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Abstract

This report examines the influence of inlet flow conditions, including Mach number,
flow angle, blockage, and axial flow non-uniformity, on the performance and operating
range of a straight channel centrifugal compressor diffuser. The research was carried
out in a unique facility specifically developed to provide the diffuser with a controlled
inlet flow. The tests were carried out for inlet Mach number up to values greater than
unity and for a range of inlet flow angles up to the onset of rotating stall.

It was found that expressing the overall diffuser pressure recovery coefficient, defined
using availability or mass averaged inlet total pressure, as a function of momentum
averaged diffuser inlet flow angle yields a relationship which is essentially independent
of diffuser inlet flow distortion, blockage, or Mach number. Further, the operating
range of the diffuser was limited by the onset of rotating stall at a momentum averaged
diffuser inlet flow angle (0.4 = 70.5° £0.5°), which was also independent of the inlet flow
field axial distortion and Mach number.

The straight channel diffuser was designed to be comparable to a previously tested
discrete passage diffuser and the performance of the two was compared; the overall
pressure recovery of the former was found to be roughly 10% higher than that of the
latter. Both diffuser types, straight channel and discrete passage diffuser showed
similar behavior regarding the insensitivity of the performance and operating range to
inlet flow axial non-uniformities and Mach number.

The report also presents information on recent developments in the area of centrifugal
compressor diffusers together with a detailed review of the open literature.
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CHAPTER 1

Introduction and Background

1.1 Introduction

The centrifugal compressor is a widely-utilized device with an application
spectrum covering turbochargers, aircraft engines, process and rafinery
industries, the refrigeration industry, and small stationary gas turbines.
Centrifugal pumps have perhaps an even wider range of applications. An
important component of these centrifugal turbomachines is the radial diffuser,
the purpose of which is to reduce the absolute velocity of the flow leaving the
impeller. Users of centrifugal compressors or pumps generally would not like a
high kinetic energy level at the impeller exit (which is, depending on the
machine approximately 30 - 50% of the total energy input) and seek a high
pressure rise for the stage. The kinetic energy at the impeller exit must be
therefore efficiently recovered within a diffuser, which serves to convert kinetic

energy into a static pressure rise with an increase in flow area.

The diffuser plays an important role in establishing the overall efficiency and
pressure rise of a centrifugal compressor stage. In addition, depending on the
design of the impeller and its matching to the diffuser, the diffuser can be the key

component limiting the operating range of the compressor between choke and
stall.

Despite the facts that the diffuser may appear to be one of the simplest flow
elements -with regard to geometry-, and the impact of the diffuser is well known
and appreciated, the flow in diffusers of radial turbomachines is not yet
sufficiently understood for many design and development purposes and a
universal design method has not been established. This is due not only to the
complex three-dimensional (3D) flow pattern at the impeller exit or diffuser inlet,
but also because the conditions of the impeller discharge flow vary from one
impeller to another and there are many design parameters to consider.



The goal of the centrifugal compressor diffuser designer is to be able to predict
the fluid dynamic characteristics of a diffuser configuration as a function of the
flow field entering the diffuser (i.e. that provided by the impeller) to optimize the
impeller-diffuser combination. Most design techniques have been two
dimensional, assuming a uniform flow in the spanwise direction and accounting
for main-stream and normal flow property variations. As pointed out for
example by Wilson [1984], however, the flow at the exit of a centrifugal
compressor impeller can be distorted (see Section 1.2.4), in both space and time.
The state of the art is that empirical and experimental information is required to
obtain a good diffuser-impeller combination. It is also not always evident how
diffuser performance data can be used to predict the fluid dynamic behavior of a
diffuser operating with a different centrifugal compressor impeller. Testing of a
specific impeller-diffuser combination establishes the performance characteristics
of that particular combination, but generalization about the diffuser behavior is
difficult (Filipenco [1991]).

This study examines the influence of inlet conditions on the performance of
radial diffusers used in the high performance centrifugal compressors.
Specifically it addresses the influence of Mach number, flow angle, axial velocity
distribution, flow non-uniformity, and fluid dynamic blockage on radial diffuser
performance and stability.

1.2 Background and Previous Research

This section gives an overview of the flow mechanisms in diffusers, an analysis
of some important parameters, and a discussion of previous related research on
radial diffusers. In addition to impeller exit flow, flow instabilities, diffuser
performance, and the ability of current numerical calculations for radial diffusers
are discussed.

1.2.1 Flow in Diffusers

Diffusers have been employed for a long time as devices to convert kinetic
energy into a static pressure rise in different fluid systems. Diffuser technology is



one of the most comprehensively studied aspects of turbomachinery. Basic
diffuser technology is summarized in references such as by Japikse [1996],
Japikse [1984a], and Runstadler et al. [1975]. Most of the diffuser studies in these
publications and others in the open literature have focused on single (individual)
diffuser channels. It was assumed that the laboratory data available for single
channel diffusers might be applied directly to industrial compressor diffuser
design, and that the actual centrifugal compressor stage would show results in
agreement with the laboratory single channel diffuser testing. Kline et al. [1959],
Kline & Johnston [1986] and Reneau et al. [1967] give overviews of major single
channel diffuser research results. These showed the influence of the diffuser
parameters on performance using so-called diffuser design maps. An example of
a diffuser map is given in Figure 1.1 from Reneau et al. [1967]. Four different
flow regimes in the single channel diffusers are observed depending on the
diffuser geometry:

. No Stall

. Appreciable Stall

. Full Developed Stall
. Jet Flow

The specification of a wide variety of parameters is essential to analyze the flow
and performance of the diffusers. To define diffuser performance, the pressure
recovery coefficient Cp (actual or ideal) is the most frequently used parameter.
This is a simple way of conceptualizing the main purpose of a diffuser. Cp is
defined as the static pressure rise through the diffuser divided by the inlet
dynamic head (see Eq. 3.13). Diffuser maps available in the open literature (e.g.
Japikse [1984a]) aid the diffuser designer in rapidly determining the possible
level of static pressure recovery subject to the principal geometric parameters.
Unfortunately, each diffuser map is restricted to a specific level of fluid dynamic
parameters, such as inlet blockage or Mach number (Runstadler & Dolan [1973]).
Some parameters, such as the diffuser geometry, are under the designer's control,
but others are set by the downstream and upstream flow elements. To optimize
the design, one must have a knowledge of the effect of the geometrical and fluid
dynamic parameters on pressure recovery performance.



The main geonietrical parameters for diffusers are:

» Diffuser divergence angle 26

* Arearatio AR = Adiffuser exit/ A diffuser inlet

* Aspectratio  AS = depth/width (at the diffuser inlet)
* Length to width ratio (non-dimensional length) LWR
e Shape of the cross section (conical or rectangular)

Not all of these geometrical parameters are independent. There is a fixed
relationship between the area ratio and the other geometric parameters as
follows:

AR=1+2LWRtan6 (1.1)
The fluid dynamic parameters are:

¢ Flow angle o

® Mach number M

* Blockage B

¢ Velocity Distribution
¢ Turbulence

¢ Reynolds number Re
* Surfaces condition

Based on the work of many investigators, it was concluded by Japikse [1987] that
three critical fluid dynamic parameters must be known to specify the
performance of a diffuser (plus a wide variety of geometric parameters as well).
The three include the inlet blockage, the shape of the velocity profile entering the
diffuser, and the turbulence scale and intensity at the diffuser inlet.

The blockage is simply the displacement thickness of the boundary layer in the
diffuser inlet flow area. It represents the amount of effective flow area reduction
that the boundary layer causes. The importance of displacement thickness on
diffuser performance was first documented by Reneau et al. [1967]; the idea was

generalized into the "blockage” concept and quantified (see Eq. 3.44) by Sovran &



Klomp [1967]. The influence of blockage on pressure recovery has been
extensively investigated for single channel diffusers and substantial tables of
data are available. For example, Runstadler & Dean [1969] investigated the
performance of flat wall-channel type diffusers as a function of diffuser geometry
over a range of diffuser inlet Mach numbers from 0.2 to 1.0 and boundary layer
blockage from ~1 to ~14 %. In their study, the inlet flow field consisted of a
potential core surrounded by the wall boundary layer.

According to Kline & Johnston [1986] it is important to distinguish between the
effects of inlet boundary layer (or blockage) on flow regime and on pressure
recovery, as they are quite different. For single channel diffusers the line of
maximum pressure recovery (and the limit of appreciable stall) was measured to
be independent of inlet blockage (Reneau et al. [1967]). This was also seen in the
theoretical calculations of Senoo & Nishi [1977a, b]. These calculations showed
that the interaction between boundary layer and core flow has a stabilizing effect
on the boundary layer development and eventual flow separation.

Although the velocity profile entering the diffuser is presumed as another critical
parameter, no general convention has been developed to specify the inlet
velocity profile to a diffuser. Different inlet profiles, simple skewed and/or
highly distorted have been considered and reported in the open literature for
single channel diffusers. A detailed study was carried out by Wolf & Johnston
[1969], whose main results can be summarized as follows:

a) Distorted mean-velocity profiles at diffuser inlet influenced the flow
development, separation, stall and therefore flow regimes in diffuser.

b) Distorted mean-velocity inlet profiles generally decreased diffuser pressure
recovery, although certain distorted asymmetrical velocity profiles caused higher
pressure recovery than the uniform velocity distribution at the diffuser inlet. A
slightly distorted wake-type inlet profile may be beneficial for performance
according to Wolf & Johnston [1969].

c) The inviscid forces in diffusers were pressure-profile distorters; that is, given a
transverse velocity difference or gradient at the inlet, the inviscid forces in a
diffusing passage tended to increase the transverse differences in velocity.



Other studies (Al-Mudhafar et al. [1982], Bhinder et al. [1984], Jesionek &
Wyszynski [1979], Masuda et al. [1971], McDonald et al. [1971], Waitman et al.
[1961]) investigated the effects of non-uniform diffuser inlet conditions on single
channel diffuser performance.

The results of an experimental study on the influence of severely distorted
velocity profiles on the performance of a single channel straight two-dimensional
diffuser are reported by Al-Mudhafar et al. [1982]. The diffuser pressure recovery
progressively deteriorated (up to 50%) as the inlet velocity was distorted. The
effect of inlet distortion on the performance of a low aspect ratio single channel
two-dimensional plane wall diffuser was investigated by Bhinder et al. [1984].
The performance of the diffuser was nearly independent of mean inlet Mach and
Reynolds numbers. The inlet distortion was quantified by a distortion parameter,
A (defines the inlet velocity profiles quantitatively), which was found to correlate
well with the pressure recovery. The diffuser pressure recovery decreased with
increasing inlet distortion. Another experimental study on the effects of
distortions of inlet velocity profiles on performance in subsonic curved diffusers
is reported by Jesionek & Wyszynski [1979]. The curved diffuser flow
measurements indicated pronounced effects of curvature on pressure and
velocity distributions. Diffuser pressure recovery coefficient and effectiveness
were found to be strongly dependent on the type of the inlet velocity
distributions.

Properties of uniform shear flow in single channel rectangular parallel walled
diffusers were investigated by Masuda et al. [1971]. The effect of non-uniform
free stream velocity profile on diffuser pressure recovery was to increase both
total pressure losses and amount of momentum change in diffuser. When the
divergence angle of the diffuser was small (26 < 8°), the latter effect was so great
that the diffuser static pressure rose compared to the pressure recovery with
uniform inlet velocity profile.

McDonald et al. [1971] investigated the effect of swirling inlet flow on the
performance of single channel conical diffusers. The effect of inlet swirl was
correlated with the flow regime with axial inlet flow (e.g. inlet flow without
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unseparated or only slightly separated with pure axial inlet flow. For diffusers,
which were moderately or badly separated for pure axial inlet flow, swirling
inlet flow caused large performance increases based on total inlet kinetic energy
indicating that optimum diffuser performance for swirling flow may be higher
than that for axial inlet flow. Waitman et al. [1961] investigated effects of inlet
conditions on performance of single channel subsonic diffusers. Pressure
recovery increased with increasing turbulence level at diffuser inlet. Diffuser
pressure recovery was also a function of inlet boundary layer conditions.
Reductions in pressure recovery occurred if the inlet boundary layer was
thickened.

Klein [1981] reviewed the data (about thirty publications) on inlet conditions on
single channel conical diffuser performance and discussed the effects of inlet
boundary layer blockage, inlet shape parameter, turbulence and Reynolds
number. A comparison of results between different sources was complicated by
the variety of definitions of performance parameters and averaging methods. He
also found many inconsistencies and confusing results between different sources
of data he discussed. For example, the curves from different sources showing
diffuser performance against inlet blockage revealed discrepancies: some of these
curves decreased continuously with increasing blockage, others dropped sharply
initially (up to B = 0.05) and then remained constant over a blockage range,
which is typical for centrifugal compressor diffuser applications.

The influence of turbulence at the diffuser inlet is less investigated than the other
fluid dynamic parameters. A chart of diffuser performance as a function of inlet
turbulence parameters by Hoffman [1981] showed that the pressure recovery of
single channel diffuser depends both on turbulence intensity and turbulence
scale. Increases of the diffuser’s static pressure recovery coefficient of 11.3 and
23.9% at included diffuser divergence angles of 12° and 20° respectively were
obtained when the value of the inlet integral free-stream scale turbulence in the
flow direction was at least 7.2 times larger than the inlet boundary layer
displacement thickness and when the inlet total free-stream turbulence intensity
was at least 3.5 %. It is hypothesized that a larger scale of turbulence transmits
the free-stream energy to the walls more effectively and, when coupled with
large turbulence intensities, are mechanisms which act to delay separation within



the diffuser. Hoffman & Gonzales [1984] found that the pressure recovery
coefficient of a two-dimensional single channel diffuser was increased by 10% for
the diffuser divergence angle 26 = 9° and by 22% for the diffuser divergence
angle 20 = 20° with the inlet free stream turbulence, having turbulence intensity
greater than 3.5% and integral scale of turbulence in the flow direction 5 times
greater than the inlet boundary layer displacement thickness.

During the early years of diffuser research the Mach number at the diffuser inlet
was thought to be critical. As shown by Japikse [1984b] this early belief was
erroneous and it was based on incomplete measurements. It was established e.g.
by Runstadler et al. [1975] that one must pass a diffuser throat Mach number of
1.0 before developing any significant dependence on Mach number (Japikse
[1984b]). In cases of transonic and supersonic inlet flow, normal shock waves are
observed in front of the leading edge of the vanes for different type of vaned
diffusers (Dean [1971], Verdonk [1978a], Japikse [1980]). Normal shock is a good
mean to achieve a large pressure rise within a short distance (Japikse [1984b]).
The major disadvantage at a high Mach number is the narrow flow range of the
compressor stage.

Single channel diffusers are characterized by a Reynolds number based on an
inlet hydraulic diameter. For typical turbomachine flows, the flow is in the fully
turbulent regime so the Reynolds number has a weak influence. For single
channel diffusers, Russo & Blair [1981] examined the influence of Reynolds
number on the pressure recovery coefficient keeping the inlet blockage constant.
They found that Reynolds number did not remarkably affect the diffuser
performance for Re >4 10°.

The flow regimes, phenomena, and influence of geometrical and fluid dynamic
parameters have been well described for single channel diffusers in the open
literature. For centrifugal compressor diffusers, the situation is less well mapped
and understood, because centrifugal compressor diffusers exhibit additional
fluid dynamic features. The main differences between single channel and
centrifugal compressors (vaned) diffusers can be summarized as follows:



1) There are more parameters to be considered for the diffusers of centrifugal
compressors than for single channel diffusers. The main additional parameter
are:

¢ vane number

¢ vaneless space radius ratio (the radius to the leading edge of
the diffuser vane divided by the impeller tip radius)

* geometry (shape) and sharpness of the vane leading edges

* contouring of the vaneless space and sidewall divergence

e downstream conditions (volute, plenum etc.)

The number of diffuser vanes seems to influence the performance and flow range
of the radial diffusers, but the reason for this is either not understood (or at least
not published, Cumpsty [1989]). Dean [1974] suggested that the number of vanes
employed in straight channel and vane island diffusers in contemporary practice
varies from 8 to 60. According to Dean [1973] the choice of the number of vanes
depends upon impeller discharge Mach number. Near and below Mach numbers
of unity, a large number of vanes may be beneficial; at higher Mach numbers,
smaller vane numbers are recommended. As the vane number is reduced, the
aspect ratio of the diffuser throat drifts away from the optimal value of 1, on the
basis of the impact of throat aspect ratio on maximum channel diffuser pressure
recovery. Design calculations showed a significant penalty for throat AS < 0.5 or
> 2.0. Based on an experimental investigation, Yoshinaga et al. [1980] suggested a
maximum number of diffuser vanes as 27 for high performance. No significant
difference was found in compressor flow range with vane number variation
between 13 and 41 by Rodgers [1982a].

The vane leading edge radius of curvature, rpg, affects the useful life of the vanes
in a centrifugal compressor diffuser. From this standpoint, a blunt vane (large
radius of curvature of the leading edge) is desirable, whereas from a fluid
dynamic viewpoint, a sharp vane is most often desired (Baghdadi [1973]). Great
care sometimes is given to the design of the vane shape, but there is little
evidence that this has a significant effect on the flow in the diffuser (Cumpsty
[1989]). The influence of diffuser vane leading edge geometry, particularly the
influence of pressure face angle and quasi-vaneless space suction surface profile,



on the performance of a centrifugal compressor was investigated by Clements &
Artt [1989]. They found that compressor performance was virtually unaffected
by changes in pressure face angle, whilst being sensitive to changes in quasi-
vaneless space suction surface profile. Straight channel diffusers produced
higher stage efficiencies than any diffuser with a concave suction surface profile
between the leading edge and throat.

2) Inlet conditions for a centrifugal compressor diffuser are determined by the
impeller and are highly distorted. They also depend on the impeller operating
point. The interaction between impeller and diffuser implies that the knowledge
about the influence of blockage or inlet velocity distribution for single channel
diffusers may not be directly applicable to centrifugal compressor diffusers.

3) The centrifugal compressor diffuser consists of an array of several diffuser
channels acting in parallel. Phenomena which are not observed with a single
channel diffuser can occur due to the fluid dynamic interactions of the channels.
Such phenomena can not be simulated using a single channel diffuser.

4) Centrifugal compressor diffusers have a vaneless space and a quasi-vaneless
space. Data obtained using a single diffuser channel do not give information on
the fiow mechanisms within the vaneless or quasi-vaneiess spaces. Previous
investigators suggested that the flow phenomena in these regions are critical
factors regarding the overall stage stability (Hunziker & Gyarmathy [1993]) and
pressure recovery (e.g. Elder & Gill [1985], Inoue & Cumpsty [1984]).

1.2.2 Radial Diffuser Types

Radial diffusers of many different configurations have been applied to
centrifugal compressors. These can be grouped into two general classes: vaneless
diffusers and vaned diffusers. The highest-performance compressors make use of
vaned diffusers as they have a smaller exit-radius for a given level of diffusion
and generally exhibit a higher pressure rise than the vaneless type, in spite of
operating over a relatively narrower flow range. As pointed out by Dean [1973],
a vaned diffuser typically demonstrates higher pressure rise (often by as much as
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20 % in pressure recovery and 10 % in stage efficiency) compared to a vaneless
diffuser. However, the operating range is smaller. Vaneless diffusers often
demonstrate a flow range of 50% from match point to surge while the vaned
diffusers show about 25% range. The choice of diffuser type can, therefore,
depend on the relative importance of flow range versus stage efficiency.
Centrifugal compressors for process applications are generally operated at low
pressure levels because a wide flow range is required and these compressors are
often equipped with vaneless diffusers. Conversely, high performance levels are
required for diffusers in gas turbine engines and the compressors are generally
 equipped with vaned diffusers. The current design trend for all radial
compressor applications is to have high efficiency in addition to wide flow range.
The application of vaned diffusers has drawn increased attention.

The vaned diffuser consists of a two dimensional diverging channels (straight
channel diffusers) or conical pipes (pipe or discrete-passage diffusers). Different
types of vaned diffusers such as straight channel, vane island, airfoil (cambered
vane), cascade type tandem airfoil, discrete passage, and pipe diffusers (Figure
1.2) are used in centrifugal compressors. The criteria for assigning the precedence
of either a pipe diffuser over a channel diffuser or even an airfoil over a tandem
cascade diffuser are not well established. Of the different common radial diffuser
configurations, the vaneless diffuser has been the most extensively studied
followed by the straight channel and cambered vane types; the least amount of
data has accumulated for the pipe and discrete-passage diffusers.

The tangential velocity into the diffuser is usually about three times as large as
the radial component and it is therefore the deceleration of the tangential
component which provides most of the pressure rise (Cumpsty [1989]). The
vaneless space diffusion process is controlled mainly by angular momentum
considerations but the process is influenced by frictional viscous losses which
modify the flow profile. Performance of a vaneless diffuser has been evaluated
with the use of boundary layer theory or with the use of one-dimensional
equations for conservation of radial and angular momentum, mass and total
enthalpy. The effect of viscosity is modeled either through the use of a single skin
friction coefficient (Japikse [1982], Eckardt [1977]) or through the use of both a
skin friction coefficient and dissipation coefficient (Traupel [1977]). In many
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cases, simple constants are used for a given flow problem; in other cases, the
coefficients are evaluated as a function of Reynolds number, and in other
instances the fluid dynamic inlet effects are modeled with a scaled length
parameter (Traupel [1977]; Eckert & Schnell [1961]). It appears, however, that
none of these analyses include the influence of impeller exit profile. The results
of applications of the basic conservation equations on the flow in vaneless
diffuser (considering wall friction effects) were summarized in several
characteristic plots by Johnston & Dean [1966]. Later, Senoo & Kinoshita [1977]
and Senoo & Nishi [1977a, b] computed the flow in a vaneless diffuser using
boundary layer equations.

The straight channel type diffuser (Figure 1.2e) is used by a large number of
compressor companies. It is both simple to manufacture and, yields good
performance (Krain [1981 and 1984], Rodgers [1982a], Kano et al. [1982]). An
optimal diffuser divergence angle for straight channel diffusers is 26 = 8 - 10°
according to measurements by Yoshinaga et al. [1980].

Vane-Island diffusers (Figure 1.2f) for high Mach numbers at diffuser inlet are a
special form of straight channel diffusers with smaller vane numbers and a
concave geometry of suction side of the vane surface at the inlet (Conrad et al.
[1980], Verdonk [1978a], Jiang & Yang [1982]).

Curved channel (cambered vane) diffusers (Figure 1.2a, b) consist of airfoils or
blades, instead of vanes. A limitation of curved channel diffusers is that a
secondary flow can develop along the side walls, because of the curved nature of
the channel. Despite this disadvantage, the investigations by Kenny [1972],
Jansen [1982], Stein [1986], and Hunziker [1993] showed similar performance
levels to the ones by straight channel diffusers.

Tandem cascade diffusers (Figure 1.2c) have also been used in turbomachinery
industry. A well documented and successful design procedure for the tandem
cascade diffusers has not been developed, except for the recent publication by
Japikse [1996]. The proper application of airfoils in a cascade configuration is
well recognized for axial compressor and turbine design. Several references (e.g.
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Senoo et al. [1983] and Senoo [1984c]) presented information on tandem cascade
diffusers, but there is sparse industrial verification in the open literature.

An advantage of a multiple cascade system is that it can accomplish the same
diffusion as a single cambered vane but with half the diffusion factor per row
according to Pampreen [1972]. Pampreen [1972] hypotized that a cascade diffuser
can be designed more compactly and could perform better than a conventional
diffuser for identical inlet and exit conditions, with less loss and a larger
operating range. He studied the operating characteristics of different multiple
cascade diffusers. Various blade shapes and positions were tested for their
efficiency and pressure ratio. Pampreen [1972] concluded that the maximum
losses of the multiple cascade diffuser were about 10% less than those of the
conventional vaned diffuser. He made a comparison between a three-row
cascade diffuser and a single-row channel diffuser and claimed that the cascade
diffuser was superior. Wider operating range was found for the multiple cascade
diffuser than for the channel diffuser. In addition, higher efficiency was reported
for the tandem cascade diffuser. The compared channel diffuser design
parameters in Pampreen's investigations were not well specified and it is difficult
to determine whether or not this type of vaned diffuser represents state-of-the-
art performance (Japikse [1987]). Disadvantages of tandem cascade diffuser
appear to be complexity of design, higher costs of manufacture, and relative
scarcity of design data.

The approach to cascade airfoil diffuser design was initiated, because a coherent
and substantive data base of NACA cascade airfoil information was available at
a very early time. In tandem airfoil diffuser design, it has been suggested that the
use of the NACA airfoil data is valid for setting the basic airfoil geometries and
obtaining the correct flow turning within a reasonable but unknown degree of
accuracy. However, the estimated losses have been found to be almost an order
of magnitude too low and a multiplier of seven or eight times the basic loss level

from the cascade data correlations has been recommended for design (Japikse
[1996]).

Further work on tandem diffusers has been presented by Senoo et al. [1983], who
theoretically and experimentally examined the effect of cascading two airfoil
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type diffuser blades. The front row of the cascade was designed for low flow
rates and the back row was designed for high flow rates. Senoo et al. [1983]
found that the tandem cascade diffuser possessed a wide range of stable
operation and produced better pressure recovery than a similar vaneless diffuser.
Rodgers [1993] also investigated different tandem cascade geometries on a small,
high specific speed transonic centrifugal compressor stage and made
comparisons between tandem cascade- and straight channel diffusers in terms of
both flow range and pressure recovery. Tests showed the importance of the first
tandem row on overall compressor performance, and demonstrated higher flow
range at the expense of slightly reduced efficiency (1.5% reduction in peak
overall efficiency), as compared to an optimum channel type diffuser, tested at
the same compressor stage.

It is generally believed that vaned diffusers reduce the operating range of the
compressor stage by throat choking at high flow rates and stalling at low flow
rates. In an attempt to overcome this deficiency of the vaned diffusers or in other
words to eliminate the throat in vaned diffusers, the concept of low solidity
vaned diffusers (LSVD) was introduced by Senoo et al. {1983], and Senoo et al.
[1989]. The primary feature of the design is that LSVD does not include a throat
between its blades. LSVD has been used in the process and refrigeration
industry, where a wide operating range of the compressor is important.
According to Senoo's results, the low solidity vaned diffuser has almost the same
operating range as a vaneless diffuser, but the static pressure recovery coefficient
is significantly higher than a vaneless diffuser. This result was confirmed by
Haak et al. [1995], who compared a centrifugal compressor stage with vaneless
and single cascade low solidity vaned diffuser and called LSVD a compromise
between vaneless and vaned diffusers. Osborne & Sorokes [1988] conducted
further experiments using design procedures derived from Senoo with simple
flat vane construction and obtained results similar to those by Senoo. Hayami et
al. [1989] investigated low solidity cascade diffusers and compared the
performance with data of the same compressor with vaneless diffuser. A wider
flow range as well as a higher pressure ratio and a higher efficiency, than
vaneless diffusers were demonstrated even when the inflow Mach number to the
cascade diffuser was over unity.
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Harada & Goto [1993] experimentally and numerically investigated the
performances of single and tandem low solidity vaned diffusers and compared
them to those of vaneless diffusers. Both the single and tandem low solidity
vaned diffusers performed better than the vaneless diffusers. The tandem low
solidity vaned diffuser showed an increase in pressure recovery coefficient of
greater than 15% at the design point, and an increase greater than 40% at the
lower flow rate, as compared with the pressure recovery of vaneless diffuser. The
total-to-static overall compressor stage efficiency was improved by 4% to 10%
from 100% to 70% flow rate by using a low solidity tandem diffuser. All the
investigations of low solidity vaned diffuser showed better performance
compared to a vaneless diffuser without a loss in operating range. Unfortunately,
there is little data available in the open literature for direct performance
comparisons between low solidity vaned diffuser and other vaned diffusers such
as straight channel diffuser or cambered vane diffuser. The maximal achieved
mass - averaged diffuser pressure recovery was 0.70 - 0.72 for the single row low
solidity vaned diffuser and slightly higher for tandem low solidity diffuser by
Harada & Goto [1993]. Sorokes & Welch [1991] and [1992] provided a
comprehensive set of low solidity vaned diffuser data showing the effects of
various setting angles on both diffuser performance and overall stage
performance.

Hohlweg et al. [1993] compared performance and flow range, stage efficiency of
low solidity vaned diffusers to those of conventional thin vaned diffusers. In the
experiments with a high Mach number industrial compressor, the conventional
vaned diffuser achieved a minimum of 2.6% efficiency higher at the design flow
than that for the closest low solidity vaned diffuser. On the other hand, the low
solidity vaned diffuser attained 4.9% efficiency gain over the vaneless diffuser.
In the experiments with a low Mach number process compressor, the low
solidity vaned diffuser achieved essentially the same design point efficiency level
as conventional vaned diffuser. Recently, a vaneless, a conventional vaned and
two low solidity vaned diffusers were tested by Amineni et al. [1996] and the
results were compared in terms of the effect of diffuser systems on the stage
performance, the maximum efficiency and the operating range of the
compressor. For high Mach number (M = 1.02 at diffuser inlet) the vaned
diffuser maximum flow rate was 16% less than the vaneless diffuser and LSVDs,
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indicating that the maximum flow rate through the compressor was controlled
by vaned diffuser throat choking. The LSVDs investigated by Amineni et al.
[1996] had an operating range in between vaned and vaneless diffusers. In all
cases the best 2fficiency was performed with vaned diffuser.

Pipe diffusers have largely been developed by Kenny [1972]. In this
configuration the vanes and channels are replaced by discrete pipes lying with
their axes tangential to the impeller tip circle in the plane of the vaneless space
(Figure 1.3). Although the pipe diffusers are used in centrifugal compressor
industry, little data about design and performance exist in the open literature.
There is also a lack of knowledge about flow mechanisms inside the pipe
diffusers to provide a systematic approach for diffuser design.

The discrete-passage diffuser was developed by General Electric Company (see
Figure 4.33) Detailed experimental investigations on discrete-passage diffusers
have been carried out at MIT Gas Turbine Laboratory over the past several years
and are reported by Filipenco [1991], and Johnston [1993].

The circular cross section of the pipes or passages at diffuser throat is considered
to allow pipe or discrete passage diffusers to swallow a highly non-uniform flow
better than the vaned diffusers. As pointed out by Kerrebrock [1989], the swept-
back nature of the diffuser leading edges may account for the relatively good
transonic performance of this type of radial diffuser. Many arguments have been
made on the advantages and disadvantages of both pipe and discrete passage
and vaned diffusers e.g. Klassen [1973]. For example, according to Elder &
Forster [1987], pipe diffusers have a leading edge with inlet blade angles which
become more tangential at the side walls than in the central region. This suggests
that the pipe diffuser has some advantage in accommodating the hub to shroud
axial velocity profile. An alleged advantage of the pipe diffuser, over the
cambered vane diffuser is the lower throat blockage at a given leading edge to
diffuser throat static pressure rise (Kenny [1972]). Kenny compared curves of
pressure recovery for a pipe diffuser and a cambered vane diffuser, and showed
superior performance of the pipe diffuser for a given level of blockage at the
throat. The lower throat blockage of the pipe diffuser suggests a smaller
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geometric throat for the same flow rate, and consequently, a more compact
diffusing system as well as higher effectiveness according to Kenny [1972].

According to Japikse [1996] the performance levels of pipe diffusers are at the
same level or occasionally slightly better than, those of vaned channel diffusers
(Straight channel or cambered vane). Dean [1973] claimed that pipe diffusers
seem to give better peak recovery (2 - 3 points higher), but often shorter range
than the vaned channel diffusers. The reason for the higher performance of pipe
diffuser is believed to lie in the entry configuration, which should help
controlling boundary layer flow and especially back flow, rather than in the
conical channel compared to flat, straight centerline types. Blair & Russo [1980]
tested passage diffusers in a non-rotating "static blow test" apparatus. Diffuser
static pressure recovery coefficients of 0.79 - 0.82 at throat blockages of 2 - 3% for
an inlet Mach number of 0.7 - 0.8 were obtained by Blair & Russo [1980]. But this
diffuser performance was evaluated from single passage diffuser tests.

Comparative tests of straight channel and pipe diffusers were completed by
Rodgers & Saphiro [1972] on a compressor designed for a pressure ratio of 6.0.
Both diffusers had the same throat area and the pipe diffuser had 29 pipes and
the straight channel diffuser had 21 vanes. The results of the tests indicated
slightly higher overall diffuser pressure recoveries for the straight channel
diffuser (peak pressure recovery for the straight channel diffuser was 0.69 and
for the pipe diffuser 0.67), as well as higher flow range (ca. 5%) between choke
and stall.

There are also other diffuser arrangements which have been developed to reduce
pressure losses associated with the diffusion process and to increase the stable
operating ranges of centrifugal compressors. One method is the replacement of
the vaneless diffuser section with a free rotating vaneless diffuser (Rodgers &
Mnew [1975]), which tends to smooth out the distorted entry flow profiles. It is
claimed that application of rotating vaneless diffuser induces an increased flow
range and higher performance as shown by Rodgers [1978]. However, this could
be achieved only at the cost of a complicated geometry. Ribaud & Fradin [1989]
also investigated rotating vaneless diffuser. The free rotation of the vaneless
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diffuser reduced the friction losses by about 70%. The structure of the flow at the
impeller outlet influenced the efficiency of the rotating vaneless diffuser.

1.2.2.1 Vaned Diffuser Components

It is very common and also useful to divide the vaned diffuser in three parts (or
subcomponents) (Figure 1.4):

1) Vaneless Space (or Diffuser): The diffuser part between impeller exit
and leading edge of the diffuser

2) Quasi-Vaneless Space: The diffuser part between the diffuser leading
edge and the diffuser throat

3) Channel Diffuser: The diffuser part from diffuser throat to diffuser exit

The vaneless space takes advantage of the property of a vaneless diffuser that a
supersonic flow at the impeller exit can diffuse to subsonic flow without the
possibility of shocks. Mechanical constraints also lead to the necessity for a
vaneless region. The optimum length of the vaneless space (vaneless space
radius ratio) has not been systematically studied in terms of fundamental flow
variables, but seems to be a significant design factor, for pertormance, flow
range, noise, blade oscillations and structural integrity (Cumpsty [1989]).
Generally, increasing vaneless space gives wider flow range and reduction of
noise and oscillations, but it also means lower pressure rise and efficiency. In the
open literature one can find different values for an optimum vaneless space
radius ratio. A number of researchers have suggested various optimal values for
the vaneless space radius ratio as summarized in the following:

Reference Vaneless Space Radius Ratio
Came & Herbert [1980] 1.05

Clements & Artt [1989] 1.06-1.10
Rodgers [1982a] 1.125

Japikse [1986] 1.125

Jiang & Yang [1982] 1.15-1.20
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Detailed investigations of the flow in the quasi-vaneless space have been carried
out by Krain [1981], Elder & Gill [1985], Stein [1986] and Casey et al. [1995a].

The channel part of the vaned diffuser is the part being most similar to the single
channel diffusers although few detailed measurements of flow fields in channel
parts of vaned diffusers are available. The pressure rise at the diffuser walls were
measured, e.g. by Jansen [1982], Kano et al. [1982], Stein [1986], and Hunziker &
Gyarmathy [1993]. At the inlet region of channel part of vaned diffusers, Stein
[1986] measured unsteady pressures and Casey et al. [1995a] measured velocities.
They found similar distributions for different impeller blade positions. The time-
dependent distributions of the incoming flow appeared to have little influence on
the pressure recovery in the channel part of the vaned diffuser.

1.2.3 Flow Instabilities in Radial Diffusers

In addition to high design-point-efficiency, compressor applications require
operation over a range of flows. The maximum flow is set by the occurrence of
choking in any flow component of the compressor while the lower limit is the
onset of local and/or global instability such as rotating stall or surge, Greitzer
[1981]. Choking dictates the sizing of the compressor for a specific application.
The onset of flow instability makes designing more difficult, because it is not
completely understood in terms of flow processes occurring within the
individual compressor components. However, the radial diffuser appears to play
a major role in setting the operating flow range of high performance centrifugal
COMPTessors.

One type of flow instability for compressors is rotating stall, where one or more
"stall cells”, which are patches of low or reversed flow, propagate around the
circumference of the compressor. The speed of the cells is typically a fraction
(from 10 to 30%) of the impeller speed in a centrifugal compressor stage. In fully
developed rotating stall, the overall flow through the machine is constant in time,
with the stall cells merely serving to redistribute the flow around the annulus.
The formation of these rotating stall cells is the result of an instability of the
axisymmetric flow in the machine, in which small circumferential non-
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uniformities grow into finite amplitude disturbances. Rotating stall can thus be
regarded as a local component instability, in the sense that it is associated with
an individual component rather than with the overall compression system
(Greitzer [1976a, b]).

There is another type of instability known as surge, that is often associated with
stall in centrifugal compressor diffusers. Surge is a global instability involving an
oscillation of the overall flow in the machine. The frequencies of surge are set by
the system geometry rather than by those of the individual components. The
frequencies are therefore relatively independent of impeller speed and tend to be
an order or more lower than those of rotating stall. Surge can be divided into two
categories. Mild surge means periodic oscillations of the mass flow through the
compressor without flow reversal. Deep surge means high amplitude, low
frequency flow fluctuations with intermittent back flow through the stage. The
transition from mild surge to deep surge in a centrifugal compressor with a
vaned diffuser was investigated in detail by Ribi & Gyarmathy [1993].

The stable flow range of a centrifugal compressor is generally thought to be
limited by surge, but the initiation point of rotating stall can also be the key item,
due to the coupling that exists between the two modes of instability. Although
severai authors believe that rotating stall cannot be the major mechanism for the
onset of surge due to the greatly differing frequencies between rotating stall and
surge, for an axial compressor, the existing data show that the local instability,
rotating stall, can act essentially as a trigger for the global instability (Greitzer
[1980]). For centrifugal compressors, the situation is less clear, because the
amount of detailed time resolved data on the initiation of instability is much less
than that for axial compressors. The occurrence of flow instability not only limits
the operating range of compressors, but it may also prevent the attainment of
maximum efficiency which often lies at or close to the surge line.

The origin of the flow instability can be any component of centrifugal
compressor. Impellers, as well as vaneless or vaned diffusers, or an unsteady
interaction between impeller and diffuser, can cause rotating stall. It is
sometimes difficult to detect which component is the origin of the instability and

which modifications should be made to stabilize the flow. A cl distincti
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between impeller and diffuser rotating stall is not always possible and both
phenomena sometimes exist simultaneously or alternately. Zones of stable
operation and mild surge regions have also been observed between the onset of
rotating stall and deep surge. It is believed that the diffuser generally controls the
flow range and that stable flow range of the centrifugal compressor can be
increased by a modification of the diffuser characteristics, but the stalling
element cannot always be regarded as being the diffuser. In addition, the choice
of parameters to correlate the onset of centrifugal compressor instability (e.g.
diffusion factor, velocity ratio, static pressure rise in the quasi-vaneless space of
vaned diffuser) is still under considerable debate as are the unsteady physical
phenomena that characterize the stall process.

1.2.3.1 Vaneless Diffuser and Flow Instabilities

A large number of investigations of flow instabilities in vaneless diffusers are
available in the open literature, including experiments and modeling of the
instabilities. Related discussions on the origin of the flow instability and the
influences of the impeller exit flow, especially flow angle, on the instability are
also common to the instability phenomena in centrifugal compressor vaned
diffusers. For a centrifugal compressor stage with vaneless diffuser, impeller stall
(Lennemann & Howard [1970], Mizuki et al. [1976], Rodgers [1977a], Senoo et al.
[1979], Kosuge et al. [1982]) as well as vaneless diffuser rotating stall (Jansen
[1964a, b], Abdelhamid & Bertrand [1980], Abdelhamid [1981], Senoo &
Kinoshita [1978], Ligrani & Van den Braembussche [1982], Frigne & Van den
Braembussche [1984], and Abdelhamid [1980]) have been reported. Some authors
(Jansen [1964a, b]) have related vaneless diffuser rotating stall to the effects of
boundary layer separation and/or local reverse flow while other authors
(Abdelhamid [1980]) explained it by a fluid dynamic instability of the diffuser
core flow.

Vaneless diffuser flow field traverses obtained by Yoshinaga et al. [1980] showed
the existence of reverse flow near the shroud. Similar regions of reverse flow
were also observed by Rodgers [1982b] and Benvenuti [1978]. Senoo & Nishi
[1977b] developed a theory which stated that reverse flow is related to the
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diffuser inlet flow angle and diffuser depth, b. The presentation by Frigne & Van
den Braembussche [1984] correlated the onset of vaneless diffuser rotating stall
with critical inlet flow angle, O.crit. Stall of different nature and origin may appear
in one stage depending upon impeller speed and fluid dynamic parameters
(Frigne & Van den Braembussche [1984]). Abdelhamid [1980] showed that
depending on the impeller-diffuser interaction, two types of vaneless diffuser
rotating stall are possible. Further Abdelhamid [1983] demonstrated in his
experiments that both types of vaneless diffuser rotating stall can exist at the
same centrifugal compressor stage.

1.2.3.2 Vaned Diffuser and Flow Instabilities

The flow instabilities in centrifugal compressor with vaned diffusers are less
investigated than the instabilities in vaneless diffusers. In terms of rotating stall,
most of the observations and experiments refer to axial compressors and the
ability to predict surge for centrifugal compressors is substantially behind the
technology base for axial compressors (Japikse [1996]).

Surge (mild surge) in a high pressure ratio centrifugal compressor with vaned
diffuser was investigated by Toyama et al. {1977] and the resuits of high-
frequency response measurements during surge operation were presented.
Special emphasis was given to the flow development in diffuser inlet region and
its relation to the onset of surge. One important conclusion was that surge of the
test compressor was triggered by the diffuser flow. At the initiation point of
surge, the stagnation pressure loss in the diffuser inlet region increased,
however, gross separation of the diffuser inlet boundary layer was not observed
before surge. No evidence of rotating stall was found, and surge was triggered
by excessive diffusion in the vaneless and quasi-vaneless space at the inlet region
of vaned diffuser (when the instantaneous value of diffuser inlet pressure
recovery coefficient from impeller exit to diffuser throat reached approximately
0.40 - 0.45). Dean & Young [1977], Dean [1974], and Kenny [1972] asserted that
surge is caused by a breakdown of the flow in the vaned diffuser.
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The work of Jansen et al. [1980] provided some analytical basis for overall
unsteady flow during instability in the centrifugal compressors. This work was a
thorough examination of surge cycles in a small high speed centrifugal
compressor. Time dependent inlet and outlet flow measurements were
conducted with a turbocharger compressor equipped with a vaned diffuser to
determine the time dependent mass flow rate, pressure, and flow direction
during surge cycles at two different impeller speeds. The data were compared
against predictions from Greitzer's [1976a, b] model which uses first-order
ordinary non-linear lumped parameter differential equations.

The transition from mild surge to deep surge in a centrifugal compressor with a
cambered vane diffuser was investigated by Ribi & Gyarmathy [1993] for
different vaned diffuser geometries and different operating points in the
compressor map. Depending on impeller tip Mach number mild surge or
rotating stall was seen before deep surge. An intermittent mass flow reduction
during mild surge provoked impeller rotating stall and then triggered the
transition to deep surge. The instantaneous behavior of the same centrifugal
compressor stage during mild surge was investigated by Ribi & Gyarmathy
[1995]. By subdividing the time-dependent pressure rise into the contributions of
the stage components (impeller plus inlet duct, diffuser and collecting chamber),
an analysis of the instantaneous behavior of each component was performed.
The results revealed that the impeller responded to the pulsations in a quasi
steady way, but large deviations from the quasi steady behavior occurred in the
vaned diffuser.

It is currently an open question whether rotating stall has a role in surge for
centrifugal compressors. Rotating stall occurs in centrifugal compressors and
evidence of rotating stall has been found in both the impeller and diffuser by
Kammer & Rautenberg [1982] and by Abdelhamid et al. [1987]. Amann &
Nordenson [1961] believed a diffuser rotating stall is responsible for the flow
breakdown in the stage. However, the time resolved measurements of the flow in
a centrifugal compressor entering surge made by Toyama et al. [1977] and by
Dean & Young [1977] did not show rotating stall prior to the observed surge.
One difficulty in arriving at a general description of centrifugal compressor
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instability is that the speeds, the overall system, and the compressor geometries
cover a wider range than those of axial compressors.

Unsteady pressure and blade vibration measurements were carried out by Jin et
al. [1992] and [1994] on a centrifugal compressor stage with different impeller
and diffuser geometries. The excitation and blade vibrations during surge for the
vaned diffuser were stronger than those for vaneless diffuser.

Fink et al. [1991] investigated surge in a radial turbocharger compressor
equipped with vaneless diffuser. The main conclusion was that the element most
responsible for surge initiation in this compressor was the impeller. Although the
vaneless diffuser was a destabilizing element (due to its positive characteristic
slope), its characteristic slope was nearly constant near the surge line and it was
not the component whose performance change initiated instability and surge. A
lumped parameter model for the modeling of the overall system behavior and
the surge, was also developed by Fink et al. [1991].

Greitzer [1981] reviewed the literature concerning different types of instabilities
and provided a criteria for the static and dynamic instability of the system
comprising of the compressor, the piping and the user. Based on the physical
mechanisms for dynamic instability various active and passive control concepts
have been proposed and realized for centrifugal compressor stages (Pinsley et al.
[1991], Gysling et al. [1991], and Simon et al. [1992]). An active control scheme to
control rotating stall in a centrifugal compressor in a manner similar to that
applied to axial machines was investigated by Lawless & Fleeter [1993b].

There are only a few investigations covering rotating stall in vaned diffusers of
centrifugal compressors (Ogata & Ariga [1995], Hunziker & Gyarmathy [1993],
Lawless & Fleeter [1993a], Filipenco [1991], Haupt et al. [1988], and Abdelhamid
et al. [1987]).

Flow visualizations by Le Manarch & Robert [1958] showed impeller rotating
stall initiated by the vaned diffuser rotating stall. One stall cell was rotating at
20% of the impeller speed. The stall cell consisted of a vortex at impeller exit and

created return flow along the blade pressure side. This impeller exit flow
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perturbation was initiated by the unsteady flow in the vaned diffuser and did not
exist for a vaneless diffuser.

Investigations of rotating stall in a high performance centrifugal compressor
with vaned (cambered vanes) diffuser was carried out by Abdelhamid et al.
[1987]. Two types of rotating stall were observed. At low compressor speeds (N <
13600 RPM) there were three cells with a rotation speed of approximately 5-6% of
the impeller speed. For higher speeds (N > 13600 RPM) the rotating pattern
changed to two cells and rotated at approximately 16 - 20% of impeller speed.
The maximal relative magnitude of flow oscillations was observed in the quasi-
vaneless space. Abdelhamid et al. [1987] stated that the deterioration of flow
conditions in the diffuser inlet with decreased flow angle at impeller exit is to be
a significant destabilizing factor leading the onset of the instability and flow
oscillations.

Haupt et al. [1988] investigated the influence of different vaned diffuser types
(straight channel, cambered vane and twisted diffusers) on rotating stall onset.
Rotating non-uniform flow patterns were found in a wide range of operating
speeds before the occurrence of surge. The number of cells was dependent on the
operating conditions and varied from two to four. A comparison of unsteady
flow characteristics of the straight channel and cambered vane diffuser showed
similarity in the spatial distribution of the unsteady pressure field, in the
frequencies of fluctuations, and in the rotation speed of the observed non-
uniform patterns for both diffusers. In both of the investigated vaned diffusers,
flow visualization techniques revealed the occurrence of reversed flow near the
shroud wall of the impeller. The use of the two different radial diffusers
interacting with the same impeller and collecting chamber, resulted in
differences in the compressor characteristics. The surge line was shifted towards
higher mass flow rates for the configuration with the straight channel diffuser
compared to cambered vane type.

Lawless & Fleeter [1993a] performed an experimental study in a centrifugal
compressor with three different vaned diffuser geometries to identify spatially
coherent pressure waves which would serve as precursors to the development of
an instability. The rotating stall patterns observed in the compressor
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demonstrated propagation rates near impeller speed, and had from one to four
cells. These instabilities were described as impeller stall by the authors, although
the conditions appeared to arise simultaneously both in the diffuser and impeller
and were typically of similar magnitude in both locations. The rotating stall
behavior of the low speed centrifugal compressor with vaned diffuser used in the
investigation by Lawless & Fleeter [1993a] exhibited a more extensive variety of
spatial modes than those reported in low speed axial compressor investigations.
Although exhibiting the same fundamental type of instabilities, centrifugal
compressors are characterized by a much broader spectrum of unstable behavior
than their axial counterpart.

Hunziker & Gyarmathy [1993] tested a centrifugal compressor with three
different cambered vane diffusers. In their compressor the stability limit
occurred at the flow rate corresponding to the maximum pressure rise of the
overall stage. Mild surge occurred at the flow rate giving the maximum overall

stage pressure rise characteristic (zero slope), in compliance with linearized
stability theory.

To assess the influence of different centrifugal compressor components on the
stability of the stages, Dean [1974] proposed a stability parameter, SP. The
analysis of the pressure rise characteristics of each individual stage component
(impeller, vaneless space, channel part of diffuser) gives a guide to the
contribution of each. The slopes of the pressure rise characteristics of individual
components indicate the strength of their stabilizing and destabilizing effect. The
total pressure ratio of the stage can be written as a product of pressure ratios of
individual components and therefore the stability parameter, SP, as a sum of the
stability parameter of individual components. The influence of individual stage
components on the stability can thus be shown in a graph as a function of mass
flow rate (Figure 1.5 from Dean [1974]). In this figure positively sloped curves
indicate instability. Of particular interest is the identification of those
components or subcomponents, which contribute to a positively sloped
characteristic, and of those stabilizing components which have a strongly
negative slope. The impeller itself has a neutral behavior and the diffuser inlet

region (vaneless diffuser + quasi-vaneless space) shows a strong stabilizing effect
over a wide flow range. This ef

-
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According to Figure 1.5 the unstable component of the stage is the channel part
of the vaned diffuser.

Figure 1.5 also indicates the importance of the vaneless space for the stability of
the overall stage. Larger vaneless space radius ratio means a smaller upstream
influence of diffuser vanes with a favorable effect on stability range. However, a
larger vaneless space results in higher friction losses, lower efficiency, and higher
throat blockage because of boundary layer development. Dean [1973] claimed
that a larger radius ratio does not lead to better performance and Kenny [1972]
obtained large operating range and good performance with the diffuser leading
edge close to the impeller exit. According to Haseman et al [1991], increasing the
vaneless space radius ratio from 1.125 to 1.20 at the same impeller-diffuser
configuration reduced the blade vibrations which were caused by rotating stall.
Yoshida et al. [1991] also studied the influence of vaneless space on the stability
of a vaned diffuser. The results indicated a shift of the stability limit to smaller
mass flow rates when the vaneless space is reduced.

Experimental data by Japikse [1980] indicated an influence of diffuser vane
number on stability range. Decreasing the number of vanes lowered the surge
limit at the cost of a two percent loss in stage total pressure rise.

The stall limit of vaned diffusers is usually correlated either to the diffusion ratio
from the leading edge to the throat or to the incidence angle of flow relative to
the camber line of the vane or the blade suction surface (Senoo [1984a]). The
incidence angle has the same physical meaning as the flow angle for fixed
diffuser vanes.

The experiments with vaned diffusers in the open literature show a high
pressure rise at the diffuser inlet region (in the quasi-vaneless space between
diffuser leading edge and throat). According to some investigators the reason for
the flow instability is this high pressure rise from the diffuser leading edge to the
throat. Often the quasi-vaneless space is stated as the most critical element of a
centrifugal compressor stage where the flow breaks down if a critical level of
diffusion or a critical value of pressure recovery is exceeded (Kenny [1972]
Toyama et al. [1977], Came & Herbert [1980], and Elder & Gill [1985]). These

27



investigators correlated the pressure recovery at the diffuser inlet region with the
onset of the instability and gave critical values of pressure recovery, (Cp1'-th)erit
(in most cases pressure recovery from diffuser leading edge to diffuser throat,
but in some cases from impeller exit to diffuser throat, that includes pressure rise
in vaneless space) for the onset of instabilities:

Reference Cp'-th)erit
Kenny [1972] 0.45
Dean & Young [1977] 0.40
Toyama et al. [1977] 0.40 to 045
Rodgers [1982a] 0.30
Clements [1987] 0.35
Stein & Rautenberg [1988] 0.35
Rodgers [1993] (straight channel diffuser) 0.36
Rodgers [1993] (cascade diffuser) 041

The throat area of vaned diffuser is designed to pass the maximum flow rate
with some margin. According to Elder & Forster [1987] the reason for centrifugal
compressor instability is the high pressure rise or over-diffusion in quasi-
vaneless space which is thought to generate surge, especially in high pressure
ratio units. For compressor stages with vaned channel diffusers Elder & Gill
[1985] collected data for stall in the vaneless and quasi-vaneless region of the
channel diffusers and presented a correlation, which gives the stalling value of
pressure recovery (Cp1-th)crit in the vaneless and quasi-vaneless space versus the
'wetted' perimeter area (Ayw) divided by the geometric throat area (Ag) times the
rotor blade number (Zp)). This criterion for defining the diffusion, the ratio
‘'wetted surface area of the quasi-vaneless space/geometric throat area' (=
Aw/Ag) was initially suggested by Came & Herbert [1980]. Elder & Gill [1985]
added an additional parameter to this parameter, namely the blade number and
found a better correlation.

The idea of a critical value of pressure recovery from diffuser leading edge to

throat is not able to explain surge line shifts caused by changes in the diffuser
channel geometry (Japikse [1980], Clements & Artt [1987a]). The discrepancy
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between different investigations for Cp(1-th)crit also implies that the correlation
between stall onset and pressure rise at the diffuser inlet region is not adequate
for design. Japikse [1984Db] tested different compressor stages, which were
designed by several designers and equipped with vaned diffusers. He found
values of critical pressure recovery at the diffuser inlet region as 0.1 to 0.35. In
other centrifugal compressor stages he observed values as high as 0.45. He
concluded that the criterion of critical pressure recovery at the diffuser inlet
region is quite approximate and there is no one critical value which can be used
in all design work.

Diffuser leading edge incidence angle relative to the vane suction surface was
introduced by Reeves [1977a] as a factor affecting stall and surge. If wedge type
vanes are used (straight channel diffuser) and the divergence angle of diffuser
channel is constant, the wedge angle becomes larger as the number of the vanes
is reduced. As a result the direction of the suction surface becomes closer to the
tangential direction for a given stagger angle of the channel. Therefore, if the
incidence angle relative to the suction surface is the main parameter for stall, the
flow range for a vaned diffuser is increased as the number of the vanes is
reduced. Reeves [1977b] correlated the flow range of pipe diffusers to the
diffuser leading edge Mach number and the incidence angle relative to the
bisector of the wedge at the choke flow rate.

1.2.3.3 Some Practices for Vaned Diffusers to Achieve a Larger Flow Range

In this section we summarize some techniques used to increase flow range. There
is an increasing interest in the implementation of active control schemes to
extend the operating range of compressors. The effective design of control laws
requires a detailed understanding of stall inception dynamics. In that one must
know what the mode, or the nature of instability is. This includes the frequency
content of this disturbance mode, the growth rates, and the spatial structure,
because all of these items are needed to define a proper control strategy.
Experimental investigation should include both local and global time resolved
features of the flow field, as well as steady-state information.
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The maximum efficiency of radial flow centrifugal compressors usually occurs
too close to the surge line and the desirability to match engine operation close to
this peak efficiency can lead to insufficient flow margin. Techniques to reduce
the surge flow limit without adversely affecting compressor performance at the
design point are clearly desirable. Variable geometry devices meet this
requirement as they can remain inactive when design point peak efficiency is
required and can be only used when surge is imminent.

Adjustable diffuser vanes (or blades) have been used to increase flow range so
that the incoming flow angle can adapt to vaned diffuser and rematch the
diffuser to the changed inlet flow condition. Since the onset of the instability is
mainly determined by diffuser inlet flow angle, adjustable diffuser vanes can
increase the flow range of the stage. Applications of adjustable diffuser vanes can
be found in Rodgers [1968] and [1977b], Harp & Oatway [1979], Berenji & Raffa
[1979], Simon et al. [1987], Casey & Marti [1986]. Current research is also going
on at the University of Hannover in a centrifugal compressor facility with
adjustable diffuser vanes.

A compressor with an adjustable vaned diffuser may be operated safely in part
load conditions and smoothly over the range in which a compressor with a
vaneless diffuser could perform with rotating stall instabilities. In addition,
adjustable vaned diffuser adjusts to a higher static pressure ratio compared with
a vaneless diffuser. Improved flow range (ca. 10%) could be observed by Rodgers
[1977b], but the leakage penalty around the variable geometry diffuser vanes was
also clear. Very tight clearances are necessary between the adjustable vanes and
the sidewalls in order to control the leakage losses. A trade-off must be made
between the advantage gained versus the cost and also versus the penalties
associated with leakage around freely moving vane elements.

Flow regulation through single stage centrifugal compressor is most effectively
achieved by the use favorable IGV's (Inlet Guide Vanes) and variable diffusers.
Combined variable IGV's and diffuser vanes provided minimum efficiency
penalty with flow reduction (Rodgers [1968]). An extensive study with IGV's and
variable diffuser vanes was reported by Simon et al. [1987]. The working range of
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vanes according to the investigations by Simon et al. [1987]. Simultaneous
adjustment of inlet guide vanes and diffuser vanes enables an increase in
efficiency over the entire operating range compared with regulation of only inlet
guide vanes or diffuser vanes (Simon et al. [1987]). Compared with the stage
equipped only with adjustable inlet guide vanes, the efficiency gained in the case
of matched adjustment of the inlet guide vanes with diffuser vanes amounted to
2% at the reference point (and up to 6% along the speed line at the reference
point).

Using IGV's increases impeller and inducer flow stability allowing the
downstream diffuser to operate slightly into its positive incidence zone, even
though the diffuser static pressure rise versus flow characteristic exhibits a
positive slope according to Rodgers [1990]. He tested a centrifugal compressor
with a vaned diffuser and adjustable inlet guide vanes and showed that the high
speed surge margin was extended by regulation of the IGV's, even though the
vaned diffuser was operating stalled. For this test compressor, the high speed
surge line was triggered by inducer stall and thus IGV regulation increased
impeller stability. With this regulation it was possible to provide the net
compression system stability remained negatively sloped. These results conflict
with some other lower Mach number compressors where the vaned diffuser
would dominate surge and IGV regulation was similar to the effect changing
speed, without a significant shift in surge line. Rodger's investigations indicated
that at inducer tip relative Mach numbers greater than unity, the surge line
corresponded to the expected position of inducer stall. It was observed that the
high speed surge line was triggered by inducer stall and low speed surge line
was triggered by diffuser stall.

Two variable geometry techniques, variable prewhirl guide vanes and variable
vaneless diffuser passage height, were applied to small turbocharger
compressors by Whitfield et al [1976]. To improve the operating range of a
centrifugal compressor, variable inlet and diffuser vanes were used on a
compressor with a pressure ratio of 2.5 by Harada [1996]. Low solidity cascade
vanes were used for the diffuser. By adjusting the diffuser vanes to the most
suitable flow angle, pressure fluctuations caused by the unstable flow in the
diffuser during low flow rate operation of the compressor could be suppressed.
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The compressor could be operated nearly up to the shut-off flow rate without
any indication of surge. According to Harada's investigation when the pressure
ratio of the compressor is below 2.5 and the pressure fluctuation in the diffuser at
low flow rate is suppressed by using adjustable diffuser vanes, the compressor
can be operated under surge-free conditions even when the impeller stalls. In this
investigation impeller stall occurred when the relative velocity ratio, inlet to exit
of the impeller, exceeded a critical value, which depends on impeller speed.

Theoretical analyses and experimental results were reported for two unique
variable geometry techniques used with pipe diffusers by Salvage [1996] to
enhance off-design performance. The circular section of the pipe diffuser makes
varying its geometry difficult. Adjusting the direction of the flow seems more
appropriate for pipe diffusers. One technique applied (split-ring diffuser),
mechanically closes the diffuser throat in an unusual manner. The other
(recirculation diffuser) allows flow recirculation to close the diffuser throat
artificially while attempting to improve diffuser inlet flow characteristics. In the
case of the split-ring diffuser the pipe diffuser is divided into two concentric
rings, one of which is rotated with respect to the other. In the second technique, a
portion of the fluid from the collector re-entered the impeller exit flow stream via
a recirculation. The recirculating flow tended to fill the diffuser passage even as
impeiier flow is reduced. Results showed that surge margin may be improved by
either method against the baseline compressor data. The surge margin
improvement depended on the IGV settings, and flow recirculation may offer
efficiency according to Salvage [1996]. However, Mechanical implementation,
device control challenges and problems of leakage remain.

Another approach for increasing operating range is suction of low momentum
flow at the suction side of the vanes in the quasi-vaneless space or at the throat.
This increases mass flow range near the surge line as well as near choke
according to Rodgers [1982a]. Another technique for enhancing the surge margin
is linking of the diffuser throats by a communicating manifold. This equalizes the
pressures in the diffuser throats and hence prevents diffuser from reaching its
limiting (stalling) condition and extending the range to the stall of the diffuser.
Raw [1986] applied side walls (hub and shroud) injection and/or suction at the
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Several investigators have considered special treatments of the inlet region in
order to improve the stage performance. The first technique is a twisted diffuser
vane leading edge to conform the hub to shroud distribution of flow velocity and
angle, leaving the impeller and entering the diffuser. Bammert et al. [1983]
demonstrated that a diffuser vane inlet geometry (twisted diffuser), which is
better adapted to the hub to shroud local flow conditions, can improve the
centrifugal compressor range and efficiency at the speed line for which the
diffuser has been optimized. Bammert et al. [1983] tested a cambered vane, a
straight channel and a twisted diffuser at the same compressor stage. The three
diffusers had the same design point but were geometrically dissimilar. The
compressor with the twisted diffuser had better efficiency and higher pressure
ratio. For higher speeds the region of operation was wider than for straight
channel and cambered vane diffusers.

The geometry (shape) and sharpness of the leading edge of the radial diffuser
vanes can influence the stable flow range of the centrifugal compressor. Jansen
[1982] achieved a broader mass flow range with twisted diffusers, although the
results of Fischer [1986] did not confirm the ones of Jansen. Another method is to
use notches in the leading edge of the radial diffuser vanes. Detailed studies to
investigate the effect of vane leading edge shapes and notches on the diffuser
performance were carried out by Yoshinaga et al. [1980]. For this purpose the
leading edges of vanes were cut out (triangular and rectangular). The vane with
rectangular cut resulted in lower stage efficiency and operating range, while the
vane with the triangular cut resulted in an improvement in stage efficiency of
one or two points, without influencing the operating range. Another example for
the vaned diffuser leading edge modification was proposed by Sulzer-Escher
Wyss [1976] (This reference is taken from Hunziker [1993]). With a modification
at the leading edge of the vaned diffuser there was an increase of stable flow
range without changing the stage efficiency. Different shapes particularly at the
diffuser inlet were found to have an effect on surge limit as also reported by
Whitefield et al. [1976]. Unfortunately, it is difficult to generalize the results by
Kenny [1972], Yoshinaga et al. [1980], Whitefield et al. [1976], and Sulzer-Escher
Wyss [1976] and to give a systematic concept or guidelines for the modification
of diffuser leading edge.
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Analogous to axial compressors, casing treatments has also been used in
centrifugal compressors to extend the stable operation range. One application of
casing treatment at a radial impeller inlet, exit and in the vaned diffuser is
reported by Jansen et al. [1980]. Casing treatment at impeller exit and vaned
diffuser wall treatment with radial slots in the external hub section gave
unsatisfactory results in terms of moving surge limit, but the flow rate at choking
was increased. The measurements with wall treatments, showed an increase of
the operating range rather in choke flow than at the surge line, with a drop in
efficiency of up to 4%. The mechanical excitations experienced in this technique
were also too high for practical centrifugal compressor design.

A successful diffuser casing treatment was proposed by Amann et al. [1975] for a
vaned diffuser centrifugal compressor. A circumferential slot, connected to
annular chamber at impeller exit (in vaneless space) was effective in suppressing
surge. A more uniform circumferential pressure distribution with lower
pulsation levels and pressure peaks was observed with this treatment.

A last example from this category is from Ribaud & Avram [1982] who used slots
at the vaned diffuser inlet or at the throat which are connected to an annular
plenum. This plenum was connected to the inlet duct through a throttle valve to
regulate the amount of flow sucked out of the diffuser. With the valve closed, the
pressure rise, efficiency and range improved compared to the original geometry
without the apertures. Part of this performance improvement was lost when
some percentage of the flow was allowed to return to the inlet duct. With the
same efficiency and stage pressure ratio, the flow margin obtained was twice as
that obtained without opening the throat slots.

Another aspect to be considered is the shape of vane surfaces in the radial
diffuser inlet region. Most investigators prefer using straight wedge-type
diffusers for the channel. By contrast, some investigators (Dean et al. [1970],
Verdonk [1978b], Dolan & Runstadler [1973]) have contoured the leading edge so
as to permit more gradual control of the flow entering the diffuser inlet, in the
belief that this is important in the transonic flow regime. The investigations by
Rodgers [1982a], Japikse & Osborne [1986a, b], and Clements & Artt [1987b] on
straight channel diffusers showed that diffusers with a straight suction side at
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the inlet (in quasi-vaneless space) have broader mass flow range than the
concave suction side profiles. It is not possible to find definitive information that
argues which system is superior at any particular Mach number level and this
design feature remains to a subjective choice of designer according to Japikse
[1996].

Clements & Artt [1987a] and Clements [1987] showed that there is a correlation
between the stable flow range of the centrifugal compressor stage and the
divergence angle, 26, of the channel diffuser part for a constant diffuser throat
area (Figure 1.6a and b from Clements & Artt [1987]). These figures show an
increasing efficiency (pressure recovery) with increasing diffuser divergence
angle 20 of the channel part (a), however, the stable flow range decreases with'
increasing diffuser divergence angle 26.

Came & Bellamey [1982], Japikse [1984b] and Van den Braembussche [1984]
summarized the experiences of different compressor manufacturers and
investigations on stall and surge margin of centrifugal compressor diffusers:
Vaned diffusers designed for high pressure recovery (choice of channel diffuser
divergence angle 260) have often smaller flow range and diffusers with less
pressure recovery have broader flow ranges.

In addition, Japikse [1984b] showed a correlation between the stability limit of
centrifugal compressors (flow range) and flow separation in the single channel
diffusers, which depends on the diffuser divergence angle, 26. Stalling of the
channel diffuser can play an important role in the eventual stalling and surging
of an entire stage. Consequently, one characteristic that has been used is to
correlate the stage range with the measure of the channel diffuser A26, a
hypothesis which was first suggested by Dean [1974]. Japikse first calculated the
difference between radial channel diffuser divergence angle, 20, and maximum
diffuser divergence angle of single channel diffusers without separation, 20max,
and plotted this angle-difference, A26, versus mass flow range of different radial
compressor stages (Figure 1. 7). From this figure it may be observed that stable
operating range decreases as A26 is reduced in the direction of the ridge of the
transitory stall or best performance of single channel diffuser. Negative A20
means that the unit was designed with a conservative offset between the
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divergence angle of the diffuser and the ridge of peak recovery at the design
point conditions. It can also be noted in this figure that several points failed to
follow the trends shown. All of the stages, which are exceptions to the channel
diffuser stability criterion in this figure were found to embody additional
phenomenon which provided extra stability according to Japikse [1984b]. All of
these stages involved transonic flow conditions at the diffuser leading edge. For
these cases, a strong shock system was identified and the stabilization which
resulted from the shock system and the additional pressure rise, contributed to
enhanced stable operating range. However, in each case the shock system created
additional losses and, in several cases, mechanical damage was found on rotating
components (Japikse [1984b]).

A number of other practices can be added to the list of above stated
modifications for the increasing operating range of centrifugal compressors
equipped with vaned diffusers (Botros & Henderson [1994] reviewed the current
state of technology in surge control of centrifugal compressors). However, many
of these result in an efficiency decrease when the range has been increased. To
avoid surge and stall, the most appropriate design of the impeller and diffuser
requires that both components are correctly matched. Recently active control
techniques have been employed with success to suppress the flow instabilities in
form of rotating stall and/or surge in axial and centrifugal compressors and
there is an increasing interest in the implementation of active control techniques
to extend the operating range of centrifugal compressors with vaned diffusers.

1.2.4 Flow at the Impeller Exit

The most important uncertainty in the centrifugal compressor design experience
is the description of the flow process at the impeller exit and in the diffuser inlet
according to Dean [1973]. Experimental and computational investigations on the
development of flow within the impeller channel have provided some insight
into the origin of the impeller exit flow non-uniformities. Discussions on the
developing flow from a centrifugal impeller into radial diffusers can be found by
Eckardt [1977], Krain [1984], Elder & Forster [1987], Inoue & Cumpsty [1984],
Hathaway et al. [1993]. In each case, there is evidence of significant distortion,
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relative to the impeller in both hub to shroud (axial) and blade to blade
(circumferential) planes which causes unsteady flow in the vaned diffuser inlet
region. Several experimental investigations pointed out the flow non-uniformity
at the impeller exit and at the diffuser inlet, but the effect of the inlet flow field
distortion on the vaned diffuser and on the overall compressor performance is
not sufficiently investigated. It is generally believed that the impeller exit flow
non-uniformities and the resulting unsteady impeller-diffuser flow interaction
could have a significant influence on the performance of the compressor stage.
The underlying fluid dynamics, however, are not understood well enough to
permit the development of rational guidelines for selecting the impeller and
diffuser fluid dynamic design parameters for optimal performance. If the details
of the flow through the impeller-diffuser stage are clearly understood,
appropriate design steps can be taken to improve sizing of the components, to
achieve more effective matching, and to increase stage efficiency and stability
margin (Filipenco [1991]).

The flow character at a centrifugal compressor impeller exit, which differs
considerably from a potential- theoretical profile, is very often called a jet - wake
pattern. The "jet" is the flow with high meridional velocity which is primarily
present in the hub/pressure side area. The "wake" is the flow in the
shroud/suction side area that has a low meridional velocity. Dean & Senoo
[1960] and Dean [1971] first described the process downstream of the impeller in
a vaneless diffuser with the jet-wake model. The idea of a jet-wake flow was
popularized with an analytical description of the jet-wake process for an
centrifugal impeller by Johnston & Dean [1966]. In 1977, Eckardt published the
results of detailed measurements at different planes of a centrifugal compressor
impeller. (See Fig. 1.8 from Eckardt [1977]). The presence of secondary flows, tip
clearance leakage and shroud boundary layers were found to develop into a low
momentum zone (wake) at the impeller exit. Navier Stokes computations of the
Eckardt's impeller were performed by Moore & Moore [1980] and qualitative
indications of the formation of a wake-type region could be identified.

The flow distribution at the impeller exit depends also on the operating point of

the compressor stage. Figure 1.9 from Dalbert [1993] shows the measured (Laser-
Two Focus Velocimeter) and calculated (with the Dawes code) velocity

37



distributions at the exit of a centrifugal compressor impeller for three operating
points (near surge, design point and near choke).

A jet-wake flow pattern has been observed in the discharge flow of a centrifugal
compressor impeller by many researchers (McDonald et al. {1971}, Mizuki et al.
[1975], Olivari & Salaspini [1975]). However, the wake has been detected at
different positions in the exit plane of the impeller. Investigations by Kdmmer
[1984], and Ribaud [1987] indicated a back flow region from the diffuser to the
impeller at the front wall (shroud) for reduced mass flow rates. For some
operating conditions was the back flow region near the rear wall (hub) and the
reason of this change was not clear or well understood. Impeller shroud
boundary layer separation and secondary flow were observed to lead to the
formation of a wake in the suction side/shroud corner region at the impeller exit
by Johnson & Moore [1983a, b]. In the experiments of Kano et al. [1982] low
momentum flow accumulated at the corner of the shroud and the blade suction
side of the impeller. In some studies, for example by Fisher & Inoue [1981], the
presence of a distinct low momentum zone, called the wake by previous
investigators, is more difficult to identify. Hamkins & Flack [1987] made laser
measurements in an unshrouded pump impeller showing a jet/wake
development which is almost contrary to the flow character of the Eckardt's
impeller, i.e. the wake development was found close to the pressure side.

The location of the wake is known to be influenced by flow rate and impeller
speed as well as impeller geometry, but even today design techniques cannot
predict accurately either the wake size and/or the location of the wake.
According to the analysis by Johnson & Moore [1983a, b] at the impeller exit, the
wake is located on the suction surface in the 'below design' flow, near the
suction-surface/shroud corner in the 'design’' flow and on the shroud 'above
design' flow. It is concluded by Johnson & Moore [1983a, b] that the relative
magnitudes of the secondary flows due to curvature and due to rotation
generated in the axial-to-radial bend are responsible for the wake's position.
Laser 2Focus measurements of the flow at the exit of modern unshrouded
centrifugal impellers with backswept blades yield a more uniform velocity
profile compared to former measurements of Eckardt on impellers with radial

blading (Rohne & Banzhaf [1990]). Hah & Krain {1989] experimentally and
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numerically investigated a 4.7:1 pressure ratio high efficiency, backswept
impeller. They found comparatively smooth impeller discharge velocity profiles
at all operating conditions (design point, near choke and surge) differing widely
from the jet/wake type pattern.

According to Japikse [1987] the concept of a jet-wake structure is now less clear
in the cases of well designed impellers and impellers with substantial
backsweep. Japikse recognized rather the existence of an isentropic core (in the
vast majority of compressor and pump studies) and various stream tubes of
lower momentum fluid which is caused by secondary flows, shroud and wall
boundary layers, tip clearance etc. There is no difficulty with the "jet" concept;
the problem is with the term "wake" where many impeller flow fields may not
show a distinct "wake"-like character but rather can be better characterized as
low momentum secondary flows (Japikse [1987]).

The development of a low energy, low momentum region close to the shroud
wall, associated with a high velocity region near the pressure surface, has been
confirmed in centrifugal compressors using the Navier-Stokes calculations by
Hirsch et al. [1996a, b]. Indications were implying that the main mechanism for
the accumulation of low energy fluid in the shroud area is the radial transport of
boundary layer material along the blade surface. Its location results from a
balance between secondary and tip leakage flows and is not necessarily
connected to boundary layer separation.

Eckardt [1977] also measured the static pressure distribution at the vaneless
diffuser inlet region. The decrease in static pressure gradients with increasing
vaneless space radius ratio was noticeable in the axial as well as in the
circumferential directions. The radial development of the measured velocity
distributions indicated a mixing within the flow at the vaneless space. The
mixing process in vaneless space can lead to losses amounting to as much as 10
points stage efficiency in some compressors according to Dean [1973]. Moore &
Moore [1980] found that more than half of the entropy rise in Eckardt's test
compressor occurred in the vaneless diffuser.
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According to Rodgers [1982b], the velocity profile at the diffuser inlet does not
influence the pressure recovery in the vaneless diffuser. On the other hand, the
experimental investigation by Reddy [1990] on a vortex nozzle-vaneless diffuser
test rig indicated that the inlet flow distortion does have significant effect on
vaneless diffuser pressure recovery due to high mixing losses. The mass
weighted diffuser pressure recovery coefficient decreased from 0.45 to 0.25 with
the increase in inlet distortion coefficient, By, from 1.0 to 1.15. (Unfortunately, the
definition of the inlet distortion coefficient, By, is not given in this paper.)

The detailed impeller exit flow measurements by Eckardt [1977] were carried out
in a compressor stage with vaneless diffuser. Krain [1984] presented velocity and
pressure distribution measurements in a centrifugal compressor stage with a
vaned diffuser (straight channel type). The distorted impeller discharge flow
character caused a non-uniform flow incidence angle distribution at the diffuser
vane leading edge resulting in an impeller-diffuser interaction. A flow angle
difference between hub and shroud of up to 27° was present at the diffuser vane
leading edge. The measurements in the quasi-vaneless diffuser area showed that
the impeller produced a continuous variation of the flow direction within the
whole flow channel. A similar flow pattern as observed in quasi-vaneless area
was observed at the diffuser throat, but shifted in time. This time shift was
equivalent to the time a particle needs to pass from quasi-vaneless area to throat.
According to this result, the diffuser inlet flow is highly unsteady and skewed,
even within the diffuser throat where steady state conditions are presumed.
Often the design of the diffuser channel is based on design procedures that
assume steady state condition within the diffuser throat. Therefore the diffuser
design may fail if the diffuser is coupled with an impeller that discharges a
highly unsteady flow pattern, according to Krain's [1984] conclusion.

The measurements by Krain [1984] and Casey et al. [1995a] showed that impeller
exit flow is balanced out after the throat, in the channel part of the vaned
diffuser, indicating a mixing process at the diffuser inlet region (in vaneless and
quasi-vaneless spaces). To analyze mixing process, which is connected with total
pressure losses, in vaneless diffusers some theoretical models have been
developed Most theoretical models for the vaneless space flow assume that the
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theories by Dean & Senoo [1960] and Johnston & Dean [1966] try to model the
mixing process in vaneless diffuser. According to these theories the end of the
mixing zone is at the radius ratio r/rimpeller exit = 1.15. But the experiments by
Hass [1976], Eckardt [1977] showed fluctuations of the velocity vector in
direction and magnitude at the diffuser inlet and actual mixing of the flow
continued longer. The spatial development of the radial velocity after the
impeller exit showed, that the flow for the radius ratio r/rimpeller exit = 1.15 was
circumferentially almost uniform, however the axial non-uniformity was nearly
the same as the impeller exit. The flow at the vaned diffuser inlet did not show
high unsteadiness, but was non-uniform in axial direction both for the velocity
and flow angle (Jansen [1982]).

In an investigation of the influence of circumferential non-uniformities in the
impeller exit flow on radial diffuser performance, Baghdadi [1973] compared the
performance and stability of a radial wedge (straight channel)-type diffuser on
the basis of measurements obtained using the vortex-nozzle swirling flow
generatcir (Baghdadi & McDonald [1975], Baghdadi [1976]) with those obtained
using an actual centrifugal impeller. The radial diffuser performance and
stability for the two cases were found to "agree within the range of experimental
accuracy". Since the vortex nozzle produced a circumferentially uniform flow
while the impeller produced a jet-wake type flow at the diffuser inlet, it was
concluded that the diffuser performance is insensitive to the jet-wake structure of
the impeller exit flow. It was suggested that a combination of rapid mixing and
the high frequency of the unsteadiness were responsible for this insensitivity of
diffuser to the circumferential non-uniformities at the inlet.

It was also observed by Inoue & Cumpsty [1984] that the circumferential
distortion from the impeller was attenuated very rapidly in the inlet region of the
diffuser vanes and had only minor effects on the flow inside the vaned diffuser
passage. Recently the CFD (Computational Fluid Dynamics) calculations on
vaned diffuser carried out by Dawes [1994] showed similar results, i.e.
insensitivity of diffuser performance on circumferential inlet distortion. All these
experiments suggest that the (unsteady) circumferential asymmetry perceived by
the diffuser due to impeller exit conditions does not seem to affect the
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performance of the downstream diffuser, although it is important as a vibration
exciter and as a source of noise (Cumpsty [1989]).

For sensing of the fluctuations at the impeller exit flow field Stein [1986] carried
out time resolved pressure, velocity and flow angle measurements at the
impeller exit for different impeller-diffuser positions. These measurements did
not show any remarkable influence of unsteady effects on the diffuser pressure
recovery. A strong mixing zone with high pressure losses existed in the vaneless
space, similar to vaneless diffuser investigations. Flow angle fluctuations could
be measured at the throat of the diffuser, but the influence of these fluctuations
on the flow field and pressure recovery of the channel diffuser part was found to
be small by Stein [1986].

1.2.5 CFD Calculations for Centrifugal Compressor Diffusers

For a long time for flow calculations in centrifugal compressor diffusers and for
performance predictions, boundary layer calculation methods have been applied
(Kline & Johnston [1986]). An example of boundary layer calculations for the
inlet region (from impeller exit to throat) of vaned diffusers is presented by
Conrad et al. [1980]. In this paper the vaned diffuser inlet region was designed
using a two-dimensional, potential flow /boundary layer calculation procedure.
Calculations for the overall performance of single channel diffusers using
boundary layer computational techniques have also been done (Bardina et al.
[1981], Wysocki & Kazimierski [1986]). Pressure recovery of single channel
diffusers operating over a wide variety of AR and LWR was obtained by Bardina
et al. [1981] including the transitory stall regimes. The studies carried out for
single channel diffusers demonstrated that the performance of single channel
diffuser can be predicted using boundary layer theory (Johnston [1986]). The
prediction of the onset of stall and the line of appreciable stall have also been
computed.

It appears that fundamental boundary layer calculations can work well for the

diffuser inlet portion of vaned diffusers if impellers yield a fairly simple and
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layer calculations, even with further modification to account for inlet velocity
profile and vorticity, could model the wide variety of practical examples of
impeller exit flows. The work by Senoo & Nishi [1977a] has been extended to
include the influence of inlet distortion providing the most complete utilization
of boundary layer theory for a centrifugal compressor diffuser performance
problem. Mean difficulty in utilizing this procedure by Senoo & Nishi [1977a] is
the lack of general knowledge concerning the initial profile shape which leaves
the impeller and enters the diffuser, and may depend on the operation point of
the compressor (see Chapter 1.2.4).

Recent advances in numerical algorithms for solving Euler and /or Navier-Stokes
equations and the availability of computational resources have made it possible
to compute and analyze steady and unsteady three-dimensional flow through
geometrically complex flow paths. Numerous presentations can be found in the
current literature on the successes of various types of Navier-Stokes and/or
Euler CFD calculations for various turbomachinery flow elements. In the design
of industrial centrifugal pumps, CFD has already become a standard tool in the
analysis of impellers. Dalbert et al. [1988] and Casey et al. [1990] reviewed some
theoretical and experimental techniques of the design procedure used for the
fluid dynamic development of centrifugal compressors.

Unfortunately the integration of CFD methods in the design process of
centrifugal compressor diffusers and the application oriented optimization of
such diffusers have not received much attention. The fundamental problem lies
in the time-unsteady flow effects which can be critical to the performance of a
high pressure recovery diffuser according to Cumpsty [1989]. The inlet boundary
conditions for the diffuser calculations are given by the unsteady and three-
dimensional impeller exit flow. The three-dimensional nature of this flow field
can be estimated by using a simulation of the impeller flow field, but few CFD
codes are available that can efficiently compute the flow field in a vaned diffuser’
taking into account the periodically unsteady nature of the flow from the
impeller (Casey et al. [1995b]). A fully unsteady flow calculation of both the
impeller and the diffuser is necessary and, although this is now technically
possible, there are currently poor practical applications in industry to examine
the unsteady diffuser-impeller interaction in full detail using three-dimensional
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Navier Stokes simulations of an entire centrifugal compressor or pump
according to Casey et al. [1995a]. Despite the difficulty of such calculations, initial
attempts for the numerical simulation of this type of unsteady interaction have
already appeared in the open literature, for example the three-dimensional
viscous calculations in a centrifugal compressor as presented by Dawes [1994].
For industrial calculations, the diffuser is generally considered as being steady
and the inlet boundary conditions are taken as a time-average of the impeller exit
flow conditions (Dalbert et al. [1993]).

In addition to the complex inlet conditions, the decelerating nature of the flow in
a diffuser is still a difficult problem for current Navier-Stokes solvers as it is
known that the standard k-e¢ turbulence model has a number of severe
weaknesses in adverse pressure gradients. This is exacerbated by the fact that the
diffuser designer is interested in obtaining peak performance from the diffuser
and this occurs very close to the condition where unsteady flow separation
begins according to the single channel diffuser investigations. Thus, even at the
design point the flow in a well-designed diffuser is on the verge of separation
and difficult to calculate, and at off-design operating points flow separations are
even more likely (Casey et al. [1995b]). But a treatment of the flow in the
vaneless or vaned diffuser, on the basis of inviscid flow or inviscid core flow
with boundary layers on the walls is not satistactory for today's centrifugal
compressor diffuser design and the calculation of the flow in the vaned diffuser
should not be beyond the capacity of modern 3D viscous methods (Cumpsty
{1989]). With the application of CFD as a design tool of radial diffusers, the costs
could be reduced remarkably.

A time-resolved simulation of the Krain's [1984] stage (centrifugal impeller and
straight channel vaned diffuser) was performed by Dawes [1994] using a time-
accurate, three-dimensional, unstructured mesh, and solution-adaptive Navier-
Stokes solver. The predicted flow field, compared with the experiment, displayed
a unsteady interaction especially in the neighborhood of the diffuser entry zone
which experienced large periodic flow unsteadiness. Downstream of the throat,
although the magnitude of this unsteadiness diminished rapidly, the flow had a
highly distorted character. The distorted jet-wake flow emerging from the

impeller did not appear to mix out before arriving at the diffuser v
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edge as assumed in some design methods. Good qualitative agreement was
achieved between the predicted and measured flow fields both in the impeller
and in the entry zone of the diffuser. The calculated flow pattern in the diffuser
downstream of the throat was quite similar near the shroud and at mid span, but
different near the hub where a substantial hub-pressure side corner stall was
predicted. Dawes [1994] also investigated the loss levels in the diffuser and
concluded that little loss could be attributed directly to unsteady effects. The
principle cause of the high loss levels observed in the diffuser was due to the
axial (hub-shroud) distortion in flow angle at diffuser inlet which initiated a
strong hub/corner stall in the calculation of Dawes [1994].

Dalbert et al. [1993] applied a three-dimensional, viscous flow code (Navier-
Stokes solver) developed by Dawes [1988] to a vaned diffuser (cambered vane) of
a centrifugal compressor stage which was previously tested by Hunziker [1993].
The objective was to check the ability of the CFD codes to calculate the
performance of vaned diffusers and to investigate possibilities for the
representation of the flow phenomena. The computations were compared with
Hunziker's [1993] extensive experimental data at three different operating points
(from near surge operating point to the choke). Although, the computed static
pressure distributions showed a good qualitative agreement with the
measurements in all three operating points, one important conclusion of the
authors is that it seems questionable whether the calculation and measurement of
static pressure distribution alone can give any reliable information about the
fluid dynamic quality of the vaned diffuser, especially with respect to off-design
points. The measured and calculated static pressure distributions do not reflect
the complicated flow pattern in the vaned diffuser.

Drtina et al. [1993] performed three-dimensional, viscous, and compressible flow
calculations in order to improve the performance of a radial compressor diffuser
with splitter using a commercial finite-volume Navier-Stokes code (STAR-CD).
Several operating points ranging from the surge limit to choke were considered.
The pressure distributions predicted by the calculations as well as the overall
diffuser performance showed descent consistency with experimental data. The
presence of splitter blade caused a local pressure drop, thereby affecting the
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pressure recovery of the diffuser. The flow was also sensitive to the position and
geometry of the splitter blade in the diffuser channel.

Casey et al. [1995b] used a commercial Navier-Stokes solver (TASCflow) with k-¢
turbulence model for the flow calculation in a vaned diffuser of a centrifugal
pump. Initial calculations of a two-dimensional single channel diffuser
demonstrated the ability of this Reynolds averaged Navier-Stokes code to predict
the measured effects of inlet blockage and area ratio on the single channel
diffuser pressure recovery. Later three steady-state calculations of the vaned
diffuser of a medium specific speed pump were carried out using different inlet
boundary conditions to represent the flow at the pump impeller exit. The results
of these calculations were compared with LDA and pressure measurement data
of the flow field (Casey et al. [1995a]). Although the Navier Stokes code was able
to predict some of the important features of the 3D flow field, it was not able to
accurately predict the performance of the investigated highly loaded pump
diffuser (Casey et al. [1995b]). The optical and pneumatic measurements showed
(Casey et al. [1995b]), that the flow in the vaned diffuser was periodically
unsteady, highly turbulent and had extensive regions of flow separation,
especially at off-design points. Current CFD methods are having difficulty in
predicting exact diffuser performance in regions where flow separation -even at
the design point- occurs. This is important because the best operating point of a
diffuser is usually very close to the onset of separated flow. Another important
aspect of vaned diffuser calculations is the position of the inlet boundary
condition and the influence of periodic unsteadiness related to the impeller blade
passing.

The unsteady flow field in the vaned diffuser of a medium specific speed
centrifugal pump was recently both experimentally and numerically analyzed by
Muggli et al. [1996]. The time periodic flow field in the diffuser was examined
experimentally with laser doppler anemometry, laser particle tracking
velocimetry and with unsteady pressure transducers. The flow was computed
with a commercial Navier-Stokes CFD code, whereby the unsteady effects were
simulated by a time periodic inlet profile across the diffuser inlet and
represented the wakes and potential interaction from impeller. A simple possible



diffuser is used, where the unsteady flow coming from the impeller was modeled
by a periodic inlet profile rotating around the diffuser inlet with rotational speed
of the impeller. Thereby any reverse interaction of the diffuser on the impeller
flow field was neglected. Additional simplifications made in these simulations
included that a representative two-dimensional section of the diffuser was
simulated and also a pitch change in the impeller flow was assumed so that a
representative section with two blade passages of the flow could be calculated.
Despite these simplifications the simulation included both the potential
interactions and the wake/blade interactions occurring in the diffuser due to the
passage of the impeller across the inlet boundary of the diffuser computational
domain. In order to achieve a better understanding three different comparisons
were made. First, a steady flow solution with a constant mean inlet condition
was compared with the time-average of the unsteady solution as a means of
assessing the significance of the unsteady effects on the flow field. Second, the
unsteady solution at various time intervals was compared with the time-average
of the unsteady solution to identify important features of the unsteady flow
field. Finally, the results of unsteady calculations were compared with the
detailed time-periodic flow measurements in the vaned diffuser of the test pump.
The results of unsteady simulation were in good qualitative agreement with the
unsteady measurements, and both showed the passage and decay of the impeller
blade wakes through the diffuser. The test data and simulations indicated that
the magnitude of the periodic unsteadiness in the diffuser was strongest at
impeller outlet and diminished rapidly downstream of the diffuser throat. The
two-dimensional simulation with a time periodic profile to represent the wakes
and the potential interaction effects from the impeller showed that many of the
important phenomena involved in the impeller/diffuser interaction can be
examined without the need for an unsteady impeller/diffuser simulation. There
was no substantial difference between steady simulation and the time-average of
the unsteady simulation in terms of the flow field and pressure rise predicted by
these simulations.

Flow choking characteristics, shock wave structure between diffuser vanes and
unsteady impeller/diffuser interaction of a high speed centrifugal compressor
operating at low pressure ratio, and high volume flow rate conditions were
analyzed using three-dimensional, unsteady numerical calculations by Yamane
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& Nagashima [1995]. The calculation results were compared with the available
experimental observations, whereupon a good agreement was obtained with
respect to the changes in the shock wave pattern as well as the instantaneous
static pressure distributions on the diffuser shroud wall along the operation line.

Teipel & Wiedermann [1984], [1986], and [1990], Jeske & Teipel [1983] and Teipel
et al. [1992] carried out numerical investigations on flows in radial diffusers. In
his earlier calculations Professor Teipel and his co-workers used inviscid Euler
codes, whereas most of their presented work later was restricted with code
development and validation. The transonic flow in a curved vane diffuser of a
centrifugal compressor with high pressure ratio was calculated by Jeske & Teipel
[1983] with an inviscid calculation of the pressure field in the diffuser channel
and with the determination of the boundary layer flow along the diffuser blades.
The numerical results were compared with experiments, and the agreement was
found satisfactory by the authors.

It is assumed that the location of the splitter leading edge is crucial for the
efficiency and stall behavior of the diffuser. A Euler code for calculating two-
dimensional transonic flow fields in centrifugal compressor diffusers was
applied by Teipel & Wiedermann [1990] to study the effect of various
geometrical parameters of splitter vane diffusers such as the thickness
distribution and the leading edge location of the splitter. They found a more
favorable influence on the diffuser characteristic if the splitter leading edge is
located downstream of the throat of the diffuser channel. However, Teipel &
Wiedermann [1990] solved the Euler equations without taking the effect of
viscosity into account.

There-dimensional, inviscid, transonic flow field of the radial diffuser with
twisted vanes of Jansen & Rautenberg [1982] was calculated by Teipel &
Wiedermann [1986]. Comparison with the experimental data showed that the
essential features of the pressure distribution in the vaned diffuser can be
calculated with an inviscid three-dimensional method, but a coupling of inviscid
theory and boundary layer theory did not provide a sufficient prediction of
losses in diffuser channel.
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Two dimensional, transonic, and viscous flow field of a centrifugal compressor
diffuser (cambered vane diffuser) was calculated by Teipel et al. [1992]. The
predicted diffuser pressure field and pressure recovery coefficient were in
reasonable agreement with the experimental data.

1.2.6 Radial Diffuser Investigations Important for the Present Study

Most of the experimental investigations on centrifugal compressor diffusers had
generally concentrated on obtaining overall diffuser performance and/or overall
compressor performance maps, which included the diffusers. The detailed radial
diffuser measurements on actual centrifugal compressor flows are those obtained
by Krain [1984], and Kano et al. [1982] (straight channel diffuser), Hunziker
[1993] (cambered vane diffuser), and Inoue & Cumpsty [1984].

The investigations described by Krain [1981] and Krain [1984] revealed a highly
distorted flow pattern at the vaned diffuser inlet. The straight channel diffuser
tested by Krain has 27 vanes, and the vaneless space (diffuser leading
edge/impeller exit) radius ratio is 1.10. Maximum overall diffuser pressure
recovery was about 87% and was largely independent of diffuser inlet Mach
number. Measured maximum overall diffuser recovery was obtained for all
speed lines near rotating stall, where diffuser pressure recovery dropped rapidly
for constant impeller speed and increasing mass flow, resulting in a considerable
overall stage pressure drop indicated in the compressor map. Krain used a laser
doppler velocimeter system to obtain instantaneous velocity and flow angle
profiles across a plane in the quasi-vaneless inlet region and across the throat
plane. The total pressure distribution at the diffuser inlet was circumferentially
smooth and raised gradually from shroud to hub. The corresponding absolute
flow angle and radial velocity distributions revealed a more distorted pattern in
both circumferential and axial directions. Periodic flow unsteadiness was
observed in the entry zone to the vaned diffuser with temporal variations in flow
angle, of the order of 10 - 15°, and spanwise variations from hub to shroud, of the
order of 20 - 25°. Within the diffuser throat a variation of 13° in flow angle was
observed indicating that the impeller discharge flow distortion keeps up the
channel diffuser throat.
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Since the meridional velocities differed from hub to shroud at the impeller exit,
the inlet conditions for the succeeding diffuser varied considerably across the
diffuser depth. Despite these non-uniform inlet conditions the diffuser revealed a
good overall pressure recovery, which seems to be due to the enhanced mixing at
diffuser inlet, as it is known to increase diffuser recovery according to the
investigations of Waitman et al. [1961]. The presented data from the
measurements downstream of the diffuser throat by Krain [1984] showed that
despite the large periodic unsteadiness in the entry zone, levels of unsteadiness
decreased rapidly downstream of the throat.

In a similar study, Inoue [1980] observed large periodic flow unsteadiness in the
diffuser vane entry zone. He also found that the magnitude of this periodic
unsteadiness diminished rapidly downstream of the throat so that in the channel
part of the diffuser no periodic unsteadiness could be observed. In neither study
did the impeller exit flow mix out before arriving at the diffuser vane leading
edges. For vaneless diffusers Senoo [1984b] reported that axial distortions mixed
out less rapidly than circumferential distortions and axial distortion persisted
further downstream than did circumferential distortions in vaneless diffusers.
According to Dawes [1994] the axial variation of flow property, especially flow
angle, seems to exert a more significant influence on the diffuser performance
than does the unsteady, circumferential variation in flow.

The vaned diffusers reported by Kano et al. [1982] have the shape of the NASA
65-series profile for the quasi-vaneless region and a nearly straight 2-D channel
downstream of the throat. Three different impellers (A, B, and C), which have
backward leaning blades, and 14 diffusers of various shapes were tested.
Number of impeller blades are 18 and the divergence angle, 26, of vaned diffuser
is approximately 19° for the a-series, and 14° for the b-series. All the investigated
diffusers have 15 vanes each.

All the investigated impellers by Kano et al. [1982] had almost the same
characteristics in the head coefficient and the velocity distribution at the impeller
exits were non-uniform. Therefore, the peak of the time averaged meridional
velocity was not located at the middle of diffuser depth, but it was shifted
toward the hub side. The meridional velocity was very low at the shroud side,
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though the tangential velocity was almost uniform. Kano et al. [1982] showed
how the flow field around the vane leading edge and in the throat changed with
flow rate and how the approach incidence influenced the overall pressure
recovery. The static pressure distribution in the quasi-vaneless space varied in
accordance with operating conditions and flow angle. The boundary layer
blockage due to the displacement thickness at the exit of the impeller was 3.8%
for impeller A, 6.6% for impeller B and 4.3% for impeller C in the design
condition. The boundary layer distribution was not uniform in the quasi-vaneless
space and the throat section. There was a large growth of the boundary layer on
the pressure side, though it was a small amount on the suction side. A large static
pressure recovery obtained in the quasi-vaneless region produced a thick
boundary layer at throat. The smaller the flow rate was, the larger throat
blockage became. Blockages at the throat were approximately 12% at design flow
rate and 22% at lower flow rates (75% of design flow rate).

Yoshinaga et al. [1980] tested sixteen different vaned diffusers in a model
compressor using pressure measurements to determine the overall behavior of
the diffuser flows. Little discussion on the geometry and performance of
individual diffusers was included; instead the authors suggested various general
design criteria for improving compressor performance. They indicated that the
leading edge shape of the vanes has considerable influence on the diffuser
performance (see Chapter 1.2.3.3). In spite of the difference in inlet conditions
and their configurations the optimum equivalent divergence angle for vaned
diffuser was found to be 8-10°, similar to that of the single channel diffusers.

Impeller exit meridional velocity profiles were measured by Rodgers [1982a]. All
measured distributions exhibited well-developed, non-uniform profiles with a
trend for shroud flow migration near surge, and hub flow migration near choke.
Rodgers calculated impeller tip blockage from the traverse data using the
boundary displacement thickness of the absolute flow. Blockage factors at
impeller tip varied from (the order of) 5% to 16% with increasing specific speed
of the impeller. Because of insufficient instrumentation it was not possible to
specifically isolate the effect of throat blockage on diffuser channel pressure
recovery by Rodgers [1982a]. A comparison with single channel diffuser data
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indicated reasonable agreement except in instances where the diffuser channel
was operating near or in stall condition.

Instead of using an impeller Baghdadi & McDonald [1977] (and Baghdadi [1973])
adopted stationary radial cascade nozzles of inward flow to produce a wake-free
swirling supersonic flow, then the swirling inward flow was guided outward to
the test vaned diffusers. They examined the influence of inlet Mach number on
the pressure recovery coefficient and on the flow range between surge and choke

for three types of vaned diffusers (Wedge vane, Composite vane, and Circular
Arc vane).

The flow visualization, as well as the total and static pressure measurements by
Baghdadi [1973] indicated, that surge was an instability triggered by flow
separation in the vaneless or quasi-vaneless space ahead of diffuser throat. The
choke to surge operating range of the three diffusers tested appeared to be a
function of the diffuser vane number only, according to Baghdadi & McDonald
[1977]. The series of diffusers tested on the vortex nozzle rig all surged at
different flow angles; yet they all had the same mean line vane angle. The static
pressure characteristics of all three investigated diffusers indicated flow
separation near the throat, because a static pressure decrease right at the throat
occurred for surge datum points. The flow visualization, the static pressure
characteristics, and the flow angle profiles all pointed to surge being due to some
sort of separation occurring ahead of the diffuser throat. Separation near the
diffuser throat in the quasi-vaneless or vaneless space triggered surge by
producing high losses in the diffuser according to Baghdadi [1973]. Unsteady
separation downstream of the diffuser throat, which was discernible in flow
visualization motion pictures of the composite vane diffuser, did not trigger
surge. This was explained qualitatively as being due to the higher "solidity" of
the enclosed diffuser channel, which restricts the unsteadiness and prevents it
from pervading the entire flow field. The geometric characteristic which

correlated with the onset of surge, was the diffusion length from the diffuser
inlet to the throat.

The performance results between the three diffuser types were also compared.
The choke to surge flow margin achieved by the three diffusers was a function of
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inlet Mach number. The relative performance advantage of one diffuser type
over another was also Mach number dependent. The choke to surge flow margin
plot by Baghdadi & McDonald [1975] also pointed to the dependence of the flow
margin on the number of diffuser vanes.

The Baghdadi & McDonald [1977] paper attracted nine written discussions
(Cumpsty [1989]). Many of these discussions addressed the stability aspects for
which this facility was not mostly useful, but some criticized the nature of the
experiment since it omitted the rotating jet-wake flow from the impeller and the
axial profile at inlet was said to be unrepresentative. One example of this
criticism is e.g. by Senoo [1984a]: "If a theoretical analysis of flow in vaned
diffusers is assumed useful at all where the rotating wakes of impeller blades are
disregarded, the experiment using vortex nozzles must be useful too, but the
application should be limited to rough estimation of diffuser performances and
to screening of various types of vaned diffusers. Even if the unsteady part of the
flow due to rotation of the impeller has little effect on the performance of vaned
diffusers, since it is very difficult to generate a velocity distribution which is
similar to the time mean velocity distribution at the exit of an impeller, a diffuser
test using vortex nozzles can not completely simulate the flow in a compressor
and it does not supply quantitative information such as the choke flow rate, the
maximum pressure recovery and the surge/choke flow range".

Further in the discussions on Baghdadi & McDonald's paper, many participants
emphasized influences of the inlet condition of flow on the performance of the
diffusers and because of the basic differences in the distorted velocity
distributions between the flow of vortex nozzle and the flow out of an impeller,
the results of the experimental data were not applicable to the vaned diffuser of a
compressor. Especially surge is an unsteady phenomenon of the system
including the diffuser and since the stability characteristic of the vortex nozzle
ring was quite different from the stability characteristic of an impeller, surging of
compressor could not be simulated by a vaned diffuser which was tested with
vortex nozzles. Later Baghdadi [1976] applied one of three types of tested vane
diffusers to a centrifugal compressor and measured the diffuser pressure
recovery coefficient and the ratio of surge/choke flow rates. He claimed that the
axial distribution of the time mean velocity at the exit of the impeller was very
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close to that of the vortex nozzle rig and the performance of the vaned diffuser
was similar to that observed in the vortex nozzle test rig. The fact that the
performance of both investigations with a vortex nozzle and with a centrifugal
compressor impeller was nearly identical, indicated that the diffusers were well
able to cope, with the flow non-uniformity and unsteadiness from the impeller.
These results beg the question as how then the diffuser is able to tolerate these
wide local excursions in flow (Cumpsty [1989]).

The flow characteristics of a vaned (straight channel diffuser with 20 vanes)
diffuser were determined experimentally by using a static diffuser test rig with a
vortex test vehicle by Dutton et al. [1986]. Flow angle and Mach number hub to
shroud distributions at the different locations of the diffuser (inlet, leading edge,
throat and exit) were measured for high and low flow rates. The differences in
flow angles between the shroud and the hub side at the diffuser leading edge
approached up to 30°. At the throat, the flow angle distributions were more
uniform than at the leading edge although the shroud side angles were still up to
20° less than the hub side flow angles. Even at the diffuser exit flow angle
differences of 5 to 10° from shroud to hub were measured. The shapes of flow
angle, Mach number, and static pressure profiles were relatively independent of
flow rate. In the diffuser inlet region, the flow undergoes the transition from
highly tangential axisymmetric jet flow to a two-dimensional channel flow. The
pressure gradients in this region were strong. The flow in the diffuser channel
appeared to become more and more one-dimensional as the exit is approached.

Piemsomboon et al. [1984] also used a static vortex test vehicle to produce inlet
flow to a vaned diffuser. They investigated flow angle and Mach number
distributions at several locations throughout the straight channel diffuser, but
there was no information regarding the influence of these distributions on
diffuser pressure recovery. The flow rate had little effect on the shape of the wall
static pressure contours in the diffuser.

Using a swirl generator test rig, four different diffuser configurations (vaneless
diffuser, a four-bladed, a six-bladed, and a eight-bladed vaned diffuser) were
investigated by Brownell et al. [1987]. Of particular interest was the identification

of the onset and extent of flow separation from the diffuser blades using flow
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visualization. Flow separation occurred at 23%, 27% and 50% from the leading
edge of the blades for the 4, 6 and 8 bladed diffusers respectively.

Inoue & Cumpsty [1984] reported tests of vaneless and different vaned diffusers
using a centrifugal impeller involving flow measurements using hot wire probes
and pressure transducers. The aim was to investigate the interaction between the
vaned diffuser and the impeller. Unsteady measurements of velocity and wall
static pressure were made at numerous positions in a vaned diffuser.
Experiments were carried out at a range of flow coefficients for three diffusers
with 10, 20, and 30 vane sets at each of three different vaneless space radius
ratios, 1.04, 1.1 and 1.2 respectively. This investigation showed that the
circumferential distortion from the impeller was attenuated very rapidly in the
entrance region of the diffuser vanes and had only minor effects on the flow
inside the vaned diffuser. The amount of reversed flow was greater for vaned
diffusers with blades located near the impeller but it decreased with an increase
in the number of blades. The instantaneous measurements of radial velocity at
various radii in the vaneless diffuser indicated that the circumferential distortion
of the flow did not disappear even at 1.30 vaneless space radius ratio. The
distortion patterns of tangential velocity and total pressure decreased rapidly
with the increasing radius, a trend attributable to the existence of energy transfer
between jet and wake as described by Senoo & Ishida [1974]. The circumferential
velocity leaving the impeller was about three times the main radial velocity and
was more uniform. The non-uniformity out of the impeller therefore gave swing
in the flow angle, but relatively small swing in the stagnation enthalpy or
pressure. The shapes of the axial distortions were similar, but the magnitudes
were different depending on the circumferential position of the impeller. The
circumferential mean radial velocity profile in the axial direction at the inlet of a
vaned diffuser was almost identical with that of a vaneless diffuser.

Stein & Rautenberg [1985] investigated two cambered vaned diffusers in a
centrifugal compressor test rig. The two diffusers were identical except that the
width of the vaneless space between the impeller exit and diffuser inlet was
varied by 10%. The maximum efficiency of the diffuser with smaller axial width
was 2% higher than that for the wider diffuser.
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The performance of vane island diffusers were investigated by Rayan & Yang
[1980] and Jiang & Yang [1982]. Rayan & Yang [1980] made measurements with
an 8-vane configuration and found an overall diffuser pressure recovery of 0.50,
which was very low for practical vaned diffuser applications. They explained the
low pressure recovery of vane-island diffuser by high losses due to the highly
swirling flow at the diffuser inlet. Thus the fluid particle path was long in the
diffuser leading to a high total loss coefficient. Jiang & Yang [1982] investigated
14 vane configuration of vane-island diffuser and the results showed the
advantage of the 14-vane over several 8-vane configurations as a 40% reduction
in pressure loss coefficient.

A well documented and successful design procedure for centrifugal compressor
vaned diffusers has probably never been developed according to Dalbert [1993].
Most of the published data on diffusers are restricted to comparisons of
performance characteristics and the development of empirical correlations for
loss and pressure recovery. Measured isobars of static pressure in diffuser
channels (as shown e.g. by Yoshinaga et al. [1980] or Krain [1984]) can only
provide limited information on the flow pattern in vaned diffusers. Many of the
performance and flow field measurements were carried out in 'vortex rigs', as
shown by Dutton et al. [1986], Brownell et al. [1987] or by Davis & Flack [1990],
which can only provide limited amount of information necessary to understand
the diffuser flow of a centrifugal compressor stage. The variation of the flow field
at the impeller exit at different operating points is missing in these cases. Senoo
et al. [1983] and Starke & Hergt [1985] showed wall flow patterns in vaned
diffusers of a radial compressor stage and a centrifugal pump respectively. But
even wall flow patterns cannot provide sufficient information for a thorough
assessment of the diffuser flow field (Casey et al. [1995b]).

Impellers and diffusers are usually considered separately in the design process
and the interaction between these two components is not taken into
consideration in design calculations. For better understanding of the unsteady
flow field and the nature of the interaction between the impeller and vaned
diffuser, time resolved details of the unsteady flow field in a vaned diffuser of a
pump were obtained as a function of the local position of the impeller blades by

Casey et al [1995a]. These experiments included several measurement positions
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at the diffuser and at a number of operating points along the pump
characteristics. The mean conclusions of this work are:

- The flow field in the investigated vaned diffuser was three dimensional and
unsteady. The three-dimensionality of the flow occurred partly because of the
three-dimensional nature of the impeller exit flow and partly because of the
highly loaded diffuser design leading to a three-dimensional flow separation.

- The magnitude of the periodic unsteadiness in the diffuser vane was strongest
at the impeller exit and diminished rapidly downstream of the diffuser throat.
The magnitude of the non-periodic unsteadiness (turbulence) increased through
the diffuser passage and was strongest at part-load operating points.

- The impeller blade wakes appeared in the diffuser as a pattern and negative
vorticity which was convected downstream of the diffuser throat.

- Recirculating back flow from the diffuser into the impeller occurred at part-load
conditions, and the extent of the back-flow was circumferentially non-uniform.
The onset of the location of back flow from the diffuser into the impeller had an
influence on the stability of the pump stage characteristics.

A consideration in interpreting existing diffuser data is that various investigators
have correlated their data in terms of different parameters, some of which have
ambiguous physical significance or make general use of the data difficult or
impossible (Filipenco [1991]). In addition, much of the diffuser data published in
the open literature were not based on diffuser inlet (or impeller exit) traverses.
This results in an ambiguous information of the diffuser inlet conditions. Static
pressure is comparatively easy to measure in most diffuser configurations using
wall mounted static pressure taps. However, in order to correlate different
experimental data a consistent measure of the diffuser inlet stagnation pressure
must be used. In some examples in the open literature, the inlet stagnation
pressure is taken to be the value at the middle of the diffuser depth (e.g.
Runstadler & Dean [1969], and Runstadler et al. [1975]) while in other
investigations, an area or mass averaged value is used. In some cases the inlet
stagnation pressure is estimated from compressor input power and flow rate. As
pointed out by Klein [1981], most of the diffuser studies are incompletely
documented and many research cases did not include the necessary information
for comparing one definition to another, limiting the generality of the available
data. In cases such as centrifugal compressor diffuser inlet, where strong total

57



pressure gradients are present, it is important to emphasize that detailed
measurements across the inlet, with suitable numerical averaging across the
entire flow field are required, in order to establish a meaningful value of the
pressure recovery coefficient or an other performance factor for a diffuser.

1.3  Objectives of the Present Study

The analysis of previous diffuser studies described in Section 1.2, in conjunction
with current high-performance turbomachine design trends, suggested that the
following objectives and questions, which are divided into two main parts,
should be addressed in the current research:

1) Define the effects of inlet flow conditions on straight channel diffuser
performance and stability:

The main part of the proposed research is the detailed investigation of a straight
channel diffuser, in particular, the effect of inlet conditions, including Mach
number, flow angle, boundary layer blockage, and flow non-uniformity in the
axial direction, on performance and operating range.

The questions to be answered are:

» What are the pressure recovery (Cp) characteristics of a straight channel
diffuser, as a function of inlet Mach number, flow angle, and blockage ?

* What is the sensitivity of the pressure-recovery coefficient of the
investigated straight channel diffuser to the axial distortion of the Mach number
and flow angle profiles ?

2) Compare the performance of a straight channel diffuser with that of a discrete
passage diffuser:

An important objective of this research is to assess the behavior of the straight

channel diffuser to those of other geometries currently being used in centrifugal
compressors. One of these geometries is the discrete passage diffuser, which was
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tested at the same facility and documented by Filipenco [1991] and Johnston
[1993]. The basic comparisons include not only the performance of the different
diffusers, but also the effects of inlet blockage and axial flow non-uniformity.

Additional questions to be answered are:

- What are the most appropriate diffuser performance characterization
parameters in the general case of an axially non-uniform diffuser inlet flow-field?
An intention here is to see whether the diffuser performance can be understood
in terms of the same average parameters that Filipenco [1991] identified for the
discrete passage diffuser.

- What are flow mechanisms in vaneless space and quasi-vaneless space ?

- What is the influence of inlet and throat blockage on radial diffuser
performance?
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Figure 1.1  Flow regimes in single channel two-dimensional diffusers (Reneau et al.
[1967]) and marked geometries of various vaned diffuser rigs from the open literature
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CHAPTER 2

Facility and Experimerital Apparatus

2.1 Overall Facility Description

The experimental apparatus at the MIT Gas Turbine Laboratory was designed to
provide a controlled inlet flow to a centrifugal compressor diffuser. The diffuser inlet
conditions accessible are Mach numbers greater than unity, flow angle of 62 - 75° and
control of the boundary layer properties (e.g. inlet blockage up to B = 0.35). The facility
consists of a specially designed impeller (swirl generator) which can deliver an
axisymmetric, transonic flow into a test section in which different radial diffusers can be
installed. Downstream of the diffuser, the flow exits to a plenum, followed by a throttle
valve. The mass flow rate is monitored by the throttle valve, and a slave compressor
downstream of the throttle valve can be activated to lower diffuser back pressure if
needed. A venturi-type flow meter located in the rig exit pipe provides the measure of
test diffuser mass flow rate. The overall facility scheme is shown in Figure 2.1 (Filipenco
[1991]) and the scheme for impeller mechanical concept is shown in Figure 2.2 (Filipenco
[1991]). The nominal span, b, of the impeller, vaneless space and, the diffuser was
selected to be 0.009m, which was the span of a General Electric discrete-passage diffuser
initially investigated in the same facility (Filipenco [1991]).

The impeller (swirl generator) has 71 lightly loaded, and high-solidity blades, which
produce small wakes at the impeller exit. It is shown in Figure 2.3. There is also a static
pressure drop through the blade row. The impeller exit flow has no shocks or stationary
wakes and has minimal (maximum 3.0% of the average inlet dynamic pressure)
circumferential non-uniformity at the exit (see Figure A 3.1 in Appendix A.3 - Impeller
Exit Static Pressure Circumferential Distortion). The impeller has a negatively sloped
pressure rise versus mass flow characteristic, so that no flow instabilities are
encountered in the impeller over the operating range of interest (see Figure 4.1 -
Constant Speed Characteristics of the Impeller). The performance of the impeller was
initially determined by Filipenco [1991] using a 1.20 radius ratio vaneless diffuser.
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The diffusers investigated (both discrete passage diffuser and straight channel diffuser)
were mounted in the diffuser housing with a 1.10 radius ratio vaneless space between
impeller exit and the diffuser inlet. The vaneless space contains the velocity profile
control slots elements. The lower limit on vaneless space radius-ratio was determined by
space requirements for the injection/suction slot system while the maximum allowable
radius ratio was determined by flow stability and total pressure loss considerations (see
Chapter 1.2) and the desire for the capability of a Mach number of unity at the test
diffuser inlet. A vaneless space radius-ratio of 1.10 was selected by Filipenco [1991]. This
radius-ratio complies with space requirements for the injection/suction system and
according to the vaneless diffuser studies of Jansen [1964a, b], it should not cause any
stability problems over the required operating range.

A unique feature of the facility is the means by which the diffuser inlet boundary layer
blockage and flow distortion are controlled. There are continuous circumferential
injection/suction slots immediately upstream and downstream of the impeller in
stationary walls. Each slot is independently connected to a flow control system through
an array of passages and manifolds, so that air can either be injected or removed from
the main flow. Using a combination of injection and/or suction through these slots, a
wide range of diffuser inlet blockage (B = 0.02 - 0.35) and velocity profile distortion (inlet
flow angle differences up to 45° between diffuser rear and front walls) may be obtained.
The baseline case (no air injection and suction) has axially symmetrical Mach number
and flow angle distributions at diffuser inlet (see e.g. Figures 4.3a and b). Figure 2.4
provides a detailed view of the axial flow injection and suction manifolds.

Key dimensions of the facility are listed in Table 2.1. The details of construction and

operation of the facility are described in detail by Filipenco [1991] and Johnston [1993].

22 Straight Channel Diffuser

The initial steps in this project were the selection, design and construction of the
straight channel diffuser. The straight channel diffuser geometry is shown in Figures 2.5
and 2.6. The design of the straight channel test diffuser was started by selecting
geometrical diffuser parameters (diffuser channel divergence angle, 20, area ratio, AR,
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and length-to-width ratio, LWR), based on the diffuser map by Reneau et al. [1967] for
single channel 2D-diffusers. In addition, several vaned diffuser investigations available
in the open literature were taken into consideration.

An important aim of the straight channel investigations is to assess, and to compare the
straight channel diffuser to the discrete passage diffuser in terms of performance and
operating range. Therefore, the overall inlet conditions for the straight channel diffuser
design, i.e. the mean inlet flow angle, «, the number of vanes, Zy, vaneless space radius
ratio, ry1/ry, were chosen to be similar to those of the discrete passage diffuser,
previously tested in the same facility by Filipenco [1991]. Impeller exit radius, ry, and
diffuser exit radius, r2, were chosen to be consistent with the facility dimensions. The
axial depth of a diffuser channel, b, was equal to impeller exit depth.

For similarity with the previously investigated discrete passage diffuser, the straight
channel diffuser throat area, A, was chosen to be the same as the discrete passage
diffuser throat area. This determined the absolute dimensions of the straight channel
diffuser. According to single channel diffuser investigations, for maximum diffuser
pressure recovery, the optimum aspect ratio (AS = b/ W) at the diffuser throat equals
1.0; however, setting the depth of the diffuser the same as the impeller exit depth, b =
0.009m, and maintaining the diffuser throat area as W, = 0.014m were preferred to

achieving an optimum aspect ratio of 1.0.

Design parameters for the straight channel diffuser were also discussed with the Allison
Engine Company (Alverson & Sagre [1994]). For the final version recommendations by
Allison were used in the design. The basic parameters for the straight channel diffuser
and for the discrete passage diffuser are summarized in Table 2.2.

2.3 Instrumentation

The test program includes wall static pressure measurements along the diffuser
centerline, at the diffuser inlet and exit, and in the vaneless and quasi-vaneless spaces,
as well as total pressure, temperature, and flow angle measurements at the diffuser
inlet. These are described in the following subsections of Chapter 2.3.
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2.3.1 Total-Pressure/Flow-Angle Probe

A main objective of the research program was to investigate the effect of axial distortion
of the inlet flow field on diffuser performance. A means was thus needed to determine
the actual diffuser inlet Mach number and flow angle profiles at various impeller
operating conditions. The method used was a rotatable cylindrical single-hole total-
pressure/flow angle-probe axially spanning the inlet of the test diffuser at one
circumferential position (6 = 0°). The total-pressure/flow-angle probe was chosen by
Filipenco [1991], after considering several other types of instrumentation, including hot
wire velocimeters (too fragile), cone probes (require up to five separate pressure tubes,
therefore to much blockage) and Kiel probes (insensitive to flow angle and too much
blockage).

The single hole probe was used to minimize probe diameter and thus the effect of the
probe on the diffuser inlet flow field. The probe consisted of a 0.001m diameter stainless
steel tube in with a 0.23 mm diameter sensing hole radially drilled through one wall.
The probe, being positioned in a cross-flow, was rotated around its axis. For the
expected 60 - 75° inlet flow angle range the probe was rotated over a 40 - 115° range with
a step of 5°. The maximum output pressure occurs when the sensing hole directly faces
the flow and indicates the total pressure of the flow. An accurate determination of the
flow angle is made by finding the centroid of the measured total pressure versus flow
angle curve. The flow angle, o, was calculated by fitting a second order polynomial
through a symmetrical subset of the test data. A fifth order polynomial fit, which
represents the pressure distribution more accurately, was then used to calculate the
maximum total pressure in the data reduction phase.

The total-pressure/flow-angle probe can be moved axially using a probe actuator and
flow angle and total pressure were measured at fifteen axially-distributed points. The
axial and angular positioning of the probe was achieved by means of a L.C. Smith model
number BBS-1-SM-180-SM probe actuator. Rated angular positioning linearity is to
within 0.1% of full angle scale (180°) and hysteresis is 0.2°. The rated traverse positioning
linearity is also to within 0.1% of full scale or 0.025mm for the 25.4mm range with a
hysteresis of 0.0005mm (Filipenco [1991]). All traverse/angle set points were
approached from the same direction to avoid hysteresis error.
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The flow angle measurement can be also used to calculate the mass flow rate and
compared to the mass flow measured by the venturi-flow meter downstream of the
diffuser. This provides a check on the quality of the flow angle data (see Figure A 2.1 in
Appendix A.2).

2.3.2 Pressure Transducers

One channel of the diffuser was instrumented with an array of static pressure taps to
measure the static pressure distribution on the different subcomponents of the diffuser
as well as to calculate the diffuser pressure recovery. Figure 2.5 shows locations of the
wall static pressure taps and Table 2.3 gives their coordinates.

Additional static pressure taps were placed in front and rear walls in the vaneless space
at a radius ratio 1.05 relative to the impeller exit radius and at the diffuser exit to
diagnose the circumferential static pressure variation. Figure 2.6a and 2.6b show the
overall locations of the static pressure taps (and the total pressure probe) at the diffuser
rear and front walls. The number of circumferentially distributed static pressure taps is
given below:

Rear Wall (Fig. 2.6a) Front Wall (Fig. 2.6b)
Diffuser Inlet 10 5
Diffuser Exit 5 5

Measurements of steady state pressures at all static taps in the diffuser test rig, including
the vaneless diffuser circumferential taps, the diffuser channel taps, and the main
plenum pressure were carried out using of a single Druck type PDCR-23D%5 psid
pressure transducer, multiplexed to the various pressure taps by means of a Scanivalve
model number 48C9 pressure-transducer multiplexer. The rated combined non-
linearity, hysteresis, and repeatability of this transducer is within £0.04 % of full scale
(Filipenco [1991]).

73



The velocity profile control system injection/suction pressures and the venturi flow
meter upstream static pressure were measured by means of a Setra model number 271,
*15 psid pressure transducer. This transducer has excellent long term stability, with a
rated repeatability to within £0.02 % of full scale and a rated accuracy to within £0.05 %
of full scale (Filipenco [1991]). Both the Druck and Setra pressure transducers were
calibrated using a standard mercury manometer to set the applied pressure.

A Kulite model number XCS-062,+5 psid pressure transducer was mounted at the
diffuser exit in the main collector/plenum wall to detect the rotating stall and any other
unsteady pressure phenomena. This transducer has a rated combined non-linearity and
hysteresis of better than +0.50 % of full scale and a repeatability to within +0.10 % of full
scale. The reference pressure for the calibration of the Kulite pressure transducer was
determined by means of a standard mercury manometer.

2.3.3 Temperature Measurements

Flow temperature was measured at the impeller inlet (ambient temperature), at the exit
of the diffuser (at an axial location corresponding to the center plane of the diffuser),
and at the exit of the venturi flow meter. The diffuser total temperature probe was
located immediately downstream of the diffuser, equidistant from the rear and front
walls. The Mach number was low, typically less than 0.20 so no recovery corrections
were applied to the measured temperature at the diffuser exit. The flow between
impeller exit and plenum was assumed to be adiabatic, with uniform stagnation
temperature. The previous studies by Filipenco [1991] and Johnston [1993] indicated
that the error associated with this assumption will be + 0.2% in the range of the
investigations (500°R to 630 °R).

The diffuser exit temperature was measured by means of a shielded type E (chrome/
constantan) thermocouple probe, and an Omega Engineering model number 670 digital-
readout temperature display. The temperature at the exit of the venturi flow meter was
measured using an Omega Engineering thermistor probe model THX-400-AP and a
digital readout thermometer model 651. Ambient air temperature at the impeller inlet
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was measured using a (copper/constantan) thermocouple and an Omega Engineering
model number 115 digital readout thermometer.

These temperature-measurement systems are standard and can typically be used to an
accuracy of +1%. Calibrations of the temperature sensors gave an estimated overall
accuracy to within +1°K, or <0.2 % over the temperature range of the investigations
(Filipenco [1991]).

2.3.4 Mass Flow Meter and Tachometer

The mass flow rate through the test diffuser was determined by means of a BIF
"universal venturi tube", part number 0182-10-2291, located in the test rig exit. The rated
uncalibrated accuracy of the flow meter is +1.0 % of the true value. The mass flow rate
was calculated directly, without calibration.

The impeller speed was measured by means of a Shimpo model number DT-5BC digital
readout tachometer. This tachometer utilizes a built-in quartz-oscillator frequency
reference resulting in a rated speed-readout-accuracy to within 0.008% of reading. The
readout resolution is 0.1 RPM.

2.3.5 Data Acquisition System
2.3.5a Data Acquisition Hardware
The main hardware elements of the data acquisition systems include:

- A Dell OptiPlex XMT 590 computer with a Metrabyte-16F eight channel A/D
converter board (The Dash-16F A/D converter provides a 12 bit resolution and a
maximum sampling rate of 100 Khz to memory in the DMA-direct memory access-
mode) and a National Instruments GPIB-PC-2A communications interface board. The
board provides communications with the Scanivalve digital interface unit and the L.C.
Smith probe-actuator controller.
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- A pressure-transducer multiplexing unit, Scanivalve model number 48C9, and a
Scanivalve digital interface unit model number SDIU-MKS5. The control unit is operated
automatically through the GPIB interface bus by the data acquisition software. An on-
board 16-bit A/D converter converts the transducer signal conditioner output to digital
form for the transmission to the data acquisition computer through the GPIB interface
bus.

- A probe-actuator controller and computer interface unit, L.C. Smith model number
TAC-H-SM control the stepping motor probe-actuator, which positions the probe
according to software commands received through the GPIB buss from the computer.

- Signal conditioning amplifiers, Measurement Group, Instruments Division, model
number 2310. These units were used as excitation for the Kulite high frequency-response
pressure transducer and to amplify and to filter the transducer output.

2.3.5b Data Acquisition Software

A computer program (DATATAKE.PRO) written in ASYST programming language was
used for data acquisition. The program includes options for the various test sequences
including the traverse of the test section with the total-pressure/flow-angle probe,
acquisition of time-resolved data from the Kulite pressure transducer and scan of
selected Scanivalve channels.

Each traverse consisted of moving the total pressure/flow angle probe to the desired
axial location and then rotating the probe. The axial and yaw position readings were
then recorded in the computer.

2.3.6 Operation of the Facility
The operation of the test facility is done remotely. A main control panel contains the

operating controls and monitoring displays for the profile-control injection/suction
system, the auto-shutdown and operation monitoring system, the lubrication system,
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the main plenum/collector throttle valve, and the downstream slave compressor.
Readouts for the venturi flow meter flow temperature, the test section temperature, the
ambient temperature, and the main plenum pressure are provided on the main control
panel. A manometer for measuring the pressure drop across the venturi flow meter is
wall mounted in close proximity to the panel.

2.4 Facility Modifications for the Straight-Channel Diffuser Tests

The design of a new straight channel diffuser coupled with the desire for using
additional instrumentation required some modifications of the experimental facility.
The main modifications included:

1) Design and construction of new diffuser-mounting flanges for rear and front sides of
the test rig: The existing discrete passage diffuser was an engine part which was
manufactured together with the mounting flanges. As shown in Figure 2.7, the new
diffuser-mounting flanges are independent of the diffuser. This allows increased
flexibility to the rig, not only for the mounting of the present straight channel diffuser,
but also for future experiments. '

2) Design of the diffuser walls together with the vaneless space rings as one piece: In the
existing facility the diffuser and the vaneless space rings were separate pieces. The
modification provided one flow surface from the impeller exit (actually from the
injection/suction slots at the vaneless space) to the diffuser exit, without gaps and steps.
There was also the possibility of installing additional static pressure taps in the vaneless
space.

77



Part Dimension
Impeller Exit Radius 11’ 0.184 m
Impeller Depth b 0.009 m
Vaneless Space Radius Ratio  r1/ry 1.10
Blade Number of the Impeller 71
Impeller Exit Blade Angle 64"
Impeller Inlet Blade Angle -37.2°
Impeller Design Exit Mach Number 0.80
Total Pressure-Flow Angle Traverse Probe Diameter 0.001m
Total Pressure-Flow Angle Traverse Installed Radius 0.203m
Exit Pipe Diameter 0.254 m
Universal Venturi Throat Diameter 0.148 m

Table2.1: Facility dimensions summary
STRAIGHT CHANNEL DIFFUSER | DISCRETE PASSAGE DIFFUSER
26 g
AR 2.34 4.29
LWR 9.574 8.75
Zy 30 30
o 69° 69°
B 4.0°
ry 0.184 m 0.184 m
r1 0.203 m 0.203m
2 0.303 m 0.281m
b 0.009 m 0.009 m
Ath 0.00013 m?2 0.00013 m?
Win 0014m
L 0.138 m 0.112m
AS 0.643
b/ry 0.044 0.044
r1/r1 1.10 1.10
ra/ry 1.64 1.52
Table 2.2: Parameters for straight channel- and discrete passage diffuser
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Tap Number & lem] £ [em] r [cm]
1 0 0 19.426
2 2.59 0.17 .

3 3.83 -0.38 "

a 2.05 0.34 19.876
5 2.87 0.24 .

6 420 0 "

7 5.29 027 "

8 6.21 055

9 410 048 20.323
10 4.85 0.31 "
11 5.97 0 "
12 6.94 010 "
13 7.79 -0.66 "
14 5.05 0.54 20.599
15 5.79 0.34 R
16 6.85 0

17 7.79 0.36 i
18 855 0.68 "
19 6.05 0.61 20.932
20 6.78 038 "
21 7.80 0 "
22 8.55 0.38 20.879
23 7.05 0.69 21.313
24 7.80 041 "
25 8.55 0 21.224
26 7.80 0.74 21.618
27 855 043 g
28 8.55 0.79 21.948
29 974 0 21.730
30 10.92 0 22.289
31 12.11 0 22.893
32 13.30 0 23.543
33 14.49 0 24234
34 15.68 0 24.963
35 16.87 0 25.725
36 18.05 0 26.520
37 19.24 0 27.343
38 20.43 0 28.192
39 21.62 0 29.065
40 22.88 0 30.018
41 22.08 0.91 .
42 23.38 059 "
43 23.87 121

Table2.3: Diffuser Channel Static Pressure Tap Location Coordinates
(for € and { see Figure 2.5)
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CHAPTER 3

Performance Parameters and Test Plan

3.1 Measured and Derived Quantities

3.1.1 Operating Point Definition

The establishment of an impeller operating point requires the setting of four
independent operating parameters: rotor speed, N, diffuser through flow rate, m, (or
pressure ratio, ), and pressure in the two velocity profile control slot flow distribution
chambers.

3.1.1.1 Impeller Rotor Speed

The measured impeller rotor speed, Ntacho, Was corrected for ambient temperature,

Corrected impeller speed, Ncorr,

{ T
Ncorr = —]:LfNactual (3'1)
amb

reference temperature T =28815°K or T _, =518.69°R

3.1.1.2 Venturi Mass Flow Rate

The flow through the impeller was expressed conventionally as a corrected mass flow
rate, m

corr*
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Corrected mass flow, m

corr’

Lo
T
mcorr = P’:;f mactual (32)
By
reference pressure P_.=1013bar or P . =14.6958 psia

Mactual = Myenturi = M

3.1.1.3 Impeller Performance Ratio

(Pressure-Ratio, &, versus Flow-Rate, m, Characteristics)

Constant corrected speed steady state pressure ratio versus flow rate characteristics
were determined from pressure measurements at impeller exit (pressure ratio between
impeller inlet and impeller exit), diffuser inlet (pressure ratio between impeller inlet and
diffuser inlet), diffuser exit (pressure ratio between impeller inlet and diffuser exit) and
plenum (pressure ratio between impeller inlet and plenum). "Plane 0" denotes impeller
inlet, "Plane 1' " denotes impeller exit radii, "Plane 1" denotes diffuser inlet radius,
"Plane 2" denotes diffuser exit radius, and "Plane 3" denotes the plenum (see also Figure
1.4). "Plane th" denotes the throat of the diffuser. The axial direction is taken from the
front wall, where x = 0, to the rear wall, where x = b. The positive tangential direction is
clockwise aft looking ahead, and zero degree is at top-dead center. The flow angle, «, is
defined as the angle from the radial direction, rather than from the tangential direction.

Total to static pressure ratios, m, are defined as follows;

P Py _ [—)3'2 _ E3
T2 =
amb Pamb Pamb Pamb

(3.3)

where

Pam =Pg = ambient pressure or impeller inlet pressure.
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The different pressures are defined as:

P, P . = the absolute static pressure at the impeller exit (1') is

the mean value of the pressure readings from the ten
vaneless diffuser circumferential static taps at the 1.05 radius
ratio

= _;. i P, P, = the absolute static pressure at the diffuser inlet (1) is

the mean value of the pressure readings from the five static
channel pressure taps at the diffuser inlet radius at the 1.10
radius ratio

i P, P, = the absolute static pressure at the diffuser exit (2) is

the mean value of the pressure readings from the four static
channel pressure taps at the diffuser exit radius

P, = the absolute static pressure at the plenum.

The total-pressure/flow-angle traverse data provides, Py, the mass averaged total
pressure (see Equation (3.27)) to give the

Total-to-Total Pressure Ratio (of Impeller), t,,, is defined as T = Pu (34)

Steady-state operating points were chosen to provide an appropriate range of diffuser
inlet Mach numbers, M, and flow angles, o.. Each operating point was defined by an
impeller corrected speed and an atmosphere to plenum (total-to-static) pressure ratio,
TTs3.

At each impeller speed, the maximum flow is limited by the choking of either the

impeller or the test diffuser. The minimum flow limit was marked by the breakdown of

the axisymmetric flow regime in the impeller/diffuser and is signaled by an audible
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blowdawn of the plenum through the impeller inlet. In more detail as the flow rate
through the test diffuser is decreased at a constant impeller speed (resulting in the
increase of the diffuser inlet flow angle), the axisymmetric flow through the diffuser and
impeller became unstable, resulting in an operating regime characterized by
circumferentially-traveling pressure distributions (rotating stall). In all cases, the
transition to rotating stall occurred with a single blowdawn of the plenum ending at an
operating point at which the plenum pressure and through-flow rate was steady
(indicated by the output signal from the plenum Kulite pressure transducer), but
impeller and diffuser were operating in rotating stall. Filipenco [1991] also showed that
surge cycle could be initiated at these same limiting flow rates if the slope of the main
collector/plenum discharge-throttle characteristic was adequately increased.

3.1.2 Total-Pressure/Flow-Angle Traverse Probe Data

The diffuser inlet profile was measured over the diffuser depth, b, at one tangential
location (0 = 0°) using a total-pressure/flow-angle traverse probe (see Section 2.3.1). At
each steady-state operating point, a fifteen point traverse of the diffuser inlet was made
and the total pressure, Py(x), and the flow angle, a.(x), distributions were measured. The
gradients of the flow-field parameters are larger near the diffuser walls than near the
center plane so that closer spacing was used in the former. Pressure from all static
pressure taps were also recorded at the same time.

3.1.2.1 Mach Number at the Diffuser Inlet

Diffuser inlet Mach number, M3, is defined as:

y-1
M= | [51_] "1 (3.5)
7-1

The Mach number at the diffuser inlet, M1(x), for the axial location , x, was calculated by
using measured total pressure, Pi(x), and static pressure from:
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(3.6)
3.1.2.2 Static Temperature at the Diffuser Inlet
Static temperature distribution at the diffuser inlet, Ts1(x), is calculated with:
T, (x) = & 7l (3.7)
F,(x) K2
B,

Here Ty is equal to T 12, which is the total temperature measured at the diffuser exit at
an axial location x =b/2 (see Section 2.3.3)

3.1.2.3 Mass Flow Continuity Verification
To assess the consistency of the data, a comparison can be made between the measured

mass flow rate using venturi flow meter (section 3.1.1.2) and the calculated mass flow
rate by integrating across the diffuser inlet. The mass flow rate is:

b
i = 200, g (¥) V1 (¥)ddx (3.8)
0

The velocity at the diffuser inlet, V, can be written as,
V(x,) = M(x,){/RT,(x,) (3.9)

and can be separated into the radial and tangential components:
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Vr =V sino Vi(x;) = M(x; )| RT(x;) cos o x;) radial velocity (3.10)
Vg =V cosa Vo(x;) = M(x;)\|RT(x;) sina(x;)  tangential velocity (3.11)

Equation (3.8) for mass flow integration can be evaluated as:

i~ 2m_1g[ps(xi)vr(xi)+§s(xi—1)vr(xi-1):| (x.—x_)

(3.12)
(V=0atx=0and x=b)

The result of the comparison was that mass flow difference between the measured
venturi mass flow rate and calculated mass flow rate using Equation (3.12) was within
1+5%. A detailed description of this comparison is given in Appendix A.2.

3.1.3 Diffuser Performance Parameters
3.1.3.1 Performance Parameters for Pressure Recovery

To quantify the diffuser performance we need to define appropriate diffuser
performance parameter(s). A widely used diffuser performance parameter is the
pressure recovery coefficient, Cp, which is defined as the ratio of the diffuser static
pressure rise to the diffuser inlet dynamic pressure. This parameter indicates what
fraction of the dynamic pressure at the inlet of the diffuser is converted into static
pressure by the diffuser. For an ideal flow (isentropic, one-dimensional), the maximum
value of this coefficient can reach unity if the flow is decelerated to zero velocity by the
diffuser. For an actual diffuser of finite area ratio, the value of Cp is less than unity.
Other factors, such as losses due to viscous effects, flow separation, and mixing can also
reduce the diffuser pressure recovery.

Pressure recovery coefficient, Cp, is defined as,

L
—
o8]
U
W
R
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for a compressible fluid. For an incompressible fluid this is reduced to:

P (3.14)

The theoretical or ideal pressure recovery coefficient, Cpiq, gives the level of pressure
recovery which would be attained in the case of isentropic, uniform, ideal flow in a
diffuser of a given area ratio,

1
AR2

Cp,=1- (3.15)

for an incompressible fluid. For a compressible fluid and perfect gas it becomes:
1 o 1 =
(1+ —72_ Mz?)w - (1 +___y; Mf)l-y

X
1—(1 —7’2"1 Mf)l"

Cp, = (3.1@)

Another useful diffuser performance parameter is the diffuser effectiveness, ngiff, which

is defined as the ratio of the actual pressure recovery coefficient, Cp, to the theoretical or
ideal diffuser pressure recovery coefficient, Cpig, for that particular geometry:

C
My = o (317)

Pia

Use of diffuser effectiveness eliminates the direct effect of area ratio, and gives a better
indication of fluid dynamic phenomena and losses in the diffuser than pressure
recovery. For a diffuser with uniform inlet conditions, there is no ambiguity in the
interpretation of the either definitions. With non-uniform inlet conditions an
appropriate representation of the diffuser inlet total pressure must be made.
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3.1.3.2 Diffuser Inlet Average and Distortion Flow Field Parameters
3.1.3.2.1 Total Pressure at the Diffuser Inlet

The static pressure at the diffuser inlet and exit was quite uniform and the problem of
defining the pressure recovery coefficient, Cp, is rather a matter of assigning a relevant
value of total pressure to the non-uniform diffuser inlet flow. Previous researchers have
presented diffuser pressure recovery performance data based on various different
definitions of the diffuser inlet dynamic pressure (see also Section 1.2.6). Masuda et al.
[1971] defined the pressure recovery coefficient in terms of diffuser inlet mass-averaged
dynamic pressure :

Y

2"Psl
~ 32
pslvl

Cp = (3.18)

N |~

Wolf & Johnston [1969] defined the diffuser inlet dynamic pressure based on the area
averaged velocity:

. 1t
L= ;{ Vi(x)dx (3.19)

The pressure recovery coefficient thus becomes:

~ P,-P
~p.V?
s171

2

Al Mudhafar et al. [1982] based the definition of pressure recovery coefficient on the
diffuser inlet area-averaged dynamic pressure (assuming uniform static pressure across
the diffuser inlet):

- 1¢
P, = ;{P:l(x)dx (3.21)
Cp, =20 (3:22)
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Bhinder et al. [1984] based the definition of the pressure recovery on the spatially-
averaged dynamic pressure. Runstadler et al. [1975] modeled the inlet flow as a
potential core with boundary layers and the diffuser recovery coefficient was based on
the potential core total pressure which is measured at the diffuser throat centerline:

Cp, = F,—F,
Bimax ()= Fy

t1 max.

(3.23)

Cpa is a pressure recovery coefficient based on the peak value of the diffuser inlet
dynamic pressure across the diffuser inlet depth, b. Dutton et al. [1986] based the
definition of pressure recovery on the diffuser throat centerline total pressure similar to
the one proposed by Runstadler et al. [1975]. Baghdadi [1973] used the mass-averaged
total pressure at diffuser inlet for the definition of the pressure recovery coefficient.

These different methods of specifying the diffuser performance make interpretation,
comparison, and generalization of the data of the different diffuser investigations
difficult and in some cases impossible. Filipenco [1991] calculated the pressure recovery
coefficient using different averaging methods of diffuser inlet dynamic pressure and
argued that a number of these were inappropriate. He proposed a pressure recovery
coefficient based on an availability averaged inlet total pressure. Filipenco started his
analysis asking the question: given a generally non-uniform flow entering the diffuser,
what is the maximum static pressure which can possibly be attained by the flow without
any external work or heat interactions? This is the pressure which would be attained in
a reversible, adiabatic, zero-work process which ends in a uniform zero-velocity state.
Such a process conserves the net thermodynamic availability of the flow and an
appropriate designation of the final total pressure attained is the "availability averaged”
total pressure (Livesey & Hugh [1966]).

The availability averaged total pressure, Py, at the diffuser inlet is defined as:

b
[In(P,)p,;V,, 27 dx
= exp| (3.24)

b

E.;pslvrl 27 dx

tyl
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The availability averaged pressure recovery coefficient then becomes:

Fa-Fy (3.25)
P . .—P

tyrl sl

prl =

The denominator of the last equation can be defined as the diffuser inlet availability-

averaged dynamic pressure. In the present diffuser tests, where the diffuser inlet profile
data is available at discrete points across the diffuser inlet, the integrals for Pyy are

approximated using the trapezoidal rule.

S 2@ f [ln(P, (x)) P, (x,) Vo (x)+ 1;1(P, (x_ NP, (X DV, (x,, )} (5 - %)

m i=1
(3.26)

Among these different definitions of Cp mentioned, Cp,, is the most physically
appropriate one to be used as a diffuser pressure recovery performance parameter,
because it is based on a comparison of the diffuser pressure recovery to the best
possibility which could be achieved by an arbitrary zero-work, adiabatic device with the
given inlet flow conditions.

The mass-averaged total pressure at the diffuser inlet, p,, is defined as:

b
(J) B,p,V, 2mndx

B =% (3.27)
[ paV 2mrdx
e
m=pVA
- 18
Pu= "‘n“ j Pu (X) psl (x)V,l(x)Zn‘rIdx (328)
0
B~ 2”7.‘:1 2[1’ (%) P V. (x) + P (5 ) Ve mJ} %= %) (329)
i=1 r=n

The mass-averaged pressure recovery coefficient, Cp, then becomes:
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~

Cp =

2
l—Ps

o
By

1 (3.30)

)

—_—

The availability-averaged total pressure is equal to the mass-averaged total pressure for
an ideal incompressible fluid. Filipenco [1991] and Johnston [1993] emphasized
parameters which are defined in terms of availability; however, this is not really
necessary in practical applications. Pressure recovery coefficients based on mass
averaged total pressure are roughly equivalent, (1 - 1.5% difference) to availability
averaged pressure recovery coefficient. On the other hand, using area averaged inlet
total pressure can be inaccurate for the calculation of the pressure recovery coefficient.
For the Mach numbers and levels of flow-field non-uniformity in the investigation by
Filipenco [1991], the pressure recovery coefficient based on the mass-averaged total
pressure was, in the extreme case, 1.6% less than the pressure recovery coefficient based
on the availability-averaged total pressure. In the presentation of experimental results
in Chapter 4, we will use mass averaged pressure recovery coefficient because it is
conceptually simpler than the availability averaged pressure recovery coefficient and
very close in value (in our investigations with straight channel diffuser, the maximum
difference between both definitions of pressure recovery was 1%). Comparisons
between different definitions of diffuser pressure recovery coefficient are given in
Figures 4.32 a, b, and c.

The mass averaged pressure recovery coefficient in Equation (3.30) is the overall diffuser
pressure recovery coefficient between the diffuser inlet (1) and exit (2). To analyze the
pressure rise in different subcomponents of diffuser, we can also define Cp at different
stations through the diffuser. One pressure recovery coefficient is based on the pressure
rise from the diffuser leading edge to the throat (quasi-vaneless space), and another is
from the diffuser throat to the exit (channel part of the diffuser). The former is defined
as:

2 il
Cpiw = PP,

s

(3.31)

where subscript "th" means the diffuser throat. The latter is defined as:
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Cpy_, = 22— (3.32)

3.1.3.2.2 Calculation of Ideal Pressure Recovery

The diffuser inlet total pressure, Py1, total temperature, T, venturi mass flow,

venturi

and diffuser exit area determine the ideal exit Mach number, M;4, defined as follows:

_ |7 M, AP (3.33)

y+1

Cy—
VAT ENEE

venturi

The ideal Mach number, Maiq, (from Equation (3.33)) also defines an ideal static
pressure at the diffuser exit, Pgpiq:

g
Fou= 11 7 (3.34)
(1+-———72 M2,y

I

stire recoverv coefficient Cn:a-
ToT T T (g ol (VN

P, —P
Cp,, =~ 3.35
pld P P ( )

3.1.3.2.3 Flow Angle at the Diffuser Inlet

The diffuser-inlet "average” flow angle, @,, is defined in terms of tangential and radial
mass-averaged velocities at the diffuser inlet as:

& = tan™ [—V*’—‘} (3.36)

rl

where
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4 b
) {prereﬂﬂTldx ) bfp1V,1V,127rr1dx

Vo =73 Vi="3
[ p\V,2mrdx (337) [ Y, 2mndx (338)
0 y O__m_/

Since the tangential and radial mass-averaged velocities represent the tangential and
radial momentum of the diffuser inlet flow, the average flow angle given by Equation
(3.36) is termed as "momentum averaged" flow angle.

We can also calculate mass averaged flow angle as:

b
£a1pl‘/rlzmidx

~

al ~ b
[ PV, 27mmdx (3:39)
° m
b
a, = i [a(x)p,(x)V,(x)27rdx (3.40)
mo
G, = 2@ 16 a(x,.)ps(x,-)V,(x,-)+0;(xi_1)ps(xi-l)",(xi~1) (x,— %) (3.41)
m =l

In the present experiments differences between the momentum averaged and mass
averaged flow angles were smaller than 0.5%. This difference is small but should not be
dismissed as completely negligible, since the range of inlet flow angle between
maximum flow rate and stall could be only 5°. Relative to such a range, the difference is

then maximum 7%.
3.1.3.2.4 Inlet Blockage, Mass, Momentum, and Kinetic Energy Deficit and
Skew Parameters
In addition to average diffuser inlet flow quantities, distortion and skew parameter for

diffuser inlet mass, momentum, and kinetic-energy flux were defined by Filipenco
[1991] to quantify the severity of the inlet flow field non-uniformity. These flow profile
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parameters measured the basic level of deviation from the maximum, or mean, of the
flow parameter and the axial asymmetry of the parameter. Table 3.1 summarizes these
definitions of the distortion parameters.

A mass distortion parameter, mass-flux deficit, 6y, was used by Filipenco to describe
the quality of inlet blockage of the diffuser. op, is essentially the displacement thickness
at the diffuser inlet and gives the fraction of the mass flow "lost" relative to the mass
flow which would have been attained if the profile were uniform at velocity and flow
angle values corresponding to the local maximum value of mass flux within the diffuser
inlet. Analogous 'deficit’ parameters, 6p and oge were also defined for the momentum
and kinetic energy flows by Filipenco [1991] and their definitions are given in Table 3.1.

Profile skew parameters were also defined (see Table 3.1) to indicate the extent of
asymmetry of the inlet flow field relative to the diffuser radial center plane. These
parameters were defined in terms of the axial position which divides the diffuser inlet
depth, b, into two equal flows of mass, momentum, or kinetic energy (i.e. the center of
mass, momentum, or kinetic energy flow). The offset of these positions relative to the
diffuser center plane (x = b/2) is expressed as a fraction of the maximum possible offset
(b/2). The skew parameters have a value of zero for any flow field which is symmetrical
about the diffuser center plane and have a value of 1.0 in the hypothetical limiting case

when all of the flow is concentrated in an infinitesimally thin layer at one of the walls at
the diffuser inlet.

Diffuser inlet flow angle non-uniformity and skew parameters were also defined. The
flow angle non-uniformity, o, can be presented as the root mean square (rms) deviation

of the flow angle from the momentum averaged value:

a, = /-l—lf(a—&)zdx (342)
bo

The flow angle skew, o, can be defined as the difference between the area averaged

flow angles computed over half of the diffuser inlet width (b/2) on each side of the
diffuser center plane:
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Q, =%[b£ " oudx - ’J’Ofdx} (3.43)

b/2

The inlet profiles are described in terms of distortion and skew of: mass, momentum,
energy, and flow angle. The distortion parameters, which integrate the profile variation
from its maximum value, and the skew parameters, indicating the axial position about
which the flow is split, are listed in Table Appendix Al.

For single channel diffusers there is a significant reduction in the diffuser pressure

recovery as the thickness of boundary layer, or 'fluid dynamic blockage' is increased at
the diffuser inlet. The diffuser inlet blockage , By, is defined as:

A
B1 - 1_ effective (3 44)

geometric

Where A geometric is the geometrical area at the diffuser inlet radius and Aeffective is the
area effectively used by the flow. Aeffective Was calculated using the static pressure and
the mass averaged total pressure measured at the diffuser inlet. The blockage can be
calculated at the diffuser inlet (subscript 1) as well as at diffuser throat (subscript th)
using Equation (3.44), if the throat total pressure is known.

3.1.4 Static Pressure Measurements at Different Locations

Using static pressure circumferential taps at the impeller exit a circumferential non-
uniformity parameter, y4(6)1', can be defined as:

P.(0)—P,
0), =t st 345
v,(0), P _P, (3.45)

Il,,f

where P,

, is the mass averaged total pressure obtained from the axial traverse of the

diffuser inlet at circumferential position 8 = 0°. Circumferential non-uniformity
parameter, yq(0)r1', is used to determine the circumferential static pressure non-

uniformity at impeller exit (see Appendix A3).
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Similar to Equation (3.45) a static pressure coefficient for the diffuser channel pressure
taps can be defined. This static pressure coefficient for the diffuser centerline, Cp (y/L),
is:

P(y/L)-F,
Cp(y/ Ly=-2"=7" "5 (3.46)
Pzwl - F,
For the quasi-vaneless space, Cp (z,0) is defined as:
Cp(z,0)= L&D —F (347)

BI—P

51

In equations (3.46) and (3.47), IA’,1 , is "mass-averaged" diffuser inlet total pressure.

In addition to mass flow-rate, m, and pressure recovery coefficient, Cp, the
dimensionless flow number, ¢, and the pressure rise coefficient, Dp, are also used in the
open literature, to characterize the flow in turbomachines.

The definition of dimensionless flow number, @, is,

iy
o=~ Q0 _ E/ 22 (3.48)
Zpu =DbDU
4 4

and pressure rise coefficient, Dp, is defined as,

AP
Ps >
where

AP = (P2-P1) is the static pressure rise at the diffuser and

U =7nDNcorr is the meridional velocity.
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The Reynolds number, Re, is defined by the diffuser depth, b, and total velocity, V1, at
the diffuser inlet:
Vb

Re = 22 (3.50)
1%

3.2 Scope of Experiments

The measurements addressed the effects of the inlet Mach number, inlet boundary layer
blockage, inlet flow asymmetry, and flow angle. Diffuser inlet profiles were controlled
by mass injection and suction downstream of the impeller. Testing consisted of
throttling the impeller and diffuser at a constant rotor speed with various combinations
of axial air injection and/or suction to alter the inlet velocity profile. The general
direction of alteration is shown schematically below:

Suction Both Sides Injection Both Sides
o o
0 b 0 b

Rear Side injection/Front Side Suction Rear Side Suction/Front Side Injection
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A detailed test matrix is given in Table 3.2 which comprises of the diffuser inlet flow-
field parameter range obtained in the measurements of straight channel diffuser.

The first series of measurements (Series I in Table 3.2) were carried out without air
injection and suction. For each corrected impeller speed (from 1000 RPM to 6000 RPM) a
constant speed characteristic is measured at several operating points from the full valve
opening to the 35 - 50% valve opening (onset of instability) depending on the impeller
speed. Each valve position corresponds to a different impeller exit (or plenum) to
atmosphere static pressure ratio.

Experiments with air injection and/or suction, where an axially distorted flow field was
produced using a cross-flow injection and/or suction through the profile control slots in
the vaneless space, consist of three data series denoted with the numbers II, ITI, and IV
in the Table 3.2. For data series II and III, two constant impeller speeds were chosen, a
low speed N = 2000 RPM (Mach number at diffuser inlet My = 0.2 to 0.4) and a high
speed N = 5000 RPM (Mach number at diffuser inlet Mj = 0.7 to 1.0). For data series I,
for a constant impeller speed and valve position, the applied injection and suction rates
were at the same amount (maximum 10% of venturi mass flow rate), so that the venturi
mass flow rate, m, remained nearly constant with and without injection suction. Data
series (II) thus did not have a high level of flow non-uniformity at the diffuser inlet
(difference of flow angle between front and rear sides of the diffuser was smaller than
10°). In order to maintain high level of distortion at the diffuser inlet, the data series III
was obtained and up to 45° difference of flow angle between front and rear sides of the
diffuser was achieved.

Data series IV contains three different impeller speeds, one at low speed range N = 2000
RPM (Mach number at diffuser inlet M1 = 0.2 to 0.4), another in the high speed range N
= 6000 RPM (Mach number at diffuser inlet M1 = 0.8 to 1.2) and one at N = 4000 RPM. In
the data series IV, not only asymmetrical, highly distorted velocity profiles, but also

symmetrical velocity profiles with different boundary layer blockage levels were
applied at the diffuser inlet.
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The parameter range of the straight channel diffuser investigations can be summarized
as follows:

- Diffuser inlet flow angle, o, 62-71°
- Diffuser inlet Mach number, M, 0.2-1.15

- Velocity profile axial-distortion (uniform and non-uniform profiles)
- Diffuser inlet blockage, B1, 2 - 35 %

- Diffuser inlet Reynolds number, Req, 0.5 105-25105
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distortion level

asymmetric skew

b x> —b/2
f [(Pvr)maz"'ﬁ‘,r]z""ldr m ® 2
— Ja —_ . .
mass Om = Srib (Ve fm = —5—; where z7, is:
o™ pVe2rrids =
12 pVionride
m
. »*
_ [UeVeVImas—pViV2rridz I T
momentum Op = B 5o ViV Vs L= —g7z— i Where z; is:
_{:’ pVeV2rridz =
fﬁ. pV:V2rridz
P
C f;[(P'V?Vz)maz—p'v}Vz]'Z?rrxd':: _ TRE=h? .
kinetic energy | oxg = TV kg = —5E where z% ¢ is:
[S¥E pV,V22rride =
f:b;(E oV, V?22rridz
. b — 2/ /2 b
swirl angle Qn = \/% fla—a)3dz a, = £( 0/ adz — [y, adz)

Table 3.1

Filipenco's [1991] distortion parameter definitions
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601

Series| Impeller Diffuser | Plenum to Throttle Diffuser Inlet Flow Diffuser Inlet Velocity
Speed Inlet Mach | Atmosphere Valve Inlet Flow Conditions (Flow Angle)
N [RPM] | Number Pressure Position Angle Profiles
M1 [] Ratio [%] a [
mo3 [-]
I 1000 to 6000]0.15 to 1.15]0.99 to 1.09 |100% (Max.|67° to 70.5° no
Flow Rate) to injection- suction -
35% - 50%
(Stall Begin) natural distortion
II 2000 0.20 to 0.35/1.00 to 1.04 [100 /52 /38 |68° to 69.5° with A A B
injection-suction | o o
5000 - [0.70 to 1.0 {1.02 to 1.06 |100 /59 /52 {68.5° to 70° 1./ N
applied small
distortion 0 b 0 D
III 2000 0.15 to 0.35/1.00 to 1.03 |100 / 40 63° to 70° with A A A
injection-suction | ¢ «f B
5000 0.65 to 0.95|1.02 to 1.05 | 100 / 55 68° to 70.5° : _/
applied high
distortion 0 b 0 b
v 2000 0.20 to 0.35][1.00 to 1.01 }100 /52 /40 | 63° to 67.5° with A A
injection-suction | qF A «f B
4000 0.50 to 0.75]1.01 to 1.05 | 100 /54 /50 |65° to 68° _/
applied high
6000 075 to 115|101 to 1.06 |100 /55 |67 to 71° | distortionandalso | O o b
symmetrical profiles C
with different o
blockage levels E 1
0 b
Table3.2: Test plan with the diffuser inlet flow-field parameter range obtained
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CHAPTER 4

Experimental Results

The results of the experiments carried out with the straight channel diffuser are
presented in this chapter. Section 4.1 describes diffuser performance data, obtained
without air injection and/or suction at impeller exit, provided that diffuser inlet profile
was as uniform as possible. Section 4.2. describes similar data with flow injection
and/or suction at the impeller exit. Section 4.3 includes comparisons of the results
between straight channel diffuser experiments and discrete passage diffuser results
from previous investigations. In Section 4.4 we compare the results with the other vaned
diffuser investigations available in the open literature.

4.1 Baseline Inlet Flow-Field Data
(Data Without Air Injection/Suction)

Figure 4.1a depicts the atmosphere to diffuser inlet pressure ratio versus venturi mass
flow rate constant-speed characteristics for several corrected impeller speeds from 1000
to 6000 RPM. A plot of the atmosphere to diffuser exit pressure ratio is shown in Figure
4.1b for the same speeds. Both inlet and exit pressures in the facility loop are
atmospheric. The diffuser exit pressure is higher than the atmospheric pressure and, as
shown in Figure 4.1b, the diffuser exit pressure ratio, wy, is always greater than unity.
There is a pressure drop across the impeller as shown in Figure 4.1a. Since the static
pressure rise versus mass flow rate characteristics have negative slope (Fig. 4.1a), the
impeller itself shows stable behavior for the flow range of interest. The atmosphere-to-
plenum pressure ratio, mp3, was used as an operating point reference for some of the
data presented in Sections 4.1 and 4.2. There is no pressure rise after the diffuser exit so
the measured atmosphere-to-plenum pressure ratio, mps, and atmosphere-to diffuser exit
pressure ratio, mg2, were very close in value. For every impeller speed in Figure 4.1a and
b, the maximum flow rate was limited by the maximum throttle valve opening whereas
the minimum flow rate by the onset of flow instability.
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The performance map in terms of dimensionless flow coefficient, ¢, and diffuser
pressure rise, Dp, with corrected impeller speed as parameter is shown in Figure. 4.2.

Diffuser inlet flow angle and Mach number axial profiles were measured for every
operating point. For the baseline case (no injection/suction) examples of axial
distributions of flow angle and Mach number are shown in Figures 4.3a and 4.3b for
different corrected impeller speeds from 2000 RPM to 6000 RPM and a fixed
atmosphere-to-plenum ratio. The profiles of flow angle and Mach number are fairly
symmetrical at the diffuser inlet. The disturbances in flow angle near the front wall (x/b
=0) are due to the influence of labyrinth seal leakage. The diffuser inlet Mach number

increases as impeller speed increases with maximum achieved Mach number at the
diffuser inlet 1.15.

The main performance parameter, the mass averaged overall diffuser pressure recovery
coefficient (as defined by Equation 3.30) versus momentum averaged inlet flow angle
(as defined by Equation 3.36) is shown in Figure 4.4 for different corrected impeller
speeds, from maximum flow rate to the stall. For all speeds the overall diffuser pressure
recovery increases slightly with increasing flow angle. The pressure recovery increased
from 0.67 to 0.77 as the flow is reduced from maximum (o = 67°) to the near stall
operating point (o = 70.5%). With injection/suction the lower flow angle boundary
shifted to oo = 63° (see Figure 4.19) and thus a broader flow angle range could be
investigated. For constant impeller speed, lower mass flow rate implies lower radial
velocity and, therefore, increasing flow angle at the diffuser inlet. Reducing the mass
flow at constant impeller speed, increases the inlet flow angle, and if a critical inlet flow
angle is reached rotating stall occurs. The critical flow angle at which rotating stall
appeared was between 70° and 70.5° for all impeller speeds investigated.

The effect of inlet Mach number on the mass averaged overall diffuser pressure recovery
coefficient is shoivn in Figure 4.5. In this figure the absolute Mach number as defined in
Equation 3.5 varied from 0.2 to 1.15 and did not show any remarkable influence on the
mass averaged overall diffuser pressure recovery coefficient.

According to single channel diffuser data, an important fluid dynamic parameter for
diffuser performance is blockage at diffuser inlet. Figure 4.6 plots mass averaged overall
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diffuser pressure recovery coefficient versus diffuser inlet blockage (as defined in
Equation 3.44). For a better comparison with single channel diffuser performance data,
the blockage of centrifugal compressor vaned diffusers must be defined at the diffuser
throat, because the channel part of the centrifugal compressor vaned diffuser is
geometrically similar to single channel diffusers. Since there is no measured data (total
pressure) available at diffuser throat, the throat blockage can be defined either by
assuming that the flow is isentropic from the diffuser inlet to throat or it can be
estimated on a basis of the empirical correlation between throat blockage and pressure
recovery coefficient from diffuser inlet to throat, adopting the approach which was first
suggested by Kenny [1972]. Calculation of throat blockage for the straight channel
diffuser and performance comparisons with single channel diffuser data can be found in
Appendix A4.

The variation in the axial velocity distribution at the diffuser inlet can be expressed in
terms of the distortion parameters presented in Table 3.1. The effects of flow angle non-
uniformity and mass flow non-uniformity at the diffuser inlet on mass averaged overall
diffuser pressure recovery are shown in Figures 4.7 and 4.8. For the experiments carried
out without injection/suction, the axial velocity distributions at the diffuser inlet were
nearly symmetrical and uniform as seen in Figure 4.3a. Therefore, the flow non-
uniformity level obtained at the diffuser inlet was not high compared to the
investigations with injection/suction. Both Figures 4.7 and 4.8 show no dependence of
mass averaged overall diffuser pressure recovery coefficient on flow non-uniformity
parameters at diffuser inlet over the range investigated.

Examples of static pressure distributions along the centerline of an individual diffuser
channel are shown in Figures 4.9 and 4.10. The static pressure rise in these figures is
represented by a local pressure coefficient defined in Equation 3.46. In Figures, 4.9a and
b, the corrected impeller speed was varied from 2000 RPM to 6000 RPM, at a
constant plenum pressure ratio. Figure 4.10 depicts static pressure distributions along
the diffuser centerline at different pressure ratios between maximum flow rate and the
stall for a constant impeller speed N = 3000 RPM. As seen in these figures, a substantial
part of the pressure rise occurs immediately following the diffuser leading edge at the
quasi-vaneless space and diffuser throat region. In the channel part of the diffuser, the
slope of the pressure rise decreases. Over 55 to 60 % of the overall diffuser pressure
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static rise occurs within the first 30% of the diffuser channel length. In addition, the
differences in the channel centerline static pressure distributions for different impeller
speeds and different pressure ratios are substantial only at the inlet region of straight
channel diffuser. These differences almost disappear in the channel diffuser part.

The channel centerline static pressure rise characteristics do not show any significant
difference for various impeller speeds in Figures 4.9a and 4.9b, except for the highest
impeller speed N = 6000 RPM. This high speed (or high Mach number) operating point
exhibits no pressure rise at the diffuser inlet region up to the diffuser throat, due to the
acceleration of the flow in the diffuser inlet region. For this operating point, the flow
angle (incidence) is low with respect to the circumferential direction. The impeller exit
flow is accelerated into the diffuser inlet, followed by a rapid diffusion resulting in a
steep pressure gradient. There is no pressure rise in quasi-vaneless space but because of
high pressure rise in the throat region and after the throat, the overall diffuser pressure

rise in this case is almost at the same level compared to the other operating points in
Figures 4.9a and 4.9b.

4.2 Influence of Inlet Flow Conditions
(Data With Air Injection/Suction)

The results of the experiments with applied air injection and /or suction are described in
this section. Different test series (II, III, and IV see Table 3.2) were carried out with axial
profile control injection/suction. Inlet conditions to the diffuser include low and high
Mach numbers, symmetric and asymmetric profiles, with high and low distortions and
different blockage levels. Typical examples of the shape and the range of axial flow
angle and Mach number distributions at the diffuser inlet are shown in Figures 4.11
through 4.18. In the legends of these figures the average values for the flow angle and
Mach number distributions are given along with the flow angle non-uniformity, op.

The variation of the inlet flow angle profile was from low distortion (Series II) to high
distortion levels (Series III and IV). The maximum inlet flow angle variation between
rear and front walls of the diffuser was 10° for test Series II (Figures 4.11a, 4.12a, 4.13a
and 4.14a). The variation in inlet Mach number versus axial position is shown in Figures
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4.11b through 4.14b for the test Series II. In test Series III the inlet distortion was varied
from a symmetrical distribution to an asymmetric distribution. There is a 45° change in
flow angle across the diffuser depth for the maximum distorted case in Figure 4.15b. In
test Series IV the diffuser inlet blockage level was varied with both side injection or
suction. An example of the inlet flow angle profile combinations for different blockage
levels is presented in Figure 4.18a.

4.2.1 Effect of Inlet Parameters

The parameters that characterize the flow at the diffuser inlet include flow angle, Mach
number, Reynolds number, turbulence, blockage, and the parameter expressing non-
uniformity of the mass, momentum, kinetic energy, and flow angle. All of these
parameters can influence the performance of the diffuser, hence:

Cp=f(o, M,Re, Tu, B, oy, 6,§, ...)

The effect of these parameters on mass averaged overall diffuser pressure recovery
coefficient are presented in Figures 4.19 through 4.24. These figures contain all the
operating points measured with and without air injection and/or suction. Since the
distortion (o) and skew (&) levels of mass, momentum, and kinetic energy are roughly
scaled, in differentiating diffuser performance, only the mass distortion and mass skew
parameters as well as the flow angle non-uniformity are presented in diagrams.

Figure 4.19 depicts mass averaged overall straight channel diffuser pressure recovery
coefficient as a function of inlet flow angle for various impeller speeds, throttle valve
positions and inlet distortion parameter levels. The overall diffuser pressure recovery
and operating range depend primarily on inlet flow angle, and the inlet axial flow field
distortions affect the performance of the straight channel diffuser to a lesser degree. The
onset of rotating stall occurred at a momentum averaged flow angle (70° - 70.5%)
independent of the inlet flow field parameters and Mach number, and for all the data

series the maximum diffuser pressure recovery was achieved just prior to the rotating
stall threshold.

115



The independence of mass averaged overall diffuser pressure recovery coefficient of the
inlet Mach number and Reynolds number can be seen from Figures 4.20 and 4.21. The
lower pressure recovery coefficient values in these figures are not the effects of inlet
Mach number or Reynolds number, because these points of lower pressure recovery are
also points of lower inlet flow angle in Figure 4.19. The Reynolds number range of the
investigations for straight channel diffuser was 0.5 10° to 2.5 105.

Figure 4.22 shows that the effect of diffuser inlet blockage on the mass averaged overall
diffuser pressure recovery is minimal, however, a decreasing trend is detectable with
increasing inlet blockage.

Flow angle non-uniformity, o, and mass flow non-uniformity, 6, have similar effects
on mass averaged overall diffuser pressure recovery as shown in Figures 4.23 and 4.24.
Up to a certain level of these inlet distortion parameters (tp < 6 and 6, < 0.35) there is
no influence of both non-uniformity parameters on the mass averaged overall pressure
recovery, but after these values (an > 6 and oy > 0.35) for very high distortion levels the
mass averaged overall pressure recovery decreases with increasing inlet distortion. This
range of very high distortion levels corresponds to inlet flow angle differences of 25° to
45° between front and rear sides of the diffuser. Most of the points with high level of
flow non-uniformity and lower pressure recovery in Figures 4.23 and 4.24 have average
inlet flow angles of 63° to 66°. (As a consequence of increasing inlet flow angle non-
uniformity by applying injection/suction, the mean value of inlet flow angle decreases).
These points of low pressure recovery in Figures 4.23 and 4.24 also appear as low
pressure recovery points in Figure 4.19 because of the influence of inlet flow angle.

The main trend of the presented Figures from 4.19 to 4.24 is that the performance of the
radial diffusers can be correlated using one main parameter, the inlet flow angle. For a
given flow angle, mass averaged overall diffuser pressure recovery coefficient is
essentially independent of diffuser inlet conditions. In the worst case, there is a
maximum 10% difference in pressure recovery at a constant flow angle in Figure 4.19.
To isolate the influence of parameters associated with the inlet flow field the data in
Figures 4.19 through 4.24 were presented for constant flow angles in Figures 4.25
through 4.28. Figure 4.25 shows the effect of inlet Mach number, Figure 4.26 inlet
blockage, Figure 4.27 inlet flow angle non-uniformity, and Figure 4.28 mass flow non-
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uniformity as a function of mass averaged overall diffuser pressure recovery coefficient
for constant inlet flow angles 67°, 68°, 69° and 70°. In all these figures (4.25 through 4.28)
there is no obvious dependence of mass averaged pressure recovery on the inlet Mach
number, inlet blockage and flow distortion parameters. The mass averaged overall
diffuser pressure recovery coefficient is mainly determined by the momentum averaged
inlet flow angle.

4.2.2 Static Pressure Rise in Diffuser Channel

Examples of the static pressure distribution along the centerline of one diffuser channel
are shown in Figures 4.29, 4.30, and 4.31 for experiments with injection/suction. In
Figure 4.29 for a corrected impeller speed of 6000 RPM, the static pressure rise curves in
the diffuser channel are similar for different distortion levels, except for the diffuser inlet
region (quasi-vaneless space and throat). At the diffuser inlet region there is either an
acceleration or a diffusion depending on the average inlet flow angle. In the channel
part of the diffuser there is no significant difference among the pressure rise curves for
different inlet distortion levels.

Figure 4.30 is another constant speed case for 4000 RPM with various distortion levels.
The bold lines in this figure are the baseline data without injection/suction. Between the
bold lines and the curve of lowest pressure rise (line with blank squares) there is a
difference in the pressure recovery, however this is an effect of inlet flow angle, since
there is a difference of 2.6° in inlet flow angle between both cases.

Figure 4.31 is a low speed (N = 2000 RPM) case with three different inlet flow field
distortion levels. The average values of inlet flow angles are 63.0°, 64.5° and, 68.5°. There
is a substantial difference in the pressure recovery among the three pressure rise curves.
The slope of the pressure rise in the channel diffuser part has the same level for three
cases (63.0°, 64.5° and, 68.5°) in Figure 4.31 (in fact, the value of the slope in the channel
diffuser part is the highest for o = 63°, whereas the overall diffuser pressure recovery
coefficient is the lowest), but the overall diffuser pressure recovery values achieved are
different. This indicates that the reason for different overall diffuser pressure recovery
values is the pressure rise of the diffuser inlet region. In Figure 4.31 the highest pressure
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recovery is for o = 68.5°, which is close to the diffuser design angle. For this inlet flow
angle an important pressure rise occurs in the diffuser inlet region immediately after the
leading edge. Decreasing the flow angle from o = 68.5° to o = 64.8° lowers the slope of
the pressure rise in the diffuser inlet region. If one decreases the inlet flow angle further
to o = 63.0°, there is no pressure rise at the diffuser inlet region, but rather an
acceleration of the flow until the channel diffuser part, resulting in a low overall diffuser
pressure recovery in this case of o = 63.0°.

4.2.3 Different Definitions of Diffuser Pressure Recovery Coefficient

As discussed in Section 3.1.3.2.1 the overall diffuser pressure recovery coefficient can be
calculated using a number of different definitions of inlet dynamic pressure. In the
performance diagrams presented for the straight channel diffuser we have used the
mass averaged pressure recovery coefficient which is conceptually simpler and differs
by roughly 1% from the availability averaged pressure recovery coefficient. Pressure
recovery coefficients based on area averaged inlet dynamic pressure and on peak value
of the diffuser inlet dynamic pressure have also been calculated for the straight channel
diffuser. These definitions of pressure recovery coefficient are often used in the open
literature. For purposes of comparison, some examples are shown in Figures 4.32 a, b,
and c, which includes calculations of overall diffuser pressure recovery coefficients
using different definitions versus momentum averaged inlet flow angle. Figure 4.32a is
for a corrected impeller speed of 4000 RPM without injection/suction (from Series I).
Figure 4.32b is for a corrected speed of 2000 RPM with injection/suction and includes
maximum levels of inlet flow axial non-uniformities achieved during the investigations
(from Series III). Figure 4.32c is high speed data for 6000 RPM with injection/suction
and includes high blockage levels (from Series IV).

It can be seen in Figures 4.32 a, b, and c that there is only a very small difference
between mass averaged and availability averaged pressure recovery coefficients. The
pressure recovery coefficient based on the area averaged total pressure is higher and the
pressure recovery coefficient based on the inlet maximum total pressure is more then
10% lower than the mass averaged pressure coefficient. Since the maximal inlet total
pressure measured across the diffuser depth is higher than the mass averaged inlet total
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pressure, the denominator of the equation for the pressure recovery coefficient becomes
higher, and therefore the pressure recovery lower if one uses the peak value of the inlet
total pressure. Filipenco [1991] also showed that different definitions of pressure
recovery coefficient lead to different conclusions regarding the effect of inlet distortion
on diffuser performance. An apparent sensitivity of the diffuser pressure recovery
performance to axial inlet distortion and Mach number was observed either using area
averaged pressure recovery or pressure recovery coefficient based on the maximum
inlet total pressure, this is not the case if one uses mass and/or availability averaged
pressure recovery coefficient.

Another observation from Figure 4.32 concerns the difference between the ideal and
actual overall diffuser pressure recovery coefficients. According to Dawes [1994] or
Cumpsty [1989] the performance of a centrifugal impeller is often good but when it is
combined with a vaned diffuser the performance of the overall stage is disappointing.
Although single channel diffusers may permitt 80% static pressure recovery (if the
diffuser is long enough and the inlet boundary layer is thin), this has never been
achieved in a centrifugal compressor (Japikse [1987]). The ideal pressure recovery
coefficient in Figure 4.32 is calculated for an isentropic, and quasi-one-dimensional flow.
Typical values for the diffuser ideal pressure recovery are 90 - 95% for an inlet Mach
number of M = 1, and diffuser area ratios of high performance centrifugal compressors.
The measured pressure recovery of the straight channel diffuser is in the range of 65 -
75%, which results a diffuser efficiency of = 0.75. One can separate the overall straight
channel diffuser into two diffusers in series with the quasi-vaneless space (diffuser inlet)
and channel diffuser part. For the channel diffuser part of a centrifugal compressor
vaned diffuser, an efficiency of 0.90 - 0.95 can be achieved (if the divergence angle of the
channel diffuser part is not extremely high). This indicates that important part of the
losses in centrifugal compressor diffuser occurs in the diffuser inlet region.

4.2.4 Stall Onset Observation
One objective of this research was to determine the effect of inlet flow field distortion on

the stable operating range of the straight channel diffuser. Therefore, attention was paid
to the diffuser inlet flow field and diffuser channel centerline static pressure distribution
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near stall operating points. It was found in Figure 4.19 that the onset of rotating stall
occurs at a critical inlet flow angle 70° - 70.5° independent of inlet flow field distortion
and Mach number.

In addition to changing the axial shape of the diffuser inlet profile, the flow injection/
suction system in the vaneless space permitted operation of the radial diffuser over an
inlet flow angle range independent of the operating point of the impeller and its
characteristics. Control of the diffuser inlet flow angle independent of impeller speed
was possible and this allowed the isolation of instability phenomena, specific to either
component, diffuser or impeller.

Filipenco [1991] found in his investigations on discrete passage diffuser that the diffuser
was the stability limiting element. To demonstrate that the onset of rotating stall is
triggered by flow instability in the vaned diffuser and not by the impeller, three
operating points with different inlet flow angles were examined corresponding to
impeller speeds of 2000 RPM, 4000 RPM and 6000 RPM. The points were approximately
20% far from the rotating stall onset point in mass flow. For these three operating points
at which impeller speed and throttle valve position remained constant, different levels
of axial injection and suction were applied until rotating stall occurred. In all three cases
the onset of rotating stall occurred when the diffuser inlet momentum averaged flow
angle reached the values of 69.8°, 70.3° and 70.7°. Since rotating stall occurred for
different impeller operating points (the slope of the impeller pressure rise characteristics
was also negative for all three operating points), it can be concluded that the onset of
rotating stall was triggered by the diffuser.

43 Comparison With Discrete Passage Diffuser Results

The discrete passage diffuser, developed by General Electric has a design characterized
by straight centerline passages which are circular in cross section from the diffuser inlet
up to diffuser throat and acquire a semi-rectangular cross section between the throat
and diffuser exit (Figure 4.33). Between the diffuser inlet and the throat, the intersection
of the conical passages forms a quasi-vaneless space with highly swept back cusp-like
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leading edges. The quasi-vaneless space is designed to diffuse supersonic inlet flow, and
the throat area sets the maximum flow rate of the diffuser.

The test results of the investigations (Filipenco [1991], Johnston [1993]) with discrete
passage diffusers (30 and 38 passages) showed that if one uses the proper variables,
changes in inlet distortion have little effect on pressure recovery of a discrete passage
diffuser. The results of the experiments with straight channel diffuser presented in
Sections 4.1 and 4.2 show similar behavior and confirm the results of discrete passage
diffuser experiments done by Filipenco [1991] and Johnston [1993].

The mass averaged pressure recovery coefficient of the 30 passage discrete passage
diffuser (from Filipenco [1991]) is compared in Figure 4.34 with the pressure recovery of
the straight channel diffuser (from Figure 4.19) as a function of momentum averaged
inlet flow angle. The overall pressure recovery coefficient for both diffusers correlates
with the inlet flow angle and is insensitive to axial distortions of the diffuser inlet flow
field. If we compare the achieved overall diffuser pressure recovery level of straight
channel diffuser to that of discrete passage diffuser in Figure 4.34, the straight channel
diffuser shows ca. 10% higher pressure recovery coefficient. At operating points near the
design point, the mass averaged pressure recovery coefficient for straight channel
diffuser and discrete passage diffuser are 0.65 - 0.78 and 0.60 - 0.70 respectively. The
comparison also indicates that the critical inlet flow angle for the onset of rotating stall
for the straight channel diffuser is 70° - 70.5° and that for the discrete passage diffuser is
73° - 74°. Although the critical inlet flow angle for the rotating stall onset is lower for
straight channel diffuser, we can not conclude that the operating range of the straight
channel diffuser is smaller than that of the discrete passage diffuser. According to
Figure 4.34 the operating inlet flow angle range for the discrete passage diffuser is ca. 5°
and an operating range of 5° is also observed for the straight channel diffuser.

We can also compare the channel centerline pressure rise characteristics of the
investigated discrete passage and straight channel diffusers, in terms of the pressure
recovery before and after diffuser throat. This kind of comparison must be made with
the following cautions:

i) The geometrical position of the throat is different in the two diffusers: The non-
dimensional distance from the leading edge to the throat (normalized with the diffuser
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length) is longer for the discrete passage diffuser than that for the straight channel
diffuser. In other words for the straight channel diffuser the throat is closer to the
diffuser inlet radius.

ii) The same value of inlet flow angle means different operating conditions for each
diffuser, because each diffuser has different operating ranges of flow angle between
maximum flow rate and stall onset (see Figure 4.34).

iii) Although the overall diffuser pressure recovery is not influenced by the inlet flow
field distortion, the pressure rise in the diffuser inlet region is. For a direct comparison
of the pressure recovery in the diffuser inlet region between the two diffusers, the inlet
flow field distortions should be the same, but this is not easy to achieve in practice.

An example of the static pressure distributions along discrete passage diffuser centerline
(Figure. 4.35) is chosen for the comparison with the similar distribution data of the
straight channel diffuser (see Figures 4.9, 4.10, 4.29, 4.30, and 4.31). Figure 4.35
summarizes Filipenco's [1991] discrete passage diffuser static pressure rise distributions,
for an operating point near the fotating stall, at three different impeller speeds (covering
inlet Mach number from 0.2 to 1.0) with low and high inlet distortion levels. For all three
impeller speeds a pressure rise of 50% of the overall pressure recovery occurs from
leading edge to throat in case of low inlet distortion. With higher inlet distortion the
overall pressure recovery remains nearly the same for all three speeds, but the pressure
rise up to the throat is 55 - 60% of the overall pressure recovery. For the same impeller
speeds, low inlet flow field distortion, and an operating point near the onset of rotating
stall, the overall pressure recovery of the straight channel diffuser is higher than that of
the discrete passage diffuser, but only 40% of this overall pressure rise occurs between
leading edge and throat in comparison to 50% of the pressure rise in the discrete
passage diffuser inlet region. According to this comparison the pressure rise at the inlet
region (quasi-vaneless space and throat) of the discrete passage diffuser is higher than
that of the straight channel diffuser, but a lower pressure rise occurs in the channel
diffuser part for the discrete passage diffuser resulting in a lower overall discrete
passage diffuser pressure recovery.

We note that we do not have complete knowledge of the design criterion of the discrete

passage diffuser. The design of the straight channel diffuser was based on maximum
pressure recovery and a flow regime without appreciable stall. The geometrical
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parameters such as diffuser channel divergence angle, area ratio and length-to-width
ratio were chosen according to this criterion from Reneau's diffuser map. The discrete
passage diffuser was an engine part and, although its geometrical parameters are given
in Table 2.2, they do not indicate the criteria on which the design was based.

44 Comparisons With Other Vaned Diffuser Investigations

Comparisons with other vaned diffuser investigations contain two aspects, maximum
overall diffuser performance and the influence of inlet flow field conditions on diffuser
performance. Most of the radial diffuser investigations available in the open literature
(see Section 1.2.6) were carried out in a compressor stage with an impeller upstream and
most of the data show stage performance characteristics (overall efficiency and/or
pressure ratio versus mass flow rate) with vaned diffusers and not component
performance data in the form of separate impeller and diffuser characteristics.

Rodgers [1980] gives typical vaned diffuser static pressure recovery values for high
performance centrifugal compressors as 0.65 - 0.78, which is in accordance with Japikse
[1996]. Regarding overall diffuser pressure recovery, the only exception we can find in
the open literature is Krain's [1984] straight channel diffuser performance. Parameters of
Krain's diffuser compared with the straight channel diffuser investigated in this study is
shown in the following table:

Present investigation Krain's diffuser
20 8 7.54°
AR 2.34 2.51
LWR 9.574 11.46
Throat AS 0.643 1.6
Vane number 30 27
Vaneless space 0.10 0.10

radius ratio
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Krain [1984] measured straight channel diffuser overall pressure recovery as 0.80 - 0.87,
which is significantly higher than the result of the present investigation (0.65 - 0.77) and
also the other straight channel diffuser data in the open literature.

With regard to the influence of inlet conditions, the observed insensitivity of the diffuser
pressure recovery to the diffuser inlet Mach number is in accordance with most of the
other investigations, such as by Krain [1984] (straight channel diffuser) or Hunziker
[1993] (cambered vane diffuser), except by Baghdadi [1973] and Baghdadi & Mc Donald
[1975]. In Baghdadi's investigations, the pressure recovery as well as the operating range
of the vaned diffusers were strongly Mach number dependent.

Figures 4.36a, and b taken from Hunziker [1993] show diffuser pressure recovery and
pressure recovery from impeller exit to the plenum versus inlet flow angle for cambered
vane diffusers investigated in a centrifugal compressor test rig. Figure 4.36a is for a
cambered vane diffuser with a divergence angle of 26 = 15° and Figure 4.36b is for a
diffuser with 26 = 30°. Both diffusers have 24 vanes and tested with the same impeller.
From these figures, it can be seen that diffuser pressure recovery coefficients correlates
well with the diffuser inlet flow angle and there is no influence of diffuser inlet Mach
number on pressure recovery coefficient. The cambered vane diffuser with a smaller
divergence angle (Figure 4.36a) has a higher diffuser pressure recovery (peak value of
Cp = 0.75 compared to 0.64) than the diffuser with higher divergence angle (Figure
4.36b), but the operating range is smaller. In addition the rotating stall onset for the first
diffuser (Figure 4.36a) is at an inlet flow angle of a = 80° and for the second diffuser
(Figure 4.36b) at o = 73".
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Axial Distribution of Flow Angle at Diffuser Inlet
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different plenum pressure ratios, T3 and for a corrected impeller speed N = 3000 RPM
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Figure 4.11 (a) Flow angle, o, and (b) absolute Mach number, M, axial distributions at

the diffuser inlet achieved with profile control injection/suction (Series II/Profile A/N
= 2000 RPM)
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Figure 412 (a) Flow angle, o, and (b) absolute Mach number, M, axial distributions at
the diffuser inlet achieved with profile control injection/suction (Series I /Profile B/N =
2000 RPM)
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Figure 4.13 (a) Flow angle, o, and (b) absolute Mach number, M, axial distributions at
the diffuser inlet achieved with profile control injection/suction (Series II/Profile A/N
= 5000 RPM)
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Figure 4.14 (a) Flow angle, o, and (b) absolute Mach number, M, axial distributions at
the diffuser inlet achieved with profile control injection/suction (Series II/Profile B/N =
5000 RPM)
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Figure 4.15 Flow angle, o, axial distributions at the diffuser inlet achieved with profile
control injection/suction (Series Il /Profile A/N = 2000 RPM)
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Figure 4.16 (a) Flow angle, a, and (b) absolute Mach number, M, axial distributions at
the diffuser inlet achieved with profile control injection/suction (Series IV/Profile A/N
= 2000 RPM)
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Figure 4.17 (a) Flow angle, ¢, and (b) absolute Mach number, M, axial distributions at
the diffuser inlet achieved with profile control injection/suction (Series IV /Profile B/N
= 6000 RPM)
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Figure 4.19 Mass averaged overall straight-channel diffuser pressure recovery, Cp, as a function of the diffuser

inlet momentum averaged flow angle, o, with (II, III, and IV) and without (I) injection/suction, different corrected
impeller speeds
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Figure 4.20 Mass averaged overall straight-channel diffuser pressure recovery, Cp, as a function of the diffuser
inlet absolute Mach number, M1, with and without injection/suction
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inlet Reynolds number, Re, with and without injection/suction
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Figure 4.22 Mass averaged overall straight-channel diffuser pressure recovery, Cp, as a function of the diffuser

inlet blockage, B1, with and without injection/suction
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Figure 423 Mass averaged overall straight-channel diffuser pressure recovery, Cp, as a function of the diffuser

inlet flow angle non-uniformity, an, with and without injection/suction




811

Effect of Mass Flow Non-Uniformity on Overall Diffuser Pressure Recovery

o [7]

70° (+0.5°)
69° (+0.5°)
68° (+0.5°)
67° (+0.5°)
66° (+0.5°)
65° (+0.5°)

63° (£0.5%)

0.9
P 0.8 +
[
>
S 0.7+
é! .
QZO.G“ NS
7 8
&, O 05 T
=
o ,5 0.4 -
=
q’-) 8 0.3 +
> O
<
& 0.2 T
(2]
a _
= 0.1 +
0 a % % :
0 0.1 0.2 0.3 0.4 0.5
Mass Flow Non-Uniformity (Distortion Level) Sm [
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mass flow non-uniformity, o, with and without injection/suction
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Fig. 4.27  Mass averaged overall diffuser pressure recovery, Cp, as a function of the diffuser
inlet flow angle non-uniformity, o, represented for constant inlet flow angles.
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Figure 4.29 Static pressure distribution along the centerline of a diffuser channel for a corrected impeller speed
N = 6000 RPM, achieved with injection/suction
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CHAPTER 5

Summary, Conclusions, and Recommendations for
Future Research

51 Summary and Conclusions

An experimental investigation has been carried out on performance, operating
range, and fluid dynamic phenomena of a straight channel diffuser from high
performance centrifugal compressor stages. The influence of inlet flow field
conditions, including Mach number, flow angle, fluid dynamic blockage, and
flow non-uniformity in axial direction, on the pressure recovery and stability was
investigated. The range of diffuser inlet conditions included Mach numbers from
0.2 to 1.1, flow angles from 62° to 71°, blockage levels from 3 to 35%, and high
levels of axial flow field distortion, e.g. up to 45° flow angle difference between
front and rear walls at the diffuser inlet.

Diffuser pressure recovery and other parameters were calculated from total
pressure/flow angle axial traverse measurements made at the inlet of the
diffuser. Wall static pressure measurements within a diffuser channel, at the
vaneless space, quasi-vaneless space and at the diffuser exit were made to
examine the diffuser behavior.

Different averaging methods of the inlet total pressure distributions, together
with various definitions of diffuser pressure recovery coefficient for non-uniform
diffuser inlet conditions were considered. The main result was that the mass-
and/or availability averaged overall diffuser pressure recovery coefficient was a
function of diffuser inlet momentum averaged flow angle only, specifically,
overall diffuser pressure recovery was insensitive to inlet Mach number, inlet
blockage, and flow angle non-uniformity, as also seen in the results of previous
investigations on discrete passage diffusers.

The observed onset of the flow instability was diffuser rotating stall. This
occurred at a critical diffuser inlet momentum averaged flow angle independent
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of the inlet flow field distortion and Mach number, over the parameter range
investigated.

The static pressure distribution in the quasi-vaneless space and the static
pressure rise along the diffuser centerline were analyzed in detail for different
inlet distortion levels and operating points. A substantial part (40 - 50%) of the
pressure rise occurs immediately following the diffuser leading edge in the
quasi-vaneless space and diffuser throat region. The measurements imply that
intensive mixing occurs in this region, and it is hypothesized that the
insensitivity of the diffuser performance to inlet distortion is due to this mixing.

The straight channel diffuser was designed for performance comparison similar
the discrete passage diffuser previously tested in the same facility. The range of
the overall pressure recovery coefficients for the straight channel diffuser and for
the discrete passage diffuser were 0.65 - 0.78 and 0.60 - 0.70 respectively, i.e. the
straight channel diffuser had a pressure recovery about 10% higher than the
discrete passage diffuser. Both diffuser types, straight channel and discrete
passage diffuser showed similar behavior regarding the insensitivity of the
pressure recovery performance to inlet flow axial distortion.

In addition, both diffuser types showed similar behavior re
insensitivity of the onset of instabilities to inlet flow distortion. However, the
critical momentum averaged diffuser inlet flow angle for the onset of rotating
stall was 0.erit = 73° - 74° for discrete passage diffuser and ocrit = 70° - 71° for the
straight channel diffuser.

5.2 Recommendations for Future Research

Some detailed experimental and numerical work has been done to investigate the
influence of impeller exit circumferential flow non-uniformity on radial diffuser
performance (Inoue & Cumpsty [1984], Dawes [1994]). One important conclusion
from these studies was that the circumferential variations in the impeller exit
flow mix out very rapidly and seem to have little effect on the performance of the
diffuser. The results of the investigations with straight channel and discrete
passage diffusers showed that different inlet velocity and flow angle
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distributions and inlet blockage levels could be collapsed by using the inlet
momentum averaged flow angle. These results still leave unanswered the
question of why the flow behaves the way it does. The research in the future
should include not only information on the overall performance and stability
limit but also information of more local sort (especially for the diffuser inlet
region), aimed at understanding not only what the radial diffuser is doing, but
why it is doing it so.

The flow at the impeller exit/diffuser inlet region is sensitive to the
instrumentation and the use of conventional pneumatic and thermal
instrumentation is inadequate for a full understanding of the flow developments
in the vaneless and quasi-vaneless spaces and throat region. High frequency
anemometry, laser velocimetry and flow visualization are useful means to
thoroughly evaluate the fluid dynamic phenomena of this region, between
impeller exit and throat. From this viewpoint, the use of a non-intrusive LDA
(Laser Doppler Anemometry) system and the use of high-image-density particle
image velocimetry (PIV) at the diffuser inlet region might allow characterization
of the instantaneous velocity field.

A parallel and supplementary research to the above-mentioned investigation
using LDV measurements and flow visualization with PIV should be the
numerical investigation of unsteady impeller-diffuser interaction and the
analysis of radial diffuser flow phenomena with CFD. This kind of research
would not only show the ability of current CFD methods to capture basic flow
phenomena in radial diffusers but would elucidate the time averaged effects of
unsteady impeller-diffuser interactions on performance and instability.

Rotating stall of a centrifugal compressor stage can be triggered by the diffuser.
To increase stable flow range one needs an improved understanding of the basic
unsteady flow process that leads to the termination of the stable flow in radial
diffuser. Experimental investigation of this process should include both local and
global time resolved features (e.g. the frequency content of the disturbance mode,
the growth rates, and the spatial structure) of the flow field. Detailed
experimental investigation with more high frequency response pressure
transducers at the diffuser inlet is required.
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To suppress the flow instabilities in form of rotating stall and/or surge in axial
and centrifugal compressors, active control techniques have been employed and
there is an increasing interest in the implementation of active control schemes to
extend the operating range of compressors. A few unsteady flow measurements
carried out on centrifugal compressor stages showed that a centrifugal
compressor with a vaned diffuser exhibited a much broader spectrum of
unstable behavior than those observed in low speed axial compressor
investigations. The effective design of active control laws requires detailed
understanding of stall inception dynamics in centrifugal compressors with vaned
diffusers. This point also emphasizes the necessity of more detailed unsteady
measurements.

The present test facility at MIT Gas Turbine Laboratory was proved to be a good
investment for the investigation of centrifugal compressor vaned diffuser
performance and instability phenomena. Additional radial diffuser
configurations such as an airfoil type diffuser (cambered vane or low solidity
vaned diffuser) would provide useful performance comparisons with the
discrete passage diffuser and/or straight channel diffusers. The application of
low solidity vaned diffuser (LSVD) has been popular in last years specially in
process and refrigeration industry, but not many performance comparisons
between conventional vaned diffusers (e.g. straight channel diffuser) and LSVDs
exist. In addition the LSVD does not include a throat between its blades whereas
the previously tested discrete passage and straight channel diffusers do have.
Comparisons of the results between LSVD and e.g. straight channel diffuser
investigations would give insight into the flow phenomena in quasi-vaneless
space and throat of the straight channel diffuser in the observed insensitivity of

the diffuser performance to the inlet flow field distortion.

The investigations on two discrete passage diffusers with 30 and 38 passages did
not show a strong influence of vane number on the performance and instability
of the investigated diffusers although one may argue that the difference in
passage numbers between 30 and 38 was not high enough to observe any great
difference. In some practical applications, radial diffusers with smaller vane
numbers e.g. vane island diffuser are in common. The present facility with
straight channel diffuser could be easily adopted to a radial diffuser
configuration with 10 or 15 vanes.
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Regarding the influence of throat blockage on the performance of channel
diffuser part, the mass averaged value of throat total pressure is a necessary
input. A reliable information of throat total pressure will also give information
about the losses occurring between the diffuser inlet and throat. One suggestion
to measure throat total pressure could be using a long total pressure probe,
which can be installed from the diffuser exit in the diffuser channel centerline
instead of diffuser side walls at the throat radius.
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Appendix 1

Result Summary Tables

The following Table Al.1 summarizes all of the traverse data taken during the
straight channel diffuser experiments. It contains results obtained with and
without injection/suction, including operating point characteristics, diffuser inlet
flow field and diffuser performance parameters.

In this table:

- Column II lists corrected impeller speed, Ncorr (see Eq. 3.1)

- Column III shows whether air injection and/or suction is applied or not. Here

"n_

"i" stands for injection, "s" suction and "0" for no injection and/or suction. The

first character designates the front wall, and the second character, the rear wall of
the diffuser.

- Column IV lists corrected mass flow rate, m___ (see Eq.3.2)
- Column V lists impeller pressure ratio, mo1’ (see Eq. 3.3)
- Column VI lists plenum pressure ratio, mg3 (see Eq. 3.3)
- Column VII lists momentum averaged inlet flow angle, o (see Eq. 3.36)
- Column VIII lists diffuser inlet Mach number, Mj (see Eq. 3.5)
- Column IX lists diffuser inlet Blockage, By (see Eq. 3.44)
- Column X lists mass averaged overall diffuser

pressure recovery coefficient, ép (see Eqg. 3.30)
- Column XI lists overall diffuser efficiency, ndisf (see Eq. 3.17)

- Column XII lists dimensionless diffuser flow number, ¢  (see Eq. 3.48)
- Column XIII lists diffuser pressure rise coefficient, Dp (see Eq. 3.49)

- Column XIV lists inlet flow angle non-uniformity, on (see Eq. 3.42)
- Column XV lists inlet flow angle skew, o5 (see Eq. 3.43)
- Column XVI lists mass-flux deficit (distortion level), oy, (see Table 3.1)
- Column XVII lists mass-flux skew, & (see Table 3.1)

193



1)

—

T m_ v i VII X XI_|_XII XIV_| XV XVII

Data No. N . I, ~ .
[RPM] o o S < B oo &
(kg/s] [-]

513/100 2000 0-0 0.481 1.003 | 67.94 0.690 | 0.724 | 0.078 1.66 -0.24 -0.51
515/100 2000 0-0 0.472 1.003 1 68.10 0.688 | 0.721 | 0.077 1.62 -0.25 -0.49
499/100 2000 0-0 0.471 1.004 | 66.90 0.671 | 0.702 | 0.077 1.30 -0.14 -0.35
513/75 2000 0-0 0.471 1.004 68.0 0.691 | 0.724 | 0.077 1.62 -0.27 -0.53
498/100 2000 0-0 0.470 1.004 | 66.98 0.680 | 0.713 | 0.077 1.77 0.15 0.12
500/100 2000 0-0 0.471 1.004 | 6/7.15 0.688 ] 0.721 | 0.077 1.49 -0.22 -0.56
504/100 2000 0-0 0.468 1.004 | 67.29 0.690 | 0.719 | 0.075 1.44 -0.13 -0.40
504/80 2000 0-0 0.466 1.004 | 67.34 0.688 | 0.721 | 0.074 1.45 -0.13 -0.42
515/72 2000 0-0 0.462 1.004 | 63.18 0.690 | 0.722 | 0.075 1.59 -0.27 -0.52
504/70 2000 0-0 0.438 1.005 | 67.37 0.689 | 0.718 | 0.070 1.45 -0.10 -0.39
504/60 2000 0-0 0.438 1.007 | 67.50 0.693 | 0.724 | 0.069 1.46 -0.09 -0.34
515/58 2000 0-0 0.437 1.007 | 68.33 0.693 | 0.726 | 0.070 1.68 -0.28 -0.48
513/55 2000 0-0 0.433 1.008 | 68.28 0.697 | 0.730 | 0.070 1.66 -0.25 .46
501/50 2000 0-0 0.403 T.011_| 67.12 0.686 | 0.717 | 0.065 149 | 022 -0.63
502/50 2000 0-0 0.403 T.011_| 67.63 0.693 | 0724 | 0.065 157 | 015 0.27
504/50 2000 0-0 0.402 1.010 | 67.91 0.695 | 0.725 | 0.064 1.55 -0.13 -0.29
513/48 2000 0-0 0.392 1.011 | 68.73 0.697 | 0.727 | 0.063 1.76 -0.34 -0.42
515/46 2000 0-0 0.377 1.012 | 68.98 0.695 | 0.724 1 0.060 1.86 -0.34 -0.40
513/42 2000 0-0 0.341 1.014 | 68.18 0.697 | 0.725 | 0.054 1.86 -0.33 -0.38
515740 2000 0-0 0.325 T014_| 69.25 0.704 | 0731 | 0.052 185 | -031 035
504/50 2000 0-0 0322 T.015_| 68.53 0.702 | 0.727 | _0.050 T62 | -0.16 0.22
513/38 2000 0-0 0.299 1.015 | 69.47 0.712 1 0.738 1 0.047 1.71 -0.34 -0.39
515/37 2000 0-0 0.289 1.016 | 69.89 0.720 | 0.746 | 0.046 1.65 -0.22 -0.35
513/37 2000 0-0 0.283 1.016 | 69.98 0.719 | 0.744 | 0.045 1.64 -0.36 -0.40
513/100 3000 0-0 0.697 1.008 | 6831 0.707 | 0.737 | 0.081 1.57 -0.19 -0.43
515/100 3000 0-0 0.697 1.008 | 68.51 0.709 ] 0.740 | 0.081 1.50 -0.13 -0.41
515/75 3000 0-0 0.685 1.010 | 68.61 0.709 { 0.740 | 0.079 1.50 -0.17 -0.42
505/100 3000 0-0 0.685 1.011 | 67.83 0.706 | 0.735 | 0.078 1.43 -0.10 -0.36
505/80 3000 0-0 0.680 1.012 ;.97 0.707 | 0.736 | 0.077 1.46 -0.09 -0.34
513/65 3000 0-0 0.670 1.013 | 68.78 0710 | 0.741 | 0.077 1.57 -0.22 -0.44
505/70 3000 0-0 0.667 1.013 | 68.10 0.706 | 0.735 | 0.075 145 -0.11 -0.35
505/60 3000 0-0 0.646 1.017 | 68.19 0.706 | 0.735 | 0.072 1.43 -0.14 -0.33
515/58 3000 0-0 0.643 1.017_| 6916 0713 | 0743 | 0.073 152 | 021 0.43
513/55 3000 0-0 0.634 1.019 | 68.96 0.709 | 0.738 | 0.071 1.58 -0.25 -0.42
Table Al.1  Data for Straight Channel Diffuser (see page 193 for the definitions of the parameters in row 2)
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1 1 it 1V v V1 Vil VIII IX X XI X1l XIII X1V XV1 XV

Data No. N Inlet Flow : ' M B A . D
[RPM] | Condition corr 71[:9]1 7:?]3 [o.t] [-]1 [_} Cp "fl_llff [(f] - ([!_I]\ ﬁ? C;:x]\ %3!]1
(kg/s] [

505/50 3000 0-0 0.600 | 0931 | 1.025 | 6840 | 0.44 0.17 | 0708 | 0.736 | 0.066 | 4.23 147 -0.16 0.15 -0.29
513/45 3000 0-0 0600 | 0944 | 1.030 | 69.28 | 042 015 ] 0.717 | 0.745 ] 0.061 | 3.86 1.75 -0.25 0.17 0.34
515/46 3000 0-0 0544 | 0943 | 1.029 | 6945 | 042 0.17 0.716 | 0.743 | 0.060 | 3.88 1.67 -0.25 0.16 -0.35
513/40 3000 0-0 0494 | 0963 | 1.035 | 6954 | 038 019 | 0720 | 0.746 | 0.053 | 3.22 1.90 -0.29 0.18 -0.33
515/39 3000 0-0 0482 | 0967 | 1.036 | 69.88 | 0.37 0.18 0723 | 0749 | 0.052 [ 3.09 1.85 -0.26 0.17 -0.32
505/40 3000 0-90 0472 | 0969 | 1.037 | 69.64 0.37 0.20 0.710 { 0.735 | 0.050 | 2.99 1.69 -0.18 0.16 -0.21
513/38 3000 0-0 0462 | 0970 | 1.037 | 69.77 0.36 0.20 0.722 | 0.748 | 0.050 | 2.93 1.83 -0.23 0.18 -0.30
515/38 3000 0-0 0458 | 0972 ] 1.038 | 69.90 | 0.36 020 | 0724 | 0.749 1 0.049 | 2.90 1.80 -0.20 0.17 -0.29
514/100 4000 0-0 0887 | 0.775 | 1.015 | 68.75 | 0.73 008 | 0728 | 0.754 | 0.086 | 7.20 1.92 -0.10 0.17 -0.17
515/100 4000 0-0 0879 1 0782 1 1.014 | 69.03 | 0.72 0.07 10731 | 0757 | 0085 | 6.93 1.76 -0.10 0.17 -0.18
506/100 4000 0-0 0879 | 0.784 | 1.018 | 6849 | 0.72 0.21 0723 | 0749 | 0.084 | 6.92 1.79 0.02 0.17 0.09
514/75 4000 0-0 0877 | 0786 | 1018 | 68.66 | 0.71 0.08 0.726 | 0753 | 0.085 | 6.88 1.82 -0.09 0.17 -0.18
506/80 4000 0-0 0872 | 0792 | 1.020 | 6846 | 0.71 0.11 0.723 | 0750 | 0.082 | 6.69 1.72 0.01 0.17 0.14
515/72 4000 0-0 0.868 | 0795 | 1.010 | 68.99 | 070 | 0.08 | 0729 | 0.756 | 0.083 | 660 | 173 | 0.0 | 015 | -0.21
514/65 4000 0-0 0863 | 0803 | 1.023 | 68.85 | 0.69 0.08 0727 | 0754 | 0082 | 644 1.89 -0.14 0.15 -0.27
506/70 4000 0-0 0861 | 0803 | 1.023 | 6835 | 0.69 0.19 0722 | 0748 | 0.081 | 6.41 1.71 -0.03 0.14 -0.18
506/60 4000 0-0 0839 | 0.822 | 1.030 | 6845 | 0.66 0.12 0.723 | 0749 | 0.077 | 5096 1.61 -0.02 0.14 -0.17
515/58 4000 0-0 0.838 | 0.824 | 1.030 | 69.01 .66 0.08 0729 | 0.757 | 0.078 | 5.89 1.69 -0.06 0.15 -0.22
514/55 4000 0-0 0.830 ] 0.832 | 1.034 | 68.88 | 0.65 010 | 0727 | 0.754 | 0.076 | 574 1.66 -0.05 0.14 -0.24
515/50 4000 0-0 0791 1 0.859 | 1.043 | 69.25 | 0.61 0.10 0.732 } 0.760 | 0.071 ] 5.08 1.63 -0.06 0.15 -0.22
506/50 4000 0-0 0783 | 0.865 | 1.046 | 69.13 | 0.61 0.14 0.725 1 0.751 | 0.069 | 4.96 1.49 -0.15 0.15 -0.24
514/47 4000 0-0 0774 | 0871 | 1.048 | 69.51 0.60 0.11 0.733 | 0.760 | 0.069 | 4.83 1.68 -0.07 0.16 -0.22
514/45 4000 0-0 0741 | 0.889 | 1.053 | 69.55 | 0.57 0.12 0.734 | 0.761 | 0.065 | 4.41 1.55 -0.14 0.16 -0.26
515/44 4000 0-0 0719 | 0.899 | 1.054 | 69.68 | 0.56 0.12 0.737 | 0.763 | 0.062 | 4.14 1.53 -0.17 0.16 -0.27
506/45 4000 0-0 0714 | 0902 | 1.057 | 6940 | 055 0.16 0.725 1 0.751 | 0.061 | 4.09 1.46 -0.19 0.15 -0.25
514/43 4000 0-0 0.706 | 0906 | 1.057 | 69.92 | 0.55 0.13 0736 | 0.762 | 0.060 | 4.01 1.61 -0.16 0.16 -0.27
514/42 4000 0-0 0694 | 0911 | 1.058 | 69.79 | 0.54 0.14 0734 | 0760 § 0.059 | 3.88 1.69 -0.16 0.17 -0.26
515/42 4000 0-0 0.686 | 0915 | 1.059 | 70.05 | 0.53 0.14 0.737 § 0.763 | 0.058 | 3.79 1.65 -0.13 0.17 -0.24
514/100 5000 0-0 0964 | 0.660 | 1.017 | 69.02 | 0.92 007 | 0744 | 0.766 | 0.087 | 7.90 2.16 -0.16 0.19 -0.04
516/100 5000 0-0 0962 | 0659 | 1.019 | 6943 | 0.92 0.06 0.757 | 0763 | 0.086 | 7.97 2.03 -0.16 0.19 -0.06
507/100 5000 0-0 0960 | 0668 | 1.022 | 69.11 | 0.91 008 | 0746 ] 0.758 | 0.084 | 7.67 1.89 -0.15 0.18 -0.03
514/75 5000 0-0 0.958 | 0.672 | 1.021 | 68.95 | 0.90 0.18 0.744 | 0.763 | 0.085 | 7.62 2.09 -0.17 0.18 -0.05
516/72 5000 0-0 0.957 | 0.677 | 1.025 | 69.31 0.89 007 ] 0753 | 0.766 | 0.084 | 7.55 1.97 -0.15 0.18 -0.06
Table A1.1  Data for Straight Channel Diffuser (see page 193 for the definitions of the parameters in row 2)
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| II 111 v vV VI WII VIII IX X XI X1 X111 X1V XV XVI XVl

Data No. N Inlet Flow : ) M B A . D
[RPM] | Condition | Meor | 1% [ % | & | © o | Cp B2 S /T S A S s T ‘;’3‘]‘
[kg/s] [-]

507/70 5000 0-0 0.954 | 0.688 1 1029 | 6875 { 0.89 020 | 0735 { 0.759 | 0.082 | 7.24 1.92 -0.13 0.17 -0.33
514/60 5000 0-0 0.948 | 0.709 ] 1.035 | 63.94 0.86 0.12 0743 § 0769 | 0.081 | 6.83 2.00 -0.18 0.17 -0.08
516/58 5000 0-0 0946 | 0.718 | 1.040 | 63.22 0.85 0.07 0.746 | 0.774 | 0.050 | 6.69 1.90 -0.12 0.17 -0.07
514/55 5000 0-0 0939 | 0.736 | 1.046 | 63.20 0.83 0.10 0.748 | 0.767 | 0.077 | 6.26 1.87 -0.08 0.17 -0.06
516/54 5000 0-0 0.935 | 0.741 | 1.049 | 69.58 0.82 0.08 0.751 | 0.777 | 0.077 | 6.24 1.84 -0.10 0.16 -0.08
516/53 5000 0-0 0.930 | 0.749 | 1.052 { 69.71 0.81 0.08 0.752 | 0777 | 0.076 | 6.07 1.82 -0.08 0.16 -0.08
514/52 5000 0-0 0.928 1 0751 | 1.052 | 6Y.89 0.81 0.08 0.747 | 0773 | 0.075 | 5.99 1.87 -0.08 0.16 -0.06
507/55 5000 0-0 0.927 | 0.758 | 1.054 | 63.90 0.80 0.14 0743 | 0767 | 0.073 | 5.83 1.72 -0.01 0.16 -0.02
516/52 5000 0-0 0926 1 0.755 | 1.054 | 70.03 0.80 0.08 0.755 | 0.777 | 0.075 | 5.96 1.76 -0.08 0.16 -0.11
516/51 5000 0-0 0924 | 0.762 | 1.055 | 70.27 | 0.79 007 1 0759 1 0.771 | 0.074 | 5.76 1.75 0.01 0.16 0.08
527/100a 6000 0-0 1.004 | 0550 | 1.021 | 69.27 1.11 0.13 0.743 | 0.761 | 0.086 | 8.21 3.83 -0.07 0.27 -0.03
527 /60a 6000 0-0 1.001 | 0.561 | 1.042 | 69.64 1.09 0.06 0753 | 0770 1 0.083 | 8.04 2.99 -0.16 0.24 0.01
527/60b 6000 0-0 0.999 | 0570 | 1.042 | 6946 | 1.07 017 1 07441 0762 | 0.082 | 7.87 2.66 -0.49 0.23 0.01
511/100 6000 0-0 0.999 | 0.581 ] 1.020 | 68.72 1.15 0.19 0.731 | 0747 § 0.090 | 8.93 4.06 -0.08 0.27 -0.02
527/100b 6000 0-0 0.997 | 0.590 [ 1.021 69.19 1.14 0.07 0.745 | 0.760 | 0.086 | 8.61 4.24 -0.14 0.29 -0.03
515/100a 6000 0-0 0993 | 0599 | 1.017 | 69.31 1.13 0.05 0.746 | 0.763 | 0.088 | 8.78 3.50 -0.18 0.26 -0.02
515/100b 6000 0-0 0.993 | 0.601 | 1.018 | 69.55 1.12 0.04 0.751 | 0.768 { 0.088 | 8.56 3.55 -0.05 0.27 -0.06
511/55 6000 0-0 0.991 | 0.620 | 1.054 | 69.03 1.01 0.22 0.734 | 0753 | 0.079 | 7.00 2.63 -0.09 0.23 -0.09
527/50 6000 0-0 0.989 | 0.630 | 1.072 | 69.70 0.96 0.07 0.755 1 0775 | 0.073 | 6.23 2.20 -0.16 0.21 -0.07
515/60 6000 0-0 0.986 [ 0.651 | 1.040 | 69.35 1.02 0.06 0.749 { 0.768 | 0.080 | 7.16 2.61 -0.14 0.24 -0.10
515/50 6000 0-0 0.978 | 0.673 | 1.068 | 69.79 0.95 0.06 0764 | 0.784 | 0.073 | 6.16 2.08 -0.03 0.20 -0.06
527/47 6000 0-0 0977 1 0.680 | 1.087 | 69.92 0.92 0.09 0.758 | 0.778 | 0.069 | 5.69 2.03 -0.16 0.19 0.04
511/47 6000 0-0 0.973 | 0.696 | 1.086 | 69.37 0.92 0.09 0.749 | 0.770 | 0.071 | 5.76 2.02 -0.07 0.18 -0.04
527/46 6000 0-0 0971 | 0701 ] 1.092 | 70.20 0.90 0.10 0.755 { 0.775 1 0.067 | 5.39 1.92 -0.16 0.18 0.02
515/47 6000 0-0 0966 | 0705 | 1.083 ] 70.09 § 091 007 ] 0766 | 0.787 | 0.069 | 557 1.85 -0.01 0.17 0.03
511/46 6000 0-0 0962 | 0.709 ] 1.089 | 70.35 0.90 0.09 0.765 | 0.786 | 0.069 | 5.56 2.01 -0.05 0.17 -0.04
517/100/1 2000 0-0 0.475 | 0954 | 1.004 | 68.32 0.32 0.10 0.680 { 0713 ]| 0.078 | 4.95 1.64 -0.22 0.13 -0.46
517/100/2 2000 b-0 0442 | 0965 | 1.003 | 67.75 | 0.29 010 | 0.658 | 0.693 1 0.071 | 3.77 1.61 -0.29 0.19 -0.36
517/100/3 2000 b-0 0433 | 0968 | 1.003 | 6747 | 028 009 ] 0642 ] 0.677 | 0.070 | 3.42 1.26 -0.30 0.18 -0.34
517/100/4 2000 b- 0 0.425 | 0971 | 1.003 | 67.26 0.27 0.09 0.637 | 0.673 | 0.068 | 3.14 1.07 -0.11 0.20 -0.23
517/100/5 2000 b-0 0418 | 0973 | 1.002 | 6686 | 0.26 0.10 | 0.630 | 0.667 | 0.067 | 2.92 2.25 -0.39 0.23 -0.29
517/100/6 2000 b- 0 0409 | 0975 | 1.002 | 6629 I 0.25 0.11 0.622 | 0.659 | 0.066 | 2.71 2.77 -0.43 0.23 -0.29
517/100/7 2000 b-0 0.397 | 0.978 | 1.002 | 67.32 0.24 0.07 0.640 | 0.679 § 0.063 | 241 1.79 -0.08 0.22 -0.17
517/100/8 2000 b- 0 0.383 | 0981 | 1.002 | 67.03 0.23 0.04 0.625 | 0.666 | 0.061 | 2.03 8.37 -0.07 0.46 -0.14
Table Al.1  Data for Straight Channel Diffuser (see page 193 for the definitions of the parameters in row 2)
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T 1 T v vV VI VIl vill | _IX X XI_] XIT_ | XIII | XIV_]|_XV_] XVI | XVII

Data No. N Inlet Flow : . M B ~ . 1 D
[RPM] | Condition corr 1;?]1 1;9]3 [(? 1 [_]l [_% Cp n[d-l]ff [(_P] - ([’_III ﬁi 551]1 %r]\
(kg/s] [-]

517/100/9 2000 b- 0 0372 ] 0.983 | 1.001 | 66.29 0.22 0.06 0.619 | 0.660 | 0.059 | 1.82 7.03 -0.06 0.45 -0.09
517/100/10 2000 b-0 0353 | 0986 | 1.002 | 64.88 0.21 0.13 0594 ] 0.636 | 0.056 | 1.53 10.46 -0.06 0.58 -0.07
518/40/1 2000 0-0 0.325 | 0.985 | 1.015 | 6991 | 025 | 0.19 | 0.704 | 0.730 | 0.051 | 2.93 | 186 | 026 | 0.17 | 0.32
518/40/2 2000 b-s 0298 | 0991 | 1.012 | 69.22 0.21 0.16 0.689 | 0.717 | 0.047 | 2.11 1.87 -0.37 0.21 -0.31
518/40/3 2000 b- s 0275 ] 0.994 | 1.010 | 68.49 0.19 0.14 0.660 | 0.691 | 0.043 | 1.58 1.80 -0.03 0.22 -0.18
518/40/4 2000 b-s 0250 | 0.996 | 1.008 | 68.31 0.17 0.15 0.674 | 0.705 | 0.039 | 1.15 6.25 -0.07 0.42 -0.09
518/40/5 2000 b-s 0.258 | 0.996 | 1.009 | 6774 | 0.8 | 0.17 | 0657 | 0688 | 0.040 |. 1.25 | 609 | -002 | 036 | -0.08
518/40/6 2000 b-s 0.242 | 0.997 | 1.008 | 6279 | 0.15 | 025 | 0543 | 0583 | 0.038 | 1.0l | 12.40 | -017 | 057 | -0.16
531710074 2000 s- b 0474 | 0952 | 1.003 | 68.31 | 0.33 | 0.13 | 0.696 | 0728 | 0.075 | 501 | 1,39 | 0.0 | 0.12_| 0.5
531/100/1 2000 0-0 0472 | 0955 | 1.036 | 6820 | 032 | 012 | 0.703 | 0737 | 0.075 | 552 | 144 | -0.03 | 013 | -0.47
531/100/5 2000 s- b 0.472 | 0948 | 1.003 | 6855 | 0.34 | 0.14 | 0.710 | 0.741 | 0.075 | 539 | 171 | 022 | 013 | 029
531/100/6 2000 s-b 0472 | 0948 | 1.003 | 68.58 0.34 0.15 0.710 { 0.740 | 0.075 | 5.44 1.67 0.27 0.13 0.32
531/100/2 2000 b- s 0.471 0.951 § 1.003 | 68.67 0.33 0.13 0.702 { 0.733 } 0.075 ] 5.15 1.63 -0.37 0.16 -0.48
531/100/3 2000 b-s 0.465 | 0951 | 1.003 | 68.77 | 033 | 0.13 | 0.709 | 0741 | 0074 | 512 | 192 | -041 | 017 | 042
531/52/1 2000 0-0 0.417 | 0969 | 1.010 | 68.52 0.29 0.14 0.697 | 0.728 | 0.065 | 3.92 1.55 -0.09 0.15 -0.36
531/52/4 2000 s-b 0417 | 0963 | 1.009 | 6894 0.31 0.17 0.715 | 0.743 ] 0.066 | 4.53 1.60 0.26 0.13 0.28
531/52/5 2000 s- b 0417 { 0962 | 1.009 | 68.99 0.31 0.17 0.717 | 0.745 | 0.067 | 4.63 1.68 0.29 0.13 0.26
531/52/6 2000 s- b 0.410 | 0.965 | 1.009 | 68.69 0.30 0.17 0.707 | 0.735 ] 0.064 | 4.26 -| 1.90 0.32 0.15 0.20
531/52/2 2000 b-s 0.414 ] 0962 | 1.009 | 69.30 0.31 0.16 0.720 | 0.748 | 0.065 | 4.59 1.81 -0.34 0.18 -0.38
531/52/3 2000 b-s 0.406 | 0.963 | 1.010 | 69.50 0.30 0.17 0.723 ] 0.750 | 0.064 { 4.46 2.16 -0.31 0.20 -0.29
531/38/4 2000 s-b 0.308 | 0986 | 1.016 | 69.37 0.24 0.23 0736 | 0.761 | 0.048 | 2.89 1.46 0.28 0.17 0.28
531/38/1 2000 0-0 0308 { 0987 | 1.015 | 69.15 0.24 0.22 0.714 | 0.739 | 0.047 | 2.69 1.59 -0.10 0.16 -0.28
531/38/2 2000 b-s 0289 | 0991 | 1.014 | 69.05 0.21 0.20 0.709 | 0.736 | 0.044 | 2.16 1.66 -0.13 0.20 -0.24
531/38/5 2000 s-b 0.282 | 0.092 | 1.013 | 6823 | 021 | 022 | 0.689 | 0715 | 0.043 | 199 | 180 | 036 | 0.18 | 0.16
531/38/3 2000 b-s 0279 1 0993 | 1.012 | 68.87 0.20 0.16 0718 | 0749 | 0.043 | 1.84 1.63 -0.13 0.22 -0.18
520/100/1 2000 0-0 0.478 ] 0.954 | 1.004 | 65.88 0.32 0.19 0.642 | 0674 | 0.077 | 4.90 1.85 -0.38 0.13 -0.60
526/100/3 2000 s-b 0.472 1 0949 | 1.003 | 66.07 0.33 0.22 0.657 | 0.686 { 0.076 | 5.38 1.91 0.19 0.14 0.30
526/100/6 2000 s- s 0,462 | 0.940 | 1.003 | 6715 | 036 | 024 | 0.685 | 0.712 | 0076 | 633 | 197 | -044 | 0.17 | -0.42
526/100/4 2000 s-b 0.452 | 0.956 | 1.003 | 65.42 0.31 0.22 0.674 | 0.678 | 0.073 | 4.66 2.39 0.22 0.17 0.15
520/100/2 2000 b- s 0.375 | 0.966 | 1.001 66.48 0.26 0.22 0.681 | 0.711 | 0.060 | 3.46 3.70_ -0.24 0.27 -0.15
526/100/5 2000 b- b 0.360 | 0.985 | 1.001 63.00 0.20 0.15 0.561 | 0.602 | 0.057 | 1.57 9.75 -0.16 0.48 0.02
520/52/1 2000 0-0 0.421 | 0.967 | 1.009 | 6619 | 029 | 022 | 0.649 | 0679 | 0.067 | 4.05 | 188 | -032 | 0.5 | 0.49
526/52/5 2000 s- s 0.407 | 0.956 | 1.009 | 6649 | 0.32 | 0.28 | 0.708 | 0.733 | 0.066 | 521 | 142 | 050 | 018 | 0.3
Table A1.1  Data for Straight Channel Diffuser (see page 193 for the definitions of the parameters in row 2)
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52675273 2000 s-b 0.390 | 0.515 | 1.008 | 6562 | 028 | 026 | 0.648 | 0.675 | 0.062 | 3.81 | 248 | 026 | 017
526/52/4 2000 b-b 0.340 | 0407 | 1005 | 6461 | 021 | 0.18 | 0.618 | 0.653 | 0.054 | 186 | 657 | 0.5 | 0.8
520/52/2 2000 b-s 0.318 | 0400 | 1.004 | 66.72 | 024 | 0.27 | 0.700 | 0.727 | 0.050 | 2.91 | 431 | -022 | 0.30
520/40/1 2000 0-0 0327 | 0437 | 1015 | 6667 | 025 | 0.28 | 0.656 | 0681 | 0.051 | 2.90 [ 199 | -020 | 017
526/40/3 2000 s-b 0.323 | 0454 | 1.014 | 6676 | 0.26 | 030 | 0664 | 0.687 | 0.051 | 3.21 | 213 | 026 | 016
526/40/4 2000 b-b 0247 | 0301 | 1.008 | 6338 | 0.5 | 0.2 | 0.593 | 0627 | 0.039 | 0.99 | 9.01_| -0.15 | 043
520/40/2 2000 b-s 0239 | 0342 | 1.007 | 6688 | 021 | 037 | 0697 | 0717 | 0.037 | 2.20 | 527 | -024 | 032
521/10071 4000 0- 0 0891 | 0775 | 1.015 | 67.68 | 073 | 012 | 0:677 | 0.702 | 0.086 | 7.09 | 193 | -014 | 0.16
521/100/2 4000 b-s 0.888 | 0807 | 1.011 | 6747 | 0.66 | 0.07 | 0.692 | 0.723 | 0.084 | 590 | 276 | -022 | 0.4
525/100/6 4000 s-s 0876 | 0766 | 1015 | 6782 | 074 | 0.5 | 0.697 | 0720 | 0.085 | 7.46 | 1.49 | -0.30 | 0.13
525/100/7 4000 b-s 0875 | 0797 | 1015 | 6680 | 069 | 0.16 | 0.667 | 0693 | 0.082 | 634 | 211 | -026 | 017
525/100/4 4000 s-b 0839 | 0.832 | 1014 | 66.07 | 0.64 | 0.18 | 0.644 | 0.670 | 0.076 | 509 | 257 | 0.6 | 0.20
525/100/5 4000 b-b 0.834 | 0855 | 1.014 | 6544 | 060 | 017 | 0.601 | 0.628 | 0.074 | 4.35 | 7.31 | -007 | 040
521/100/3 4000 s-b 0804 | 0.866 | 1.012 | 6553 | 057 | 0.16 | 0.609 | 0637 | 0072 | 3.98 | 764 | 021 | 042
525/54/4 4000 b-b 0.852 | 0885 | 1.032 | 66,03 | 055 | 0.09 | 0.635 | 0669 | 0.074 | 391 | 198 | 002 | 0.8
521/54/1 4000 0-0 0.830 | 0834 | 1.036 | 6741 | 064 | 015 | 0.689 | 0716 | 0076 | 562 | 1.79 | -0.10 | 0.15
525/54/5 4000 b-s 0.820 | 0835 | 1035 | 6724 | 065 | 0.17 | 0.688 | 0713 | 0.074 | 563 | 191 | -029 | 017
525/54/6 4000 s-b 0818 | 0835 | 1035 | 6704 | 065 | 0.18 | 0690 | 0715 | 0074 | 562 | 1.94 | 017 | 0.15
525/54/3 4000 s-b 0.777 | 0875 | 1032 | 6616 | 058 | 0.0 | 0.662 | 0.689 | 0.068 | 431 | 250 | 024 | 0.0
521/54/2 4000 b-s 0.742_| 0850 | 1.028 | 67.08 | 0.60 | 0.18 ] 0.700 | 0.724 | 0.067 | 493 | 201 | -013 | 027
525/50/7 4000 5-s 0.800 | 0852 | 1044 [ 6721 | 063 | 0.8 | 0.689 | 0714 | 0.071 | 527 | 170 | 023 [ 0.15
521/50/1 4000 0-0 0.796_| 0.858 | 1.043 | 6743 | 062 | 0.6 | 0.687 | 0713 | 0071 | 507 | 177 | -007 | 0.16
525/50/6 4000 5-b 0.786_| 0.865 | 1.044 | 67.00 | 060 | 0.9 | 0.685 | 0711 | 0.069 | 485 | 1.87 | 013 | 0.15
52575075 4000 b-s 0.777 | 0868 | 1.042 | 67.16 | 060 | 0.18 | 0.679 | 0.705 | 0.068 | 473 | 257 | -028 | 023
525/50/3 4000 5- b 0775 | 0869 | 1042 | 6681 | 059 | 0.20 | 0.681 | 0.707 | 0.068 | 470 | 215 | 014 | 017
525/50/4 4000 b-b 0.747 | 0.898 | 1.039 | 6533 | 054 | 018 | 0.669 | 0.697 | 0.064 | 3.73 | 196 | 0.045 | 0.18
521/50/2 4000 b-s 0710 | 0866 | 1.034 | 6821 | 058 | 0.20 | 0.703 | 0727 | 0.063 | 456 | 297 | -013 | 028
518/100/1 5000 0-0 0.076 | 0.659 | 1.018 | 6074 | 092 | 0.04 | 0.739 | 0761 ] 0.087 | 7.95 | 2.04 | -0.11 ]| 0.18
518/100/2 5000 b-0 0975 | 0729 | 1.020 | 6878 | 082 | 005 | 0.715 | 0740 | 0.081 | 594 | 1.93 | -0.08 | 0.19
518/100/3 5000 b-0 0969 | 0752 | 1.019 | 6855 | 079 | 0.06 | 0.608 | 0.723 | 0.078 | 532 | 1.81 | 009 | 0.20
518/100/4 5000 b-0 0.966 | 0.767 | 1.019 | 6332 | 0.77 | 0.06 | 0.689 | 0715 | 0.077 | 494 | 1.68 | -0.08 | 0.20
518/100/5 5000 b- 0 0959 [ 0778 | 1018 | 68.28 | 075 | 0.06 | 0.678 | 0704 | 0.075 | 467 | 170 | 015 | 020
518/100/6 5000 b- 0 0053 | 0794 | 1018 | 6813 | 0.73 | 0.07 | 0.665 | 0.692 | 0073 | 427 | 1.65 | -014 | 021

Table A1.1  Data for Straight Channel Diffuser (see page 193 for the definitions of the parameters in row 2)
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1 1 1] v v VI [ vl [ Vil | IX X XI_| Xl | XIL | XIV | XV_[ XVI_[ XvII
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518/55/1 5000 0-0 0.929 0.745 | 1.052 70.16 0.81 0.08 0.747 | 0770 | 0.075 | 6.15 1.85 -0.07 0.17 -0.07
518/55/2 5000 b-0 0.918 0.792 | 1.053 | 69.45 0.75 0.08 0.731 | 0.755 | 0.071 | 4.99 2.14 -0.11 0.21 -0.14
518/55/3 5000 b-0 0.911 0.812 | 1.052 | 69.13 0.72 0.08 0725 ] 0.751 | 0.069 | 4.48 2.03 -0.14 0.22 -0.15
518/55/4 5000 b- 0 0906 | 0.830 | 1.050 | 68.87 0.70 0.07 0.709 | 0.735 | 0.067 | 4.05 1.98 -0.15 0.23 -0.14
518/55/5 5000 b- 0 0897 | 0.846 } 1.049 | 68.77 0.67 0.07 0.696 | 0.723 | 0.066 | 3.68 1.96 -0.13 0.24 -0.12
518/55/6 5000 b-0 0.886 | 0.857 | 1.048 | 68.80 0.65 0.07 0.683 | 0710 | 0.064 | 3.42 2.03 -0.11 0.25 -0.11
530/100/1 5000 0-0 0.968 | 0.6656 | 1.020 | 69.89 | 0.93 | 0.06 | 0.740 | 0.781 | 0.084 | 7.95 | 2.08 | -023 | 0.8 | -0.08
530/100/3 5000 b-s 0.966 0.735 { 1.020 | 68.59 0.82 0.08 0.698 | 0.721 | 0.078 ] 5.67 1.96 -0.27 0.21 -0.23
530/100/7 5000 s-b 0966 | 0727 | 1.020 | 68.60 0.83 0.08 0.705 | 0729 | 0.078 | 5.90 2.98 0.39 0.21 0.19
530/100/5 5000 b-s 0980 | 0.797 | 1.020 | 68.02 0.73 0.07 0.654 | 0.680 | 0.072 { 4.15 1.59 -0.16 0.21 -0.21
530/100/6 5000 s- b 0.065 | 0.754 | 1.020 | 6821 | 0.79 | 0.08 | 0.692 | 0.717 | 0.076 | 518 | 2.81 033 | 021 | 0.15
530/100/4 5000 b-s 0.965 | 0.785 | 1.020 | 68.07 | 0.74 | 0.07 | 0665 | 0.690 | 0.073 | 443 | 164 | 0.6 | 020 | 0.22
530/100/2 5000 b-s 0.965 | 0675 | 1.020 | 6948 | 0.90 | 0.07 | 0.740 | 0.761 | 0.083 | 7.36 | 208 | -0.8 | 022 | -0.17
530/59/3 5000 b-s 0.958 | 0.772 | 1.040 | 69.64 | 0.77 | 0.08 | 0.708 | 0.733 | 0.074 | 513 | 187 | -0.10 | 0.9 | -0.20
530/59/7 5000 s- b 0956 | 0.719 | 1.039 | 69.62 0.84 0.07 0748 § 0.771 | 0.079 | 6.52 246 0.41 0.18 0.18
530/59/2 5000 b-s 0956 | 0.746 | 1.040 | 69.03 0.81 0.07 0725 | 0.749 | 0.076 | 5.80 2.02 -0.09 0.20 -0.17
530/59/6 5000 s- b 0.956 0.759 | 1.040 | 68.68 0.79 0.08 0725 1 0750 | 0.075 | 5.44 2.53 0.31 0.19 0.12
530/59/1 5000 0-0 0.955 0.712 | 1.039 69.23 0.86 0.08 0.747 | 0.770 | 0.079 | 6.72 1.85 -0.23 0.16 -0.10
530/59/4 5000 D- s 0.953 0.785 | 1.039 68.52 0.75 0.08 0698 | 0.724 | 0.073 | 4.81 1.80 -0.12 0.20 -0.21
530/59/5 5000 D- 8 0.950 0.800 | 1.038 | 68.37 0.73 0.08 0.686 | 0.712 | 0.071 | 443 1.75 -0.19 0.21 -0.22
530/52/2 5000 b-s 0.931 0.791 1.057 | 69.12 0.76 0.08 0723 | 0.748 | 0.071 | 5.02 2.14 -0.14 0.28 -0.18
530/52/1 5000 0- 0 0930 | 0.758 | 1.057 | 69.37 | 0.80 | 0.09 | 0.752 | 0.775 | 0073 | 582 | 176 | -0.14 | 0.28 | -0.10
530/52/5 5000 s- b 0.929 0.785 | 1.056 | 69.03 0.76 0.08 0739 | 0764 | 0.071 | 5.15 2.28 0.24 0.48 0.09
530/52/3 5000 b-s 0.925 0.806 | 1.055 68.95 0.73 0.08 0.711 | 0.736 | 0.069 | 4.62 2.06 -0.14 0.28 -0.17
530/52/6 5000 s-b 0.923 0.786 | 1.056 68.92 0.76 0.09 0.738 | 0.763 | 0.070 | 5.09 2.51 0.30 0.59 0.12
530/52/4 5000 b-s 0917 | 0.824 | 1.054 | 68.73 0.71 0.09 0.696 | 0.722 | 0.067 | 4.18 1.89 -0.20 0.40 -0.19
528/100/7 6000 b- b 1.049 | 0.694 | 1.024 | 68.98 0.90 0.02 0692 1 0715 ] 0.075 | 4.86 2.94 -0.18 0.23 -0.20
523/100/6 6000 b- b 099 | 0535 | 1.019 | 68.60 1.14 0.07 0.716 | 0.732 | 0.089 | 8.83 4.50 -0.02 0.29 -0.07
523/100/4 6000 s- b 1.033 | 0.646 | 1.022 | 67.78 0.97 0.08 0.689 | 0.709 | 0.080 | 5.93 3.60 0.22 0.24 0.10
528/100/3 6000 s- b 1.030 | 0.633 | 1.022 | 68.92 0.99 0.05 0.694 | 0.714 | 0.079 | 6.16 3.87 0.33 0.25 0.18
528/100/6 6000 b- b 1.027 | 0594 | 1.022 | 69.61 1.04 0.02 0.737 | 0.756 | 0.084 | 7.18 3.73 -0.18 0.26 -0.02
528/100/9 6000 b- 0 1.019 0589 | 1.022 | 69.35 1.06 0.04 0.729 | 0.750 | 0.084 | 7.30 4.00 -0.16 0.29 -0.08
528/100/8 6000 0-0 1.008 | 0.555 | 1.021 69.70 1.11 0.04 0.743 | 0.760 | 0.086 ] 8.22 3.76 -0.10 0.27 -0..03
Table A1.1  Data for Straight Channel Diffuser (see page 193 for the definitions of the parameters in row 2)
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523/100/1 6000 0-0 0.996 | 0535 | 1.019 | €8.60 1.14 0.08 0719 1 0.735 | 0.089 | 8.83 4.51 -0.01 0.29 -0.07
528/100/1 6000 0-0 0.994 | 0537 | 1.020 | €9.27 1.14 0.06 0.723 | 0.739 } 0.087 | 8.66 4.36 -0.19 0.29 -0.01
528/100/2 6000 b-s 0.983 | 0.589 | 1.020 | €8.81 1.05 0.09 0714 | 0.731 | 0.080 | 7.22 4.16 -0.28 0.32 -0.11
523/100/3 6000 b-s 0976 | 0590 | 1.019 | 68.04 1.04 0.10 0726 | 0.744 | 0082 | 7.31 4.40 -0.30 0.33 -0.10
523/100/2 6000 b-s 0.973 | 0.588 | 1.019 | 68.03 1.04 0.11 0.723 | 0.740 | 0.082 | 7.36 4.56 -0.20 0.33 -0.07
523/100/5 6000 S-S 0.960 | 0.538 | 1.017 | 68.01 1.12 0.12 0.727 | 0.743 | 0.086 | 8.73 5.24 -0.33 0.33 -0.16
528/100/5 6000 $- S 0.940 | 0564 | 1.018 | 68.90 1.08 0.12 0.724 | 0.740 | 0.080 | 7.92 4.43 -0.42 0.29 -0.21
528/100/4 6000 S~ 8 0933 | 0544 | 1.018 1 €9.01 1.11 0.12 0.725 | 0.740 | 0.080 | 8.44 4.67 0.35 0.30 0.18
524/55/5 6000 b- 0 1.031 | 0.727 | 1.057 | 67.52 0.88 0.12 0.675 | 0.696 | 0071 | 4.70 2.52 -0.14 0.26 -0.10
529/55/8 6000 b-b 1.030 | 0.720 | 1.059 ] €9.21 0.88 0.03 0718 | 0.742 | 0.072 | 4.87 2.79 -0.13 0.24 .05
529/55/3 6000 b-0 1.030 | 0.721 | 1.059 | 68.88 0.89 0.07 0.689 | 0710 | 0.071 | 4.79 2.29 -0.11 0.25 -0.11
524/55/3 6000 b-s 1.025 | 0.664 | 1.058 | 68.28 0.97 010 1.0.713 | 0.733 | 0.076 | 6.05 3.01 -0.08 0.27 -0.07
524/55/7 6000 b-b 1.024 | 0.765 | 1.056 | 67.14 | 081 0.10 0.690 | 0.716 | 0.068 | 4.01 2.45 -0.04 0.21 -0.07
529/55/4_ 6000 s-b T.011 | 0752 | 1.056 | 68.67 | 084 | 0.07 | 0688 | 0711 | 0067 | 418 | 319 | 028 | 022 | 0.15
524/55/6 6000 s-b 1.009 | 0.762 | 1.054 | 6601 | 0.82 | 0.13 | 0674 | 0697 | 0.067 | 404 | 299 | 023 | 021 | 0.10
529/55/6 6000 0-b 1.004 | 0.810 ] 1.055 ]| 68.11 0.75 0.07 0.668 | 0.693 } 0.063 { 3.19 2.72 -0.20 0.22 -0.08
529/55/9 6000 0-0 0.999 | 0.628 | 1.056 | 69.85 1.00 0.05 0.750 1 0.769 | 0.077 | 6.86 2.50 -0.24 0.22 -0.05
529/55/1 6000 0-0 0.986 | 0.620 | 1.054 | 70.08 1.01 0.06 0.759 | 0.777 | 0.076 | 6.94 2.77 -0.16 0.23 -0.06
524/55/2 6000 b-s 0986 | 0622 | 1.054 | 68.84 1.01 0.10 0.750 1 0.769 | 0077 | 6.97 -1 2.66 -0.03 0.24 -0.09
524/55/1 6000 0-0 0.985 | 0.620 | 1.053 | 68.88 | 1.01 | 0.10 | 0750 | 0.769 | 0.077 | 7.02 | 287 | 002 | 025 | 007
529/55/5 6000 5- 0 0.979 | 0.600 | 1.053 | 70.54 | 1.04 | 0.05_| 0779 | 0797 | 0078 | 749 | 294 | -032 | 023 | -0.01
524/55/4 6000 b-s 0972 | 0.644 | 1.051 | 68.60 0.97 0.12 0.741 | 0.760 | 0.074 | 6.42 3.56 -0.08 032 -0.02
529/55/2 6000 b-s 0970 [ 0.638 ] 1.052 | 7043 | 0.98 0.07 ] 0768 | 0.787 | 0.074 | 6.51 3.52 -0.15 0.31 -0.05
529/55/7 6000 S- 8 0914 | 0582 ] 1.046 | 70.23 1.05 0.11 0.765 | 0781 | 0074 | 7.78 5.01 -0.38 0.32 -0.21
524/55/8 6000 S-§ 0.913 | 0.591 | 1.045 | 68.81 1.04 0.16 0763 | 0779 | 0.073 | 7.58 5.30 0.32 0.33 0.17
Table A1.1  Data for Straight Channel Diffuser (see page 193 for the definitions of the parameters in row 2)




Appendix 2

Mass Flow Continuity Control

Figure A2.1 shows a comparison between the mass flow rate as calculated by integration
across the diffuser inlet (see Eq. 3.12) and the mass flow rate as measured by venturi
flow meter at different corrected constant impeller speeds.

Consistency between the calculated and measured mass flow rates was within £5% in all
of the operating range of the impeller without injection/suction, except for the impeller
speeds 2000 and 6000 RPM where the deviation went up to £10% (Figure A2.1).

The causes of this deviation could be:

- The accuracy of mass flow measurements using venturi flow meter decreases at low
impeller speeds, such as 2000 RPM,

- The mass flow was calculated from the traverse probe data. This data include only 15
points across the diffuser depth, b,

- Temperature, Ty, is not uniform across the diffuser inlet, and

- For the high speed case (N = 6000 RPM) a Mach number effect is possible.
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Appendix 3

Circumferential Distortion at the Straight Channel Diffuser
Inlet and Exit

The main objective of this research is to investigate the effect of axial distortion of the
diffuser inlet flow field on straight channel diffuser performance and operating range.
Therefore, the diffuser inlet flow field should ideally be axisymmetric. This allows the
parameters of the straight channel diffuser inlet flow field to be quantified by an axial
traverse of the diffuser inlet at one circumferential position.

The axisymmetry of the flow can be addressed by comparing the pressure measured at
the diffuser inlet and exit circumferences. The circumferential non-uniformity was
measured by using circumferentially distributed static pressure wall taps in the vaneless
space and on the diffuser exit radius at both front and rear walls (see Fig. 3.6a and b). A
non-dimensional, local pressure distortion coefficient (see Eq. 3.45) was used as a
measure of the circumferential static pressure variation. Figures A 3.1 and A 3.2 show
the static pressure circumferential distortion coefficient at the impeller (Fig. A 3.1) and
diffuser exits (Fig. A 3.2) on the rear and front walls.

According to Figures A 3.1a and b, maximum circumferential variation of the static
pressure at the impeller exit over the entire operating range of the impeller without
injection/suction was 2% of the diffuser inlet dynamic pressure, except for the rear wall
case at the highest impeller speed, 6000 RPM where the maximum distortion was 3%.
This indicates a slightly higher axial asymmetry of the flow between rear and front walls
at the diffuser inlet for this highest investigated impeller speed. The circumferential
static pressure variation became smaller at the diffuser exit (1% at least) at both walls
(Fig. A 3.2a and b).
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Appendix 4

Influence of Throat Blockage on Radial Diffuser
Performance

The dependence of overall radial diffuser and channel part performance on
fluid dynamic blockage is discussed in this section. Blockage is generally
considered to be an important factor in determining pressure recovery for a
radial diffuser based on information from single channel diffuser
investigations, where it is found that pressure recovery decreases as inlet
blockage increases. An important difference between a single channel diffuser
and a radial diffuser is that the former does not have an entry region (from
the impeller exit to the throat), whereas the latter does.

The flow characteristics of a radial diffuser can be understood using two
diffusers in series: the inlet region (vaneless diffuser and quasi-vaneless
space) and the following channel part. The inlet region, where a large part of
the diffuser pressure rise (ca. 40% of the overall diffuser pressure recovery)
takes place (see Fig. 4.9 or 4.10), is also a critical region regarding the stability of
the stage. The pressure recovery in this region is considered to be the critical
controlling parameter for stage stall or surge by many investigators.

The region between impeller exit and diffuser throat is widely regarded as an
complex flow field, which involves shock structures at sufficiently high Mach
numbers. Various approaches have been used to relate conditions between
impeller exit and diffuser throat (Japikse [1984a]). One popular approach is to
correlate the development of boundary layer displacement thickness
(blockage) with pressure recovery coefficient between the impeller exit and
the diffuser throat. Examples of measured blockage at throat versus pressure
recovery coefficient from the diffuser leading edge and/or impeller exit to the
diffuser throat, for different radial diffuser types, can be found in several
publications (Dean at al. [1970], Kenny [1972], Dean [1973], Conrad et al. [1980],
Japikse [1982], Rodgers [1982a], Kano et al. [1982], Stein [1986], Clements [1987],
Hunziker & Gyarmathy [1993]). An example is given in Figure A 4.1. For the
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correlation between throat blockage and pressure recovery at the diffuser inlet
region, boundary-layer calculation models also exist as can be found in Kenny
[1972], Conrad et al. [1980], Herbert [1980], Kano et al. [1982], Clements [1987].
These calculations are in good agreement with the measured correlation
between throat blockage and pressure recovery at the diffuser inlet region.
Frigne & Van Den Braembussche [1978] adopted the empirical correlation of
Kenny [1972] to calculate the throat blockage directly from the predicted static
pressure recovery between the diffuser leading edge and the throat. Only
Japikse [1987] and Japikse & Osborne [1986b] found a different trend from the
general above-stated one in some investigated radial diffuser-impeller
configurations. (The authors explained this odd trend by either a special
impeller-diffuser interaction or a possible flow separation region at the
diffuser inlet occurred in these studies).

Correlations such as Figure A 4.1 have been used with some success, so that it
appears that the geometrical parameters such as vaneless space radius ratio or
vane leading edge geometry and unsteady impeller exit flow, velocity
distribution, and mixing process in the diffuser inlet region do not have
strong influences. However, the correlations are based on a limited amount
of data and must, therefore, be applied with caution (Japikse [1987]). As an
example, the pressure recovery at the diffuser inlet region versus throat
blockage correlation diagrams by Kenny [1972] (Figure A 4.2) showed an
influence of diffuser inlet Mach number and diffuser type (pipe diffuser and
cambered vane diffuser). To take impeller exit flow into consideration Kenny
later correlated the throat blockage with leading edge incidence angle for pipe
diffusers. (Leading edge incidence angle is the difference of mean flow angle
and the stagger angle of the bisector of the leading edge wedge of the pipe
diffuser at the apex of the intersection scallop). He observed that throat
blockage increased with increasing diffuser inlet flow angle.

For centrifugal compressor design, the blockage has been considered in
connection with the mass flow capacity of the throat of the vaned diffuser, but
it is also believed that the throat blockage has another influence on the
performance of the channel diffuser part. At high mass flow rates (near
choke) there is an acceleration of the flow between impeller exit and diffuser

a2 Niv QKLie =

throat (see Fig. 4.9a and b), the boundary-layer development at the diffuser
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inlet region is small, and there is low blockage at the diffuser throat. At low
and intermediate mass flow rates the diffuser inlet region has an increasing
pressure, boundary-layer growth, and therefore high blockage levels at
diffuser throat.

According to single channel diffuser investigations, in addition to the diffuser
geometry, inlet blockage is an essential fluid dynamic parameter governing
diffuser performance. Extensive experimental data of flat and conical channel
diffuser performance have been published by Runstadler et al. [1975].
Runstadler et al. [1975] claimed that the single most important parameter
governing the channel diffuser recovery is the boundary layer blockage at the
throat. These results are today often used for diffuser design. A precise throat-
blockage prediction, however, is necessary for a reasonable application of
these data. This is particularly unfortunate to the compressor performance
prediction analysis because the blockage is particularly controlled by the
impeller discharge flow and mixing process at the diffuser inlet region.

Figure A 4.3 from Runstadler et al. [1975] shows the dependence of single
channel diffuser pressure recovery on inlet blockage. A 10% increase in inlet
blockage causes a 20 - 25% decrease of the diffuser pressure recovery. (It
should be noted that the diffuser pressure recovery coefficient of Runstadler
is based on the measured diffuser inlet centerline total pressure, not on an
inlet traverse of total pressure. If one calculates the pressure recovery
coefficient based on mass-averaged diffuser inlet total pressure, the
dependence of pressure recovery on inlet blockage is much less according to
Dong’s [1996] measurements). If there is a large pressure rise between the
impeller exit and the diffuser throat there will be a large blockage at the
diffuser throat; if there is a large blockage at the throat there will be only a
small pressure rise in the channel diffuser downstream of the throat. Sovran
& Klomp [1967] considered the blockage effect to be the principal cause for
poor diffuser performance rather than the increase in losses associated with
flow separation and mixing of the flow.

The relation between throat blockage and pressure recovery in the channel
part of the radial diffuser has been investigated by several researchers, first by

Kenny [1972], with the objective of demonstrating that the performance of a
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centrifugal compressor diffuser could be related to single channel diffusers.
Kenny's results and those from some of the radial diffuser investigations
(Dean et al. [1970], Dean & Young [1977], Verdonk [1978b], Kenny [1984],
Clements [1987], Stein [1986], Japikse & Osborne [1986b]) show similar trends
for the channel part of radial diffuser to single channel diffusers. The level of
channel pressure recovery found in radial diffuser studies, is approximately
the same level observed in single channel diffuser performance data.

One difficulty in direct comparison is that the geometrical parameters and
blockage levels of the single channel diffuser data do not match with
corresponding values of typical centrifugal compressor diffusers. In Figures A
4.4, A 45 and A 4.6 small blockage values for centrifugal compressor diffusers
belong to the operation points with high mass flow rates. To apply single
channel diffuser data to centrifugal compressor diffusers, Herbert [1980]
derived appropriate corrections for the diffuser area ratio, AR, length, LWR,
aspect ratio, AS, and throat blockage to produce corresponding values for a
“two dimensional equivalent" diffuser. Some of the presented data in the
open literature imply that blockage level at the throat is critical in
determining the pressure rise in the diffuser channel. As an example, the
results of Stein [1986] in Figure A 4.4b indicated that increasing blockage at the
diffuser throat results in a pressure recovery decrease in the following

channel part.

Other investigations, however, (e.g. some diffusers investigated by Japikse &
Osborne [1986b], Clements [1987], and Hunziker [1993]) do not show similar
behavior to the single channel diffuser data. In these examples, the pressure
recovery at the channel part of the diffuser is nearly independent of the throat
blockage and even increases slightly as the blockage increases (Figures A 4.4a,
A 4.5 and some diffusers in Figure A 4.6). An explanation for this different
behavior, by Hunziker [1993], is that the pressure recovery in the diffuser
channel part is not only due to diffusion process but also to the influence of
diffuser blades on the flow field (Hunziker [1993] used in his investigations
cambered vane diffusers with blades). There is a pressure difference between
pressure and suction sides of the blades and, hence, diffuser blades in the
channel diffuser part influence the diffuser flow field and pressure recovery.

J
Japikse tried to explain this deviation from the trend observed by single
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channel diffuser investigations with a possible influence of diffuser inlet
velocity profile and turbulence intensity. Both fluid dynamic parameters are
considerably different in centrifugal compressor diffusers than the ones in the
single channel diffuser investigations. These parameters may be responsible
for maintaining high levels of channel pressure recovery, even at fairly high
levels of blockage at diffuser throat according to Japikse.

In most cases calculation of the radial diffuser channel pressure recovery
(from diffuser tnroat to diffuser exit) is based on the measured total pressure
at diffuser inlet rather than the diffuser throat (e.g. Clements [1987], Clements
& Artt [1987], Hunziker [1993]). This assumes that the throat centerline total
pressure is the same as the inlet centerline total pressure. However, the mass-
averaged total pressure at the diffuser throat is not equal to the mass-averaged
total pressure at the diffuser inlet. For example, in the study by Dolan &
Runstadler [1973] losses in the order of 20 - 30% of the impeller exit kinetic
energy were reported to have been experienced between the impeller exit and
diffuser throat. Some part of these losses was in the vaneless space and
another part was due to the shock structure which existed at the vane leading
edge, but nevertheless a non-negligible portion of the loss between the
diffuser inlet and throat occurred due to the mixing process of the flow. Data
regarding the loss process at the diffuser inlet region are limited. Japikse &
Osborne [1986b] also observed substantial losses (20 - 25%) in total pressure
between impeller exit and diffuser throat. These losses are more than one
would anticipate from simple boundary-layer calculations. Therefore, to
calculate pressure recovery of the channel part the determination of the mass-
averaged total pressure at the diffuser throat is necessary. Japikse & Osborne
[1986b] measured the throat total pressure, but they did not measure the
impeller exit total pressure. (Kano et al. [1982] and Rodgers [1982a] showed
data for the throat stagnation pressure, but they did not have traverse
measurements and, therefore, could not provide mass-averaged values of
diffuser throat pressure).

In the present set of experiments, we measured the mass-averaged total
pressure at the diffuser inlet, but not at the diffuser throat. The throat total
pressure is a necessary input to calculate pressure recovery for channel part of
the diffuser. At the diffuser throat, we have experimental information about
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static pressure, mass flow, geometrical area and total temperature. The throat
blockage can be estimated on a basis of the empirical correlation between
throat blockage, By, and pressure recovery coefficient, Cpi-th, from leading
edge to throat, adopting the approach which was first suggested by Kenny
[1972] and later confirmed by other investigators for different radial diffuser
geometries (Figure A 4.1). The pressure recovery coefficient from the diffuser
leading edge (1) to the throat (th) is defined as:

-~ P —P
Cpl—th - 1gsth Psl
t1 — Tsl

(A 4.1)

Figure A 4.7 shows throat blockage versus pressure recovery coefficient from-
diffuser leading edge to throat for straight channel diffusers. The correlation
curves are taken from Kano et al. [1982], Dean [1974] and Rodgers [1993], which
are all straight channel diffuser investigations. Although the trends are
similar, there are quantifiable differences between the results of the three
investigations. From this figure we have chosen a correlation, whose diffuser
geometry is most similar to our investigated straight channel diffuser. A
curve fit for the experimental correlation between throat blockage and Cpi-th
has the following form:

By, =5.891Cp; ;, —0.642Cpi_, —0.356Cp?_yy, +0.12Cpy_p, + 0.087 (A 42)

Using the experimental data for Cpi.sn and the curve fit (Eq. A 4.2) we can

calculate throat blockage, Bl The throat blockage is defined

le T ad
AAX LA AT

m :
—1_ venturi
Bth =]

Mthroat ideal (A 4.3)
We can calculate iy,041 ideqr, @ We know the measured venturi mass flow.

Myhroar ideal 15 @ function of total pressure, Py, and Mach number, My, at the
throat:
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.  _ |Y B My A,
"throat ideal = R 7+1

Tosn
A+ Y= 42200
2 (A 4.4)
Using the following equation:
p 1 e
Zuh _ (1+_7,_M§1)7’—1
Fon, 2 (A 4.5)

the total pressure at the diffuser throat, Pyn, can be calculated.

We will show the influence of throat blockage on straight channel diffuser
channel pressure recovery in Figures A 4.8 and A 4.9 and will also compare
straight channel diffuser channel part pressure recovery with single channel
diffuser data from Reneau et al. [1967] and Runstadler et al. [1975]. In Figure A
4.8 the pressure recovery coefficient (from the throat to the diffuser exit),
Cpth-2, for the channel part of the straight channel diffuser is calculated based
on the total pressure at diffuser inlet, Py;, assuming the total pressures at the
diffuser inlet and throat are equal. This calculation method for diffuser
channel pressure recovery is mostly used in the open literature.
P2 = P

Foth (A 4.6)
By — Fypy

Cpip—n =

Figure A 4.8 shows that the pressure recovery coefficient of the straight
channel diffuser channel part as defined in this manner is nearly constant
and does not depend on the throat blockage. This trend shown is similar to
the ones observed by Clements [1987], Hunziker [1993] and Japikse & Osborne
[1987b] (see Figures A 4.4a, A 4.5 and 4.6), but does not conform to either single
channel diffuser or to some other radial diffuser investigations.

Figure A 4.9 is a similar plot to Figure A 4.8, but the pressure recovery
coefficient of the channel part, in this case, is based not on the total pressure at
the diffuser inlet but on the calculated total pressure at throat (Eq. A 4.5) .
Using the calculated throat total pressure, the pressure recovery coefficient of
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the channel part, i.e. the part from the throat to the exit of the diffuser is
defined as:

Cpypn = 2otk (A 4.7)
Bun — Fgn

Figure A 4.9, which gives Cpih-2 versus throat blockage, shows that the trend
of the results agrees with that for the single channel diffuser data, particularly
with the single channel diffuser data of Runstadler et al. [1975]. When throat
blockage increases, the pressure recovery coefficient of the channel part
decreases. It must be mentioned that the calculation of Cps-2 using the throat
total pressure was based on one experimental correlation in Figure A 4.7, in
which case the diffuser geometry is the most similar to the one investigated
in this study. Using a different curve from this figure will yield different
values for the throat blockage and consequently different values for Cpih-2 .

Another question is how the diffuser throat blockage is related to diffuser
inlet blockage and inlet flow parameters. A comparison of the inlet blockage
to throat blockage shows that throat blockage increases with increasing inlet
blockage, but the correlation between the two parameters for the investigated
straight channel diffuser is poor. The relation of the inlet flow field distortion
parameters to the throat blockage is also weak. In Figure A 4.10 the mass-
averaged pressure recovery coefficient from leading edge to throat is plotted
versus the momentum averaged diffuser inlet flow angle. The pressure
recovery from leading edge to throat tends to increase with increasing inlet
flow angle, but there is a big scatter around the main trend. The scatter is
somewhat smaller for the data points without injection/suction. Since the
throat blockage increases with the pressure recovery from the leading edge to
the throat, it can be concluded that the throat blockage of a straight channel
diffuser depends mainly on momentum averaged inlet flow angle, rather
than inlet blockage.
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Appendix 5

Static Pressure Distribution in Quasi-Vaneless Space

In order to analyze the flow field of the diffuser inlet region in more detail, additional
wall static pressure taps were located in the quasi-vaneless space of one diffuser
.hannel. The quasi-vaneless space data presented here, consist of static pressure
measurements from the diffuser leading edge radius to the throat. The location of the
quasi-vaneless space static pressure taps is shown in Figure 2.5.

The static pressure distribution in the quasi-vaneless space for the straight channel
ciffuser is plotted in Figure AS5.1, for different corrected impeller speeds (or inlet Mach
niumbers) and inlet flow angles, which cover the operating range of the diffuser from
rotating stall onset to maximum throttle valve opening. In Figure A5.1 only the data
without air injection-suction are shown. The static pressure measurements in the quasi-
vaneless space are represented in the form of a local pressure recovery coefficient Cp (as
defined in Equation 3.47) as a function of circumferential, 8, and diffuser channel
centerline directions. The first column of Figure A.5.1 is for the corrected impeller speed
of N = 2000 RPM, the second column is for N = 4000 RPM and the third column is for N
= 6000 RPM. The bottom row corresponds to the diffuser inlet flow angles very close to
rotating stall onset (o = 70.2° to 70.6%), the second row corresponds to the diffuser inlet
flow angles near the diffuser design flow angle (o = 68.9° to 69.2°) and the top row
corresponds to the diffuser inlet flow angles for maximum throttle valve openings (or
maximum flow rates for a constant corrected impeller speed without using the slave
compressor downstream). In this case the diffuser inlet flow angles were smaller than
the diffuser design flow angle (o = 67.8° to 68.3°)

The main conclusion of Figure A5.1 is that the wall static pressure distribution in the
quasi-vaneless space of the straight channel diffuser is rather a function of diffuser inlet
flow angle than the impeller speed (or Mach number). At the diffuser leading edge
radius the pressure loading or the static pressure distribution between suction and
pressure sides of the diffuser channel changes as the inlet flow angle increases with
reduced mass flow. This behavior can be best observed for the high speed case of N =
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6000 RPM (third column), where there is a reversal of loading at the diffuser leading
edge radius from maximum throttle valve opening to rotating stall threshold.

Negative values of Cp means no pressure rise or the acceleration of the flow. For high
inlet flow angles near rotating stall there is a strong gradient between suction and
pressure sides of the diffuser channel at the diffuser leading edge radius. The maximum
pressure recovery at the throat is achieved for operating points near rotating stall onset
(bottom row) and the minimum pressure recovery value at the throat is observed for
operating points corresponding to maximum valve opening (top row).

The wall static pressure distribution in the quasi-vaneless space for measurements with
air injection-suction is not presented for the straight channel diffuser. The reason for this
is that the wall static pressure distributions in quasi-vaneless space for the cases with air
injection-suction were not distinguishably different from the cases without air injection-
suction. An example is given for the previously investigated discrete passage diffuser in
Figure A5.2, which compares the distribution of the local static pressure recovery
coefficient in the quasi-vaneless space at the rotating stall threshold for three corrected
impeller speeds. Here 'Undistorted' indicates measurements without air injection-
suction and 'Distorted’ indicates measurements with air injection-suction. The shapes of
the static pressure distributions are very similar for with and without air injection-
suction cases as illustrated in Figure A5.2.
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Static Pressure Distribution in Quasi-Vaneless Space
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Figure A5.1 Static pressure distribution in the quasi-vaneless space (for straight channel diffuser) for three corrected
impeller speeds and increasing diffuser inlet flow angles without injection/suction



STATIC PREISURE OISTRIBUT IOM STATIC PRESSURE OISTRIBUTT
act . IN muss o ?

—
! IN OUAST—vANLEES SP 02 I~V AELESS SPacT !
| 78 4
0 i
! .20 ‘
H 218 -
! -210 4
T (e 388
E 186 4 =
c i3
~ M 5%
5 .o P
23 32 =y
2 e
ci 2 oot
p] .o%7 4 Sz
sy 3
< .07 S5 om
2 2
15 ?m- . h-u«“mnrlm i3 - r Peznags Camterline
‘“1 Birects ~.000 Qirection
.
¢ ——
.
Theta H Thata

2000 RPM, Undistorted 2000 RPM, Distorted

— .
STATIC PRESSURE DISTRIBUTION STATIC PRESSURE OTSTRIBUTT
IN QUAST-VAMILESY SPACE L B0 2 Dl‘ RUAST ~vANEL €SS snczm
.. L X
0
S8 4
280 ¢
229 4
| b 248
= 201 G
< = —~z 202 }
P 177 4 s
== -
3 ;.. read 2% SR e
=2 =&
S . a BTo Y
P 113 -«
i3 £2
fw = 086 < i S -0
2 2 Sad -1
S Qa8 + Prrsage Cintsrtine S Pazsaqe Cantsrline
Qirsczion Qireczion
.0231 - <004

—————

Thaxa Thata

4000 RPM, Undistorted 4000 RPM, Distorted

= STATIC PRESSQIRE QISTRIBUTION
K PAESERE ST
SRS 362 D OUASTVANELESS SPACE

! 208
- 244
= -t
= 180 4 =
= b= = 204
R aas s 2
=2 - 3
53 52 sy
] .12z 4 =]
(Sl 3 128
i s
= 093 4
i i
<3 084 - hy - *
a
i a” w0 » e Cantarline
5 a33 -1 Paanage Canterline ] u:-uv T
1 Qireciion recTisn
b so7
008 4 I .
! J
. —_—
Theea

Thata l l

- 6000 RPM, Undistorted 6000 RPM, Distorted

Figure A5.2 Static pressure distribution in the quasi-vaneless space (for discrete
passage diffuser) for three corrected impeller speeds at the rotating stall threshold with
undistorted (without injection/suction) and distorted (with injection/suction) inlet flow
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