrifugal compressors, reducing herdware
tests during engine devel opment.
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Figure 1. Meridional view of DLR transonic centrifugal
compressor test rig.

Figure 2. Photo of the open stage with backswept rotor and vaned
diffuser.

Figure 3. Measurement grid for vaned diffuser laser measurements.

P BE

Figure 4. Computational gridfor numerical analyses.
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Figure 5. Measured and calculated performance maps at design rotor speed of 50,000 rpm.
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Figure 6. Measured and calculated mid-span velocity vectors at design flow condition and 4 different impeller/diffuser positions.
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Figure 8 Measured and calculated mid-span Mach number at design flow condition and 4 different impeller/diffuser positions.
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Figure 9 Measured and cal culated Mach number near hub at design condition and 4 different impeller/diffuser positions.
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Figure 10 Measured and cal culated Mach number near shroud at design condition and 4 different impeller/diffuser positions.

(a) near hub (b) near shroud
Figure 11 Calculated velocity vectors at design condition at all time steps during 1/13 of an impeller rotation.
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(b) near stall

Figure 12 Calculated mid-span Mach number at off-design flow conditions and 4 different impeller/diffuser positions.

(a) near choke (b) near stall

Figure 13 Calculated mid-span velocity vectors at al time steps at off-design flow conditions.
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Figure 14 Measured and cal culated spanwise flow angle distributions at M1 and design condition at 4 different impeller/diffuser positions.



