I | | : .

A245 427 . &.  AVSCOM TR-90-C-004
M i mw [T DTIC ME-TSPC-TR-90- @

E" ECTE -""1""'-'11";
y JAN31 10928

B

An Investigation of the Three-
Dimensional Flow Field in a
Centrifugal Compressor

John R. Fagan, Jr. and Sanford Fleeter
Prepared For

U.S. ARMY AVIATION
SYSTEMS COMMAND

-

§_-' = NATIONAL AERONAUTICS AND SPACE
o= ADMINISTRATION

A= NASA LEWIS RESEARCH CENTER
o= Grant NSG-3285

This dozument has beea app: ved
for public rclease and cale, its
distribution is unlimited.

Thermal Sciences and Propulsion Center
School of Mechanical Engineering

Purdue University 02 1 14 023
1003 Chaffee Hall

West Lafayette, Indiana 47907-1003




AVSCOM TR-90-C-004

AN INVESTIGATION OF THE THREE-DIMENSIONAL FLOW
FIELD IN A CENTRIFUGAL COMPRESSOR

John Robert Fagan, Jr. and Sanford Fleeter

Prepared For
U.S. ARMY AVIATION SYSTEMS COMMAND

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
NASA LEWIS RESEARCH CENTER

GRANT NSG-3285 | Accesion For \
NTIS  CRA&I o
o

OTIC TAB
U grrounced c_j
Justifeation

BI’ . emmets asaaen
May 1990 Dit it
AN e
" AV o **‘?

SN |

Dist

|
i
'

Thermal Sciences and Propulsion Center -] |
School of Mechanical Engineering L |

Purdue University /" “n‘_‘

West Lafayette, Indiana 47907 ®'

Statement A per telecon

Larry Schumann, AVSCOM/ Code 0300
Cleveland, OH 44135

NWW  1-29-92




ABSTRACT

A series of experiments was performed to provide three-dimensional flow field data
in centrifugal compressor passages and to describe the characteristic flow phenomena at the
point of incipient rotating stall. These experiments entailed the acquisition and analysis of
one-dimensional LDV data in the impeller passages of the Purdue Research Centrifugal
Compressor at two compressor operating points: (1) the design operating point and (2) the
incipient stall operating point. Additionally, the nature of compressor rotating stall was
quantified by the acquisition and analysis of unsteady pressure data at the impeller inlet and
exit. Finally, predictions at the design operating point from contemporary internal flow
models were used for comparison with the LDV data.

The LDV data taken at both operating points show the traditional jet-wake structure
observed in many centrifugal compressors. At the design point, the wake was observed
along the shroud 70% of the length from the pressure to suction surface. At the incipient
stall point, the wake was located in the shroud suction comer.

The unsteady pressure data show three distinct modes of rotating stall in the
compressor, depending upon the mass flow rate. One mode is characterized by two stall
patterns rotating concurrently with relative rotational speeds below 15% of the impeller
rotational speed. This mode occurs at the highest mass flow rate and is strongest at the
impeller inlet. The other two rotating stall modes occur at reduced mass flow rates and are
characterized by single rotating stall patterns. The patterns in both modes rotate with
relative speeds exceeding 90% of the impeller rotational speed, with the patterns strongest
at the diffuser inlet.

The inviscid flow model did not successfully predict the compressor flow field.
The viscous flow model achieved better success. It predicted the major phenomena in the
flow field, specifically the wake structure near the end of the passage. However, the
viscous model shows poor correlation with the data, predicting that the wake was located in
the shroud suction corner different from the LDV results at the design operating point.
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CHAPTER 1 - INTRODUCTION

Centrifugal compressors are used in small gas turbine engines, turbochargers,
refrigeration units and a variety of other industrial applications. The compressor is the
first component in the basic gas turbine cycle and is responsible for "compressing" or
raising the pressure of large volumes of flowing air. The components of a typical
centrifugal compressor are shown in Figure 1.1. The compression process is accomplished
in the impeller and diffuser sections. In the impeller, the kinetic energy of the fluid is
increased, with work done on the fluid by the rotating impeller blades. The diffuser
converts this kinetic energy to pressure energy, increasing the static pressure of the
fluid. The inlet section can have prewhirl vanes with the limitation that the leading edge
of the impeller blade must be oriented for smooth flow at the inlet flow angle. The

diffuser section is also often vaned to reduce the volume required to decelerate the flow.

The design process for these compressors optimizes performance and efficiency,
while emphasizing safety and reliability over operating range. Thus, centrifugal
compressor design systems are dependent upon a complete understanding of the internal
fluid mechanics. However, due to the complex three-dimensional flows associated with
centrifugal machinery, general analytical and computational tools are inadequate for the
modelling of the relevant flow physics, with experimental studies primarily having
focused on overall design point performance. In this day when fractional percentage
increases in compressor efficiency convert to significant performance gains and savings
in fuel cost, the ability to characterize and subsequentiy predict flow phenomena such as
flow separation and the strong secondary flows in turbomachinery blade rows, Figure

1.2, is an essential part of the design process.

The operating envelope for centrifugal machinery often necessitates the operation
of the compressor at off-design points. This can result in flow phenomena not

encountered near the compressor design point. Of particular importance are the
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Figure 1.1  Centrifugal Compressor Components




BUdWOUIYJ MmO|q Jossaidwo) [eSnjinua) 7' aundig

Qw1 BJuUIaY
SANDIRY Y 0j0})
uo 1Ns6didyo0g
Apoajsup) asoduy
SIUDA 298N ))()

1980} )1Q O _Ec
Moj3 QE ‘SROJS|A
kg “Apoeysupy

0N Ojuy
Mo 4 A10puodag {

sboyoa
uDID3) dyy —\— S

x9j40A burdoidg dy) ’

Xa110A 0] diy ,

uojojoy

- $13407) Aiopunog
HOMpuy pun
200G ap0ig

ko) Lsopunog

920} NG NSS4

uf U]

3nhqn |

$3pojg 00y - 1407} Aopunog

830} InG uolong

U} HOIE S 1dang
sauvingIng

%30 J3UI0) QY4

-M0y 4 A10pu0dag




self-excited flow oscillations that can occur at low mass flow rates. The most violent is
surge, characterized by low frequency flow oscillations throughout the entire
compression system. Surge results in a fluctuation of the net flow rate. In many systems
a less violent phenomena, rotating stall, precedes surge as the mass flow rate is reduced.
Rotating stall is characterized by the occurrence of rotating velocity fluctuations
attributed as originating in one component of the compression system. Unlike surge,
rotating stall does not cause an oscillation of the net flow rate through the system.
However, both phenomena are sources of mechanical vibration which can be severe in
high compression ratio machines. Since rotating stall generally precedes surge, the point

of incipient rotating stall is considered the operating limit for the machine.

1.1 Research Objectives

The overall objectives of this research program are: (1) to provide internal
three-dimensional centrifugal compressor flow field data at the machine design point
and at the point of incipient rotating stall; (2) to define the nature of the rotating stall,
i.e., the number of stall cells and their rotational speed. The velocity data will be used to
define and study the fluid mechanic phenomena characteristic of compressor operation at
the design point and in the regime near the onset of self-excited flow oscillations. The
data will also be suitable to verify existing mathematical models and direct the
development of advanced models. These objectives will be accomplished through a series

of experiments performed in the Purdue Research Centrifugal Compressor.

Specific research objectives include: (1) quantification of the three-dimensional
mean flow through the rotating impelier blade passages at the design point and at the
point of incipient rotating stall by the acquisition and analysis of laser Doppler
velocimetry data; (2) quantification of the nature of the rotating stall accomplished by
the acquisition and analysis of unsteady pressure data at the impeller inlet and at
circumferentially distributed locations at the impeller exit; and (3) evaluation of
contemporary internal flow codes at the compressor design point for application to these

complex flow fields.




1.2 Review Of Impeller Flow Studies

The turbomachinery literature applicable to this research can be grouped into two
general categories: (1) optical measurements of the compressor flow field; and (2) the

analysis of rotating stall in turbomachinery.

The first category includes the measurement of both the mean flow field in the
rotating passages of the impeller and the impeller exit periodic unsteady flow field. The
flow in both regions is highly three-dimensional, viscous dominated, and affected by
separation of the flow from the blade surface. These flow field data are of fundamental
interest because the ability of the impeller to do work on the fluid is directly related to

the stage pressure ratio and efficiency. Relevant literature is described in the following.

A number of excellent summary articles of research in this category have been
presented as part of the von Karman Institute lecture series on flow in centrifugal
compressors. Krain [1] emphasized the flow field mapping done at the DFVLR-Institut
fur Luftstrahlantriebe with a laser two-focus velocimeter (L2F). The research performed
by Eckardt and Krain have helped to qualify the differences in the flow field due to
variations in impeller geometry by making measurements in a radial blade impeller, a
backswept blade impeller, and an impeller with splitter blades. All three were high speed
impellers with similar performance. The original investigation by Eckardt [2] provi.ded
the first flow field data inside the impeller passages of a high speed compressor.
However, the L2F data only provide two components of the three-dimensional velocity
vector. Elder and Forster [3] give an historical perspective, describing a series of
investigations in a variety of facilities including low speed and high speed impellers. Of
the investigations described by Elder and Forster, oniy Johnson and Moore [4] measured
the three-dimensional flow field in the impeller passages. They measured the velocities
with pressure probes that were traversed in the rotating passages. In addition to the
limitations of introducing a physical probe into the passage, the measurements were

marle in a high speed impeller operating at very low speed (500 RPM).




Adler and Levy [5] used a single component laser Doppler velocimeter (LDV) to
study the flow through an impeller with ten straight backswept blades. They found the
impeller flow to be stable and attached, in contrast to the flow in many radial exit
impellers. This work is particularly interesting because the laser Doppler velocimetry
measurements were made through a window rotating with a velocity similar to that of
the rotating shroud on the impeller of the centrifugal compressor to be used in this

research.

Durao, Goulas, and Whitelaw [6] used a single component laser Doppler velocimeter
to measure the circumferential and radial velocity components and the rms values of the
corresponding fluctuating components in a 16 bladed centrifugal impeller. Their
investigation, aimed at determining the nature of the secondary flow in the blade
passages, revealed the existence of two vortices of unequal strength with opposite
directions of rotation. The smaller of the two vortices and the associated wake region is

located immediately behind the suction surface of the blades.

The second literature review category is the study of rotating stall. An introduction
to the basic concepts of rotating stall is given by Stenning [7]. The majority of the
experiments involve unsteady pressure and velocity measurements and flow visualization
to identify the rotational velocity and the structure of rotating stall cells. An additional
body of literature exists in which stall cells are modeled, with the models used to predict

the onset and the rotational speed of rotating stall.

A summary of rotating stall investigations was also presented as part of the von
Karman Institute lecture series on centrifugal compressors. Van Den Braembussche [8]
describes the development of the current understanding of rotating stall. Several
investigations cited by Van Den Braembussche are worthy of note. Senoo [9] presented a
stability criterion based upon the inlet flow angle with which to predict the onset of
rotating stall. Frigne and Van Den Braembussche [10] systematically studied the
differences between impeller and diffuser rotating stall. They found rotating stall in the
diffuser was characterized by stall cells with relative rotational speeds less than 20% of
the rotational speed of the impeller. Also, different types of impeller rotating stall

occurred with both low and high relative rotational speeds.




Kammer and Rautenberg [1 1] made measurements in a moderate speed compressor
(12,000 - 14,000 RPM). They found the stall cells were characterized by a reverse flow
region extending the length of the impeller near the shroud. Further work on the same
experimental rig was reported by Haupt, Chen, and Rautenberg [12]. They confirmed
that the reverse flow extended the height of the passage and was strongest near the
shroud. Additionally, they found that the fluid in the stall cell originated on the pressure
side of one passage and returned on the suction side of the next passage. Also, the
reverse flow region is separated from the blade suction surface by a separation bubble

near the outlet of the passage.

Mizuki, Hattori, Ariga, and Watanabe [13] made intra-passage flow field
measurements in a low-speed compressor (4,150 RPM) on which a four-port yaw probe
could be mounted at various locations in the impeiler hub. Their results quantify the

flow field and the total pressure loss distribution in the passages.

Current models for rotating stall in centrifugal impellers are limited to diffuser
stall in a vaneless diffuser. Early work by Jansen {14] and Abdelhamid [15] assumed an
unsteady small perturbation flow superimposed on a steady potential flow in a vaneless
diffuser with parallel walls. Moore [16] considered non-parallel diffuser walls and
developed a more complete small perturbation disturbance solution. This model predicts
both a slow and a fast rotating stall which are compared to experimental observations of
diffuser and impeller rotating stall, respectively. This suggests that it is inappropriate to

describe an origin of the stall cells.

1.3 Technical Approach

The technical approach requires the quantification of the internal
three-dimensional flow field in the Purdue Research Centrifugal Compressor at its
design point and at the point of incipient rotating stall. This is accomplished by making
measurements with a one-dimensional laser Doppler velocimeter. Additionally, unsteady

pressure data wiil be acquired at the impeller infet and at circumferentially distributed




locations at the impeller exit to determine the nature of the rotating stall. Finally, the
flow field data taken at the compressor design point will be correlated with predictions

obtained from contemporary inviscid and viscous turbomachinery flow models.

1.3.1 Flow Field Measurements

The flow field measurements are made with a laser Doppler velocimeter. The
non-intrusive nature of optical flow measurement techniques such as laser Doppler
velocimetry (LDV) have had a great effect on experimental fluid dynamics research.
Specific to turbomachinery studies, they have allowed direct measurement of the velocity
field in a rotating blade row. As with any measurement technique, there are inherent
limitations with laser Doppler velocimetry. These include: (1) the light scattering
particles entrained in the flow must be sufficiently small to follow the fluctuations of
the flow; (2) the experimental environment may not be compatible with the controlled
conditions required for the optics; (3) differentiation of the Doppler signal from noise
due to stray reflections and electronic equipment is often difficult; and (4) the
measurements are subject to velocity bias. Consequently, the LDV signal-to-noise ratio
is usually small, especially in backscatter mode, and there are locations in the flow field

where measurements are not possible.

The use of optical flow measurement techniques introduces unique difficulties.
However, it has been demonstrated that they can be sufficiently eliminated or corrected,
thereby enabling valid measurements in many environments. Thus, for many
measurements, the advantages of a non-intrusive system outweigh the liabilities.
Specifically, the measurements of the flow field in the rotating passage of

turbomachinery could not be made by inserting probes into the flow field.

1.3.2 Unsteady Pressure Measurements

The unsteady pressure measurements are made with high response pressure
transducers. The acquisition of time dependent pressure data depends upon a transducer
system and data acquisition hardware with sufficient frequency response to measure the

highest frequency component of interest. The frequency of the seif-excited flow




oscillations are of the order of the impeller rotational frequency. State-of-the-art high
frequency transducers and data acquisition systems have a frequency response 5 orders
of magnitude higher than the rotational frequency of the Purdue Research Centrifugal
Compressor impeller. Consequently, instrumentation limitations are not a factor in

making these measurements.
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CHAPTER 2 - PURDUE RESEARCH CENTRIFUGAL COMPRESSOR

The Purdue Research Centrifugal Compressor is a large scale, low speed
turbomachine which features a mixed-flow impeller with 23 backswept blades and a
vaned radial diffuser driven by a 29.8 kW (40 hp) electric motor. The shrouded impeller
has an axial inlet, with the air exiting the impeller at an angle of approximately 85
degrees from the axial direction. The compressor is aperated at a constant speed of 1,790
rpm, with the mass flow rate controlled by a butterfly valve on the discharge piping.
The facility is described by Bryan and Fleeter [17]. A cross-section of the flow path is

shown in Figure 2.1, with important facility parameters given in Table 2.1.

Optical access to the impeller flow passages is accomplished with a plexiglass
shroud, Figure 2.2. This requires seals at both the leading and trailing edges of the
impeller. The seal at the leading edge is a labyrinth seal, with a rotating face seal used at

the trailing edge.

Optical access is also provided to the compressor diffuser flow path, including the
vaneless space and the vaned diffuser. This is accomplished with a window which is
approximately 30.5 cm (12 in) long and covers three diffuser vane passages. It extends to
within 2.5 cm (1 in) of the impeller outlet to allow measurement near the outlet as well
as in the diffuser vane regions. The optical access to the compressor is shown in Figure

2.3.
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Figure 2.1  Centrifugal Compressor Flow Path
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Optical Access to Compressor Flow Path

Figure 23
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CHAPTER 3 - DATA ACQUISITION AND ANALYSIS

Bry