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Abstract

This research characterizes the performance of a centrifugal compressor stage with a spe-
cial focus on the pipe diffuser. Two diffuser configurations are studied, one of which is a
truncated version of the other. Experimental data acquired on a research compressor stage
is interrogated along with a set of well-designed Reynolds-Averaged Navier Stokes compu-
tations, complemented by reduced order flow modeling. The fundamental performance-
limiting flow mechanisms in the diffuser are identified and used to physically relate im-
portant geometry features and operating conditions to the observed compressor pressure
rise, efficiency, and operability characteristics.

Despite large differences in their geometry, the two diffuser configurations exhibit simi-
lar pressure recovery characteristics due to differences in exit nonuniformity and flow angle
which result in similar effective area ratios. Variations in the diffuser pressure recovery
coefficient with operating point are found to be most influenced by the diffuser inlet flow
angle, and secondly by the inlet Mach number. The diffuser inlet flow angle has the prima-
ry effect of setting the diffuser inlet one-dimensional area ratio, increasing diffusion at high
flow angles. In addition, the diffuser incidence angle influences the formation of counter-
rotating vortex pairs that persist throughout the diffuser passage. Using a two-
dimensional integral boundary layer model that is modified to accommodate three-
dimensional effects as source terms, these secondary flows are shown to detrimentally im-
pact the diffuser pressure rise capability by accumulating high loss flow along the diffuser
wall near the plane of symmetry between the vortices. This contributes to the extent and
location of a large diffuser passage separation, especially for the baseline diffuser. The im-
pact of the vortices on the boundary layer growth rate is shown to scale inversely with dif-
fuser aspect ratio.

The major performance difference between the two diffuser configurations is that the
truncated diffuser configuration experiences enhanced stall margin over the baseline dif-
fuser at the design speed. These differences are traced to reduced secondary flows influence
and thus reduced separation extent for the higher aspect ratio truncated diffuser. It is hy-
pothesized that the onset of stall for the baseline diffuser configuration is initiated by the
transition of the vortex location and corresponding passage separation between diffuser
pressure and suction sides with increasing cusp incidence. Conversely, because the extent
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of the passage separation in the truncated diffuser is diminished due to the higher aspect
ratio, the switch in separation side does not immediately initiate instability.

The fact that secondary flows have a large influence on diffuser pressure rise capability
and compressor stability is counter to conventional preliminary diffuser design approaches
which neglect such 3D effects. The findings of this research may therefore be considered
during preliminary design optimization to produce better-performing diffuser designs.
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Title: Senior Research Engineer of Aeronautics and Astronautics

Thesis Supervisor: Michael Macrorie
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Chapter 1 Introduction
1.1 Background and Motivation

Centrifugal compressors differ from axial compressors in that they pump a working fluid
through a significant radius increase between the inlet and exit of the rotating component.
While the relatively large exit radius can sometimes be unmanageable for applications that
must be compact or lightweight, the radius change allows the rotating impeller to take ad-
vantage of the centrifugal force imparted on the fluid to generate a large static pressure
rise for a given blade loading level. This is especially beneficial for situations where large
clearance-to-blade height fractions are unavoidable. The radius increase also allows the
impeller to utilize its high exit wheel speed to generate a large dynamic pressure rise with-
out experiencing high inlet Mach numbers. Taking all of these considerations into account,
centrifugal compressors can be better suited than axial compressors for low airflow applica-
tions requiring high pressure rise and low part count or cost. Therefore, it is not surprising
that centrifugal compressors are found in many such applications ranging from household
vacuum cleaners to vehicle turbochargers to small aircraft engines. It is a high-
performance aerospace centrifugal compressor that is the focus of this research.
Downstream of the impeller in a centrifugal compressor is the diffusion system, a non-
rotating component which converts the high dynamic pressure exiting the impeller into
static pressure rise. There are a few common diffusion system design configurations which
range from lower-cost vaneless diffusers with volutes or scrolls to high-efficiency vaned or
pipe diffusers, sometimes followed by additional rows of vanes, typically found on aircraft
engines. While the increase in flowpath radius throughout a centrifugal compressor inher-
ently benefits the performance of the rotating impeller, the diffusion system does not rotate
so it does not experience the same benefit. Conversely, there are a number of factors which

actually increase the level of design challenge to the diffuser above that of an axial com-
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pressor stator. At the inlet to the diffuser, the meridional direction of the flow is radial, and
the Mach number and swirl angle can be high due to the high impeller exit wheel speed.
However, in aircraft applications, the centrifugal stage is followed by a combustor requiring
that the diffuser exit Mach number and swirl level be low and that the radial velocity com-
ponent be zero or even slightly inward. This means that aircraft engine centrifugal com-
pressor diffusers must both diffuse and turn the flow substantially.

With high-efficiency aircraft engines trending towards increased overall compressor
pressure ratios and decreased core airflow for a given power level, centrifugal compressors
have the potential to see even more widespread use in future aircraft engines. However,
the physical relationships between centrifugal compressor geometry, the details of the re-
sulting flow behavior, and ultimately the compressor’s performance are not as well under-
stood as they are for axial compressors, especially in the diffusion system. This makes the
preliminary design of centrifugal compressors a challenging task, with reliance on empiri-
cal models of limited applicability or on cumbersome 3D Computational Fluid Dynamics

(CFD) simulations not well-suited for preliminary design trade studies.

1.2 Experimental Compressor Stage Description

Centrifugal compressors are found in many high-pressure compressors (HPCs) designed
and produced by GE Aviation for small turboshaft, turboprop, and turbofan engine applica-
tions. Often, the centrifugal compressor is part of an axial-centrifugal HPC, that is, a sin-
gle-spool compressor consisting of some number of axial stages followed by a single centrif-
ugal stage. Beginning in 2000, GE Aviation supported a centrifugal compressor rig test
program at RWTH Aachen University based on the centrifugal stage of a GE axial-
centrifugal HPC design. The purpose of this test program was to assess the performance
effects of various operating parameters and diffusion system configurations. It is this com-
pressor that is used as the vehicle for the current research. Much of the experimental data
and learnings that resulted from the RWTH Aachen test program are leveraged here as
well.

The baseline compressor configuration studied for the RWTH Aachen test program is
shown in Figure 1.1 and Figure 1.2. The impeller consists of a 46 blades alternating be-
tween longer main blades and shorter splitter blades, it features 24.6 deg of backsweep, it

has an inlet hub to trailing edge radius ratio of 0.43, and it operates at a design point Reyn-
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olds number of 2.5x105 (based on standard day air properties, impeller tip width, and im-
peller tip speed). The diffusion system for this compressor consists of two main compo-
nents: the diffuser and the deswirler. The diffuser performs most of the diffusion system’s
pressure rise while removing some of the swirl from the impeller. It is made up of 30 pipe-
type passages oriented radially and tangentially, and its leading edge radius is 3.4% great-
er than the impeller trailing edge radius. Near the diffuser leading edge, the diffuser pas-
sages are wider on the pressure side than they are on the suction side at a constant radial
location. As a result, the intersection of adjacent diffuser passages creates leading edge
cusps, which project along the endwalls into the vaneless space between the impeller trail-
ing edge and the diffuser leading edge, as seen in Figure 1.4. Downstream of the diffuser,
the deswirler contains a flowpath bend followed by a row of 90 vanes, which together turn
the flow slightly inward from axial while performing additional diffusion.

During the test program, a number of diffuser and deswirler configurations were stud-
ied. This research, however, specifically investigates the details of only two configurations
utilizing the same impeller and deswirler but different diffusers—the baseline diffuser and
a truncated diffuser, shown in Figure 1.3. As the name suggests, the truncated diffuser is
the same as the baseline diffuser except that the diffuser trailing edge has been simply
truncated, reducing its radius by 13% from 1.39 to 1.21 times the impeller trailing edge ra-

dius. The endwall shapes are identical between the baseline and truncated diffusers.
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Figure 1.1: 3D cutaway view of experimental centrifugal compressor in baseline configuration.
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Figure 1.2: Side and front cutaway views of experimental centrifugal compressor with baseline
diffuser.
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Figure 1.3: Side and front cutaway views of experimental centrifugal compressor with truncated
diffuser.
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Figure 1.4: Front and 3D cutaway views of diffuser inlet geometry featuring leading edge cusps.

1.3 Previous Work

As mentioned, significant work has been performed at RWTH Aachen University to gener-
ate the experimental data leveraged in this research, most notably by Zachau et. al. and
Kunte et. al. [1] [2] [3] [4]. Furthermore, a number of experimental observations were made
in their research that inspired this research. Using high frequency pressure and Particle
Image Velocimetry (PIV) measurements, the existence of a large pressure side flow separa-
tion in the passage of the baseline diffuser was hypothesized by Zachau et. al. [1] [2]. This
was confirmed in additional PIV and stagnation pressure traverse measurements as well as
CFD simulations conducted by Kunte et. al. [3]. It was for this reason that a truncated dif-
fuser was tested by Kunte et. al. The truncated diffuser was shown to reduce the extent of
this separation and increase the operable range of the compressor at high speed [4]. Addi-
tional experimentation and CFD simulations have also been performed on this compressor
at RWTH Aachen University, investigating a wide range of diffusion system configurations
and operating conditions not directly leveraged here. However, further work is necessary to
fundamentally explain the causes of the measured performance characteristics, including

how they vary with diffuser geometry and operating point.



Many other attempts have been made to characterize the performance of centrifugal
compressors, and diffusers in particular. Experimentally derived diffuser performance
maps, relating a diffuser’s pressure rise capability to its most basic geometric parameters
and operating conditions, were created in the 1960s by Cockrell and Markland [5], Reneau
et. al. [6], and Sovran and Klomp [7]. In general, these demonstrated that for a given dif-
fuser area ratio and inlet passage height, an optimal diffuser length exists which maximiz-
es is pressure recovery potential. Attempting too much diffusion in a short length results in
a large exit blockage and reduced pressure rise. Conversely, large stagnation pressure
losses are incurred due to wall friction if the diffuser is too long. These studies also charac-
terized the effect of inlet mass blockage, which is shown to reduce the pressure recovery po-
tential of a diffuser.

The claim that diffuser throat nonuniformity has a large impact on pressure rise is also
made by Cumpsty in his book, where he cites the work of many other authors with the
same observation [8]. However, for radial diffusers, there seems to be a disconnect between
the diffuser inlet mass blockage and the diffuser throat mass blockage. In the experimental
work of Filipenco and Everitt, the spanwise velocity profiles at the inlet to radial pipe and
vaned diffusers respectively were varied with little effect on the diffuser pressure rise capa-
bility, at least relative to other more important effects. Both hypothesize that the diffuser
inlet nonuniformities are rapidly mixed out upstream of the throat, but also caution against
the use of inlet mass blockage as a measure of nonuniformity as it lacks important infor-
mation about the distribution of this nonuniformity [9] [10].

Cumpsty further claims that pipe diffusers can obtain greater pressure recoveries than
vaned diffusers for a given level of inlet blockage, hypothesizing that the leading edge cusps
play a role by inhibiting inlet secondary flows and thus reducing throat blockage [8].
Zachau et. al., Kunte et. al., and Wilkosz et. al. similarly propose that the leading edge
cusps offer an advantage over vaned diffusers in this area, but with a different hypothesis.
Their hypothesis is that the cusps actually generate vortices which enhance mixing, thus
reducing the throat blockage or disconnecting it from the diffuser inlet blockage [2] [3] [11].
While the work of Kenny does suggest that pipe diffusers operate with lower throat block-
age than vaned diffusers, and that greater pressure recoveries can be achieved in pipe dif-
fusers even with the same throat blockage, clear evidence is not provided that link this ob-

servation to the leading edge cusps or secondary flows [12] [13]. Furthermore, Wilkosz et.
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al. found that the secondary flows in the diffuser passage cause high loss endwall flow to
accumulate between them, actually reducing the mixing effectiveness downstream of the
throat within the diffuser passage and contributing to the pressure side passage separation
identified by Zachau et. al. and Kunte et. al. [11]. What is consistent in each of these hy-
potheses is that flow nonunifornﬁty is important to the performance of a diffuser, and that
it can be affected by secondary flows via changes in mixing effectiveness.

Since the impeller and the diffuser tend to be closely coupled, another form of flow non-
uniformity, unsteadiness, has also been a focus of prior research. In summarizing many of
these studies, Cumpsty claims that unsteadiness generally has little effect on compressor
performance. Again, this may partially be due to the rapid mixing that occurs in the diffus-
er inlet. However, Cumpsty also posits that this is due to the fact that nonuniformities in
impeller exit relative stagnation pressure are translated to flow angle nonuniformities in
the absolute reference frame, while the unsteady variations in absolute stagnation pressure
at the diffuser inlet are small [8]. In this way, the close coupling of the impeller and diffus-
er may actually benefit impeller wake recovery. The work by Shum confirms that the un-
steadiness plays a small role in the diffuser on a time-averaged basis. The largest role of ‘
unsteadiness, Shum claims, is that the pressure field imposed by the diffuser can interfere
with the impeller tip clearance flow. This modifies the impeller pressure rise and reduces
efficiency through an increase in loss, a reduction in blockage, and a reduction in slip [14].
Everitt investigated the effects of unsteadiness by comparing diffuser performance meas-
urements from a full compressor (high unsteadiness) with those from a swirl rig (low un-
steadiness). Everitt saw a little influence of unsteadiness in the middle of the operating
range, but he observed impacts close to choke and stall, including a change in the stall line.
He hypothesized this is due to unsteady excursions into higher or lower flow angle regimes
than experienced in steady operation, which impact the diffuser loss in a nonlinear manner
[10]. Wilkosz studied the effects of unsteadiness on the truncated diffuser configuration of
interest here, confirming Shum’s claim that the largest impact of unsteadiness is on the
impeller tip clearance flows. The overall pressure recovery of the diffuser was negligibly
affected by unsteadiness, although this was due to an increase in the inlet pressure rise
canceling a reduction in the passage pressure rise [15].

Filipenco and Everitt concluded from their research that, while the effects of inlet non-

uniformity and unsteadiness are small, the performance of a diffuser correlates strongly
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with the inlet flow angle. Filipenco defined his correlation using the impeller exit momen-
tum averaged flow angle, defined based on the mass averaged tangential and meridional
velocity components, and a pressure recovery coefficient calculated from an availability av-
erage of impeller exit stagnation pressure. The two quantities were positively correlated for
his pipe diffuser [9]. Everitt defined the correlation for his vaned diffuser using the mixed
out average impeller exit flow angle and the diffuser effectiveness, defined as the ratio of
actual and ideal pressure recovery coefficients. Everitt claimed that the effectiveness could
correct for operating point variations in Mach number and 1D area ratio. He found the ef-
fectiveness to be insensitive to flow angle at high flow angles, but observed that it de-
creased below a threshold flow angle. He hypothesized that this was due to incidence-

related losses [10].

1.4 Research Objectives

This research aims to characterize the performance of a centrifugal compressor stage utiliz-
ing a pipe diffuser, with a focus on the diffuser. Performance metrics of interest include the
compressor’s pressure rise capability and efficiency, both of which depend on the diffuser’s
pressure recovery coefficient, as well as the operable range of the compressor. Specifically,
the following questions are addressed:

e What flow mechanisms drive the observed performance trends in the tested centrif-
ugal compressor across a range of speeds and throttle levels? What are the implica-
tions for other compressor designs?

e What are the differences in influential flow mechanisms between the baseline and
truncated diffuser configurations? Why is the stall line of the centrifugal compres-
sor improved with the truncated diffuser? What are the implications for other com-
pressor designs?

e What impact do diffuser leading edge cusps and secondary flows have on the influ-
ential flow mechanisms within the diffuser?

e How do the impacts of the various flow mechanisms scale with different compressor
geometries and operating conditions?

The intention is to move beyond simply recognizing performance trends, but to describe

and quantify the causal relationships between these trends and the fundamental perfor-
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mance limiting flow mechanisms. In this way, the insights gained here may be applied to a

wide range of diffuser geometries and operating conditions.

1.5 Key Research Findings

This research succeeds in addressing the questions posed. This is accomplished by leverag-
ing the RWTH Aachen University experimental compressor measurements, CFD simula-
tions, and low-order flow models. This includes utilization of the following strategies,
which are unique to this research:

e A framework is established for evaluating the diffusion system in terms of interac-
tions between subcomponents: the diffuser inlet, diffuser passage, and deswirler.

e A 2D integral boundary layer growth model is modified to include 3D secondary
flows effects as source terms.

Using these approaches, this research yields a number of significant findings. Perfor-
mance variations between operating points are found to be primarily driven by changes in
the impeller exit flow angle and secondarily by changes in impeller exit Mach number. The
diffuser incidence angle greatly impacts the formation of secondary flows within the diffus-
er passage, which are found to have a detrimental effect on the diffuser pressure rise capa-
bility. The origin and performance impact of these secondary flows are summarized as fol-
lows:

e Secondary flows are made up of a superposition of two types of counter-rotating vor-
tex pairs. “Background vortices” originate in the impeller exit nonuniformity and
flow transition from impeller exit to diffuser inlet, while “incidence vortices” result
from boundary layer separation off the diffuser leading edge cusps.

e Through accumulation of weak flow on the diffuser wall near the plane of symmetry
between the vortices, secondary flows reduce mixing effectiveness in the diffuser
passage and contribute to the passage separation extent and location (pressure side
near choke, suction side near stall).

e The impact of the secondary flows on boundary layer growth is found to scale in-
versely with the diffuser aspect ratio.

The baseline and truncated diffuser pressure recovery and loss magnitudes and trends

are comparable, though the responsible flow mechanisms differ. This is explained by the
following:
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e The two diffuser configurations have similar effective area ratios, with the baseline
diffuser having a larger exit blockage but lower exit flow angle than the truncated
diffuser.

e The truncated diffuser experiences greater loss due to the thicker trailing edge,
while the baseline diffuser experiences greater inefficiency due to wall friction and
nonuniformity amplification.

The truncated diffuser improves the compressor’s high-speed stall line relative to the
baseline diffuser. Based on insights gained from the experimental and CFD results, the
following hypothesis is developed to explain this observation:

e With the baseline diffuser, the compressor stalls when the diffuser separation

switches from the pressure side (stabilizing) to the suction side (destabilizing).

e With the truncated diffuser, the compressor stalls due to a gradual reduction in dif-
fuser stability as suction side loss worsens. Instability is not immediately initiated
when separation side switches for the truncated diffuser, since the separation extent
is reduced relative to the baseline diffuser. Consequently, compressor stability is al-
so dependent on the impeller pressure rise characteristics.

The fact that secondary flows have a large influence on diffuser pressure rise capability

and compressor stability is counter to conventional preliminary diffuser design approaches
which neglect such 3D effects. The findings of this research may therefore be considered

during preliminary design optimization to produce better-performing diffuser designs.

1.6 Organization of Thesis

The process through which the research results and findings are determined from the ex-
perimental data and supporting CFD computations are presented as follows. The research
approach will be described in Chapter 2, describing the use of experimental measurements,
CFD simulations, and reduced-order modeling. A modular perspective is taken to evaluate
the compressor and diffusion system, so the remainder of this thesis is organized as such
which specific performance-limiting flow mechanisms discussed in the context of each mod-
ule. The overall compressor performance characteristics are first presented in Chapter 3,
and the utility of the CFD results are evaluated. Next, the impeller performance and exit
conditions are shown in Chapter 4, and the mechanism contributing to the slope of the im-
peller pressure rise characteristic is identified. After that, a discussion of diffuser flow fun-

37



damentals is presented in Chapter 5, and the overall diffusion system performance assess-
ment is given in Chapter 6. Chapter 6 is further broken into a specific analysis of the per-
formance and flow mechanisms in the diffuser inlet (Section 6.5) and the diffuser passage
(Section 6.6). Finally, the findings regarding the various flow mechanisms within each
component are synthesized in Chapter 7 in a discussion about the overall compressor stabil-
ity. A summary that highlights the key results of this thesis is provided in Chapter 8. Fi-

nally the conclusions are delineated in Chapter 9.
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Chapter 2 Research Approach

To address the research questions posed, experimental data acquired on a research com-
pressor stage is interrogated along with a set of well-designed CFD computations, comple-
mented by reduced order flow modeling. The experimental data is primarily used to deter-
mine high-level 1D performance results and trends and to assess where CFD may be used
as a tool for detailed investigation. Where CFD and data are determined to follow the same
trends, CFD is used to further understand the details of the flow mechanisms present at
the 3D level. Additionally, measurements made from CFD results are used to guide anoth-
er level of data reduction, allowing for a more useful interpretation of the data. Lastly, low-
order models are developed and utilized to quantify the importance of specific flow mecha-
nisms observed in the CFD without confounding effects from other mechanisms, and to gain

insight into the process by which these mechanisms influence performance.

2.1 Compressor Station Designations and Coordinate
Systems

Compressor station designations are chosen to be consistent with the industry practice for
naming stations in an axial-centrifugal HPC. In this naming convention, the axial com-
pressor is assigned stations 20-25, and the centrifugal compressor is assigned stations 26-
31. These numbered stations are surfaces of revolution, which can be defined as lines in
the meridional plane. An additional station, T, is defined at the diffuser throat, oriented
perpendicular to the diffuser passage. Figure 2.1 shows the locations of the centrifugal
compressor test rig stations in more detail. Note that throughout this research, station 29
refers to the radial plane near the trailing edge of the baseline diffuser, such that trailing

edge of the truncated diffuser is not at station 29.
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T [ *Truncated diffuser trailing edge not at station 29.

Figure 2.1: Centrifugal compressor station designations and coordinate systems.

While all the stations are conceptually located at convenient geometric features in the
compressor, only stations 26 and 27 are truly defined by geometric features—the leading
and trailing edges of the impeller respectively. Stations 25, 28, 29, 31, and T on the other
hand are more accurately defined in this research by the locations of instrumentation in the
test rig. Additional stations 27m and Tm are defined at other measurement locations that
are near stations 27 and T. Section 2.4.2 describes the instrumentation and their locations
in detail.

The present research makes use of several coordinate systems shown in Figure 2.1.
First, a global compressor polar coordinate system (z, r, 8) is aligned with the compressor
rotation axis, such that z = 0 corresponds to the diffuser mid-plane. This is used to define
axial, radial, and circumferential positions throughout the compressor as well as compres-
sor speed. Global compressor Cartesian coordinates (x’, ¥, z) are defined using the same
origin. In order to more effectively present local diffuser performance results, the local Car-

tesian coordinate system (x, v, z) is defined relative to each diffuser passage, such that (0, 0,
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0) corresponds to the diffuser centerline at the throat station. To present some 1D diffuser
performance results, a streamwise position, s, is also defined along a hypothetical stream-
line following the x axis downstream of the diffuser leading edge plane, and following a log-
arithmic spiral of constant flow angle upstream of the diffuser leading edge. This is given
by Equation 2.1. The diffuser throat centerline defines s = 0. The engine axial position, z,

is defined the same way in all of these coordinate systems.

(r —128)
_ )<t (xcL)2s T ST i
s = cos[(@cy) 2z Equation 2.1

Note that in the experimental test rig, these coordinate systems are all left-handed. In
CFD simulations, the compressor geometry is mirrored such that these become right-

handed coordinate systems. For convenience, the same coordinate system is used for both.

2.2 1D Flow Analysis

It is sometimes useful to express compressor flow parameters or performance results on a
1D basis. This means a single value for each flow property is assigned at a given station or
meridional location even though flow properties may vary widely over space and time. The
determination of 1D metrics for flow properties and the associated assumptions are de-

scribed in the following.

2.2.1 Defining a 1D Flow Description

Performing a 1D internal flow analysis is a three step process. First, certain flow proper-
ties are measured or estimated. In a test, these measurements occur at discrete points in
space, whereas CFD results can be sampled anywhere in space. Second, flow properties
which vary over space must be appropriately averaged to a single useful value. Finally,
these 1D averaged flow properties can be used to calculate remaining unknown 1D flow
properties. This results in a complete set of self-consistent 1D flow properties. All meas-
ured quantities referenced here are steady or time-averaged.

This research makes simplifying assumptions that the air is an ideal gas with constant
specific heat ratio of 1.4. In reality, the specific heat ratio drops slightly across the com-
pressor due to the temperature rise. However, assuming a constant specific heat allows the

1D flow analysis to be simplified. The effects of the constant specific heat assumption on
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data interpretation and CFD results are discussed in Sections 2.4.3.3 and 2.5.1.2 respec-
tively.

With these assumptions, a complete set of the flow properties can be determined from
only five known or measured properties. These can include two fluid state variables (e.g.
pressure, density, temperature, specific enthalpy, specific entropy, speed of sound, etc.) and
three variables that determine the movement of the flow (e.g. stagnation fluid properties,
velocity magnitude, velocity components, Mach number, flow angles, mass flow per unit ar-
ea, momentum flow components per unit area, etc.). While there exists only one possible
set of flow properties at a single point and time, due to spatial and temporal nonuniformi-
ties it is possible to develop multiple complete self-consistent sets of 1D averaged flow prop-
erties. This depends on which flow properties are measured or estimated to begin with, and
what averaging schemes are used to convert the measurements to 1D values.

Appropriate averaging of 1D flow properties is explained by Cumpsty and Horlock [16].
Information is lost when spatially and temporally distributed information is reduced to a
single value, but an appropriate average preserves the specific information deemed im-
portant for the average’s use. For example, one might be interested in preserving the en-
tropy flow per unit area of the nonuniform flow for loss evaluation, or preserving the en-
thalpy flow per unit area for energy conservation. It can sometimes be useful to think of a
1D averaging process as a control volume analysis, where the averaging plane is like a con-
trol volume of infinitesimal length. Nonuniform flow properties enter a control volume
through the averaging plane, the flow in the control volume undergoes some process, and
the flow leaves the control volume with uniform properties which preserve important in-
formation about the nonuniform inflow.

Each set of 1D flow properties may be useful for some purposes, and less useful or inac-
curate for others. For this reason, it is important to understand the assumptions and limi-
tations behind a set of 1D flow properties, and it is common to use multiple self-consistent
sets of 1D flow properties for evaluating different aspects of a flow. Different sets of 1D
flow properties may be related to each other using closure parameters. For example, mass
blockage is a closure parameter commonly used in 1D internal flow analyses to relate the
actual measured mass flow per unit area to some other calculated 1D average mass flow per
unit area. Blockage definitions vary widely in the literature because different sets of 1D

flow properties are chosen to calculate the mass flow per unit area.
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2.2.2 1D Flow Property Sets

The present work makes use of four different complete sets of 1D flow properties for differ-
ent purposes. They are referred to here as the availability average, the potential core aver-
age, the dump average, and the mixed out average at constant area. These sets are sum-

marized in Table 2.1.

Set Name Base Flow Properties Applications
Availability Average | T,: mass averaged For evaluating performance results
(A) S: mass averaged (pressure rise and loss).
p: area averaged
a: momentum averaged
¢: momentum averaged or es-
timated from flowpath ge-
ometry
Potential Core Av- | T;: mass averaged For determining 1D average boundary
erage (P) Dt max value layer parameters.

p: area averaged
a: momentum averaged
¢: momentum averaged or es-
timated from flowpath ge-
ometry
Dump Average (D) | T;: mass averaged For evaluating flow properties after a
p: area averaged hypothetical sudden expansion or
|17| =0 dump process.
Mixed Out Average | T;: mass averaged e For comparing to other averaging
at Constant Area m/A schemes to judge importance of
(M) P,/A + p: areaaveraged non-uniformity/mixing, and to cal-
For meridional cut planes: culate blockages.
H/(ry4) e For applying Euler Turbine Equa-
Pt/A tion.
For planar cut planes:
Pia/A
P /A

Table 2.1: Sets of 1D flow properties utilized in this thesis.

The availability averaged set of 1D flow properties is meant to represent a flow that
could theoretically be achieved if the actual flow was brought to a uniform state via a re-
versible process with no external work or heat transfer. In other words, it maintains the
stagnation enthalpy and entropy flow per unit area of the true flow via mass averaging of
the stagnation temperature and specific entropy as shown in Equation 2.2 and Equation

2.3. This makes the availability average useful for loss evaluation. Together, the 1D aver-
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aged stagnation temperature and entropy can be used to calculate a stagnation pressure,

given by Equation 2.4 [16] [9].

TtA = iﬂtd_m Equation 2.2

m
A = J sdh Equation 2.3

m

ANTET A
A T\ _(S — Sref) Equation 2.4
Pt” = DPrer exp|\———5
Trefr R

In the literature, the term “availability average” is typically only used to describe this
derived stagnation pressure quantity, but in this thesis the term will be used to refer to a
complete set of derived and base 1D flow properties, which also includes an average static
pressure and flow angle. The static pressure does not vary as much as stagnation pressure
over the surface of a cut plane, so the average is not as sensitive to the choice of averaging
scheme. However, the area averaged static pressure, given by Equation 2.5, is commonly
used to average static pressure as it preserves the pressure force, F = [ pdA, acting over the
averaging plane [16]. The 1D flow angle comes from a momentum average, introduced by
Filipenco and given by Equation 2.6 [9]. It is calculated from the mass averaged tangential
and meridional velocity components. In other words, for a purely radial-tangential flow as
in the diffuser, the averaged flow preserves the momentum flow unit vector of the true flow.
Filipenco found that this 1D averaged impeller exit flow angle correlates well with im-

portant diffuser performance criteria.

A — _f p dA Equation 2.5
P
a? =tan? (} Zgzm) Equation 2.6
m
m

The second set of 1D flow properties is referred to as the potential core average. This is
meant to represent the uniform flow that could exist in place of the nonuniform flow if
shear forces did not weaken the flow near the wall. The properties of this potential core can
then be compared to the nonuniform flow for determining mass and momentum blockage
parameters that are analogous to displacement and momentum thickness integral bounda-
ry layer parameters. Like the availability average, the potential core average also utilizes
the mass averaged stagnation temperature, area averaged static pressure, and momentum

averaged flow angle. However, instead of preserving the entropy flow per unit area of the
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true flow, it preserves the peak stagnation pressure of the true flow at the averaging plane,
given by Equation 2.7. This results in lower entropy flow per unit area than the true flow.

ptp = mle(pt) Equation 2.7

The third set of 1D flow properties is named the dump average. This is meant to cap-
ture the hypothetical fluid state that would result if the flow were dumped into a plenum,
undergoing a sudden expansion and mixing with the stagnant plenum flow. In this process,
the fluid loses its velocity and dynamic pressure by incurring losses through mixing, but
energy is conserved. Stagnation and static flow properties become equivalent, with tem-
perature being equal to the initial mass average stagnation temperature (Equation 2.8),
and pressure being equal to the initial area average static pressure (Equation 2.9). The
dump average is especially useful to consider at the deswirler exit since it is followed by the
combustor plenum, the Mach number is low, and the static pressure is more uniform and

thus easier to measure than the stagnation pressure.

T, =TD = _f Tedrh Equation 2.8
t T

p D _ pD = M Equation 2.9
' A

The final set of 1D flow properties used is the constant area mixed out average. As the
name suggests, this 1D averaging scheme simulates an instantaneous mixing process,
where the flow is brought to a uniform state at constant area via mass, momentum, and en-
ergy conservation [16] [10] [17]. Like the availability and potential core averages, this
means the mass averaged stagnation temperature is utilized, but the mass and momentum
conservation equations given by Equation 2.10, Equation 2.11, Equation 2.12, and Equation

2.13 are also used.

(V)M = % Equation 2.10
m B+ [pdA Equati
(er12 + P) = n—A— quation 2.11
PV VM = % Equation 2.12
H .
PV V)M = — Equation 2.13
A

Notice that momentum conservation is applied to all three components of momentum.

For the component that is normal to the cut plane, a static pressure term is included to ac-
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count for the force imparted by the difference in area averaged and mixed out average static
pressures (Equation 2.11). During a constant area mixing process, static pressure increases
so there must be a decrease in the normal component of momentum flow. For planar aver-
aging planes, such as the diffuser throat station, the other two momentum components are
parallel to the averaging plane (Equation 2.12). Conversely, for meridional averaging
planes, such as the impeller exit station, only one momentum component parallel to the av-
eraging plane is used (Equation 2.12) along with the angular momentum about the engine
axis (Equation 2.13). There is no difference between these two momentum averaging pro-
cedures for the constant radius meridional averaging planes used throughout the diffuser.
However, for conical meridional averaging planes such as at the impeller inlet, the 1D
mixed out average does not represent a physical mixing process, since a swirling flow can
only exist with a static pressure gradient in the radial direction. To get around this, a sin-
gle 1D value of radius must be used, and the pitchline radius is chosen. The redistribution
of hub and tip flow in the actual 3D compressor to the pitchline radius in the 1D average
requires that angular momentum conservation be distinguished from linear momentum
conservation.

The constant area mixed out average has several applications in the present work.
First, it can be compared with the results of the other averaging schemes to get a sense of
the level of nonuniformity present in the flow. Because the mixed out average utilizes the
actual mass and momentum flows per unit area, one can think of blockage as a closure pa-
rameter that quantifies non-uniformity by relating the availability or potential core average
mass and momentum flows per unit area to those of the mixed out average. Also, because
flow nonuniformity can be viewed as static pressure rise and loss which has not yet been
incurred, using a mixed out result book-keeps nonuniformity as pressure rise and loss at
the station where the nonuniformity is present. Note that one has to be careful about this
interpretation, since the mixed out loss represents a constant area process and diffusers are
certainly not constant area (non-uniformity in a diffusing process results in greater loss and
lower pressure rise than a constant area process). The last benefit of the mixed out average
is that the Euler Turbine Equation, relating the impeller work input to the change in angu-
lar momentum of the flow, can be appropriately applied to 1D mixed out flow properties to

estimate impeller exit conditions not measured during testing. This is because the mixed
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out average conserves both energy and angular momentum of the true flow. This process
will be discussed more in Section 2.4.3.3.

Everitt proposed that the mixed out average was a better choice of averaging schemes
for interpreting diffuser performance results than the availability average used by Fili-
penco [10], finding that the mixed out average diffuser inlet flow angle could be used to ful-
ly characterize the mixed out average effectiveness of his diffusers [10]. However, while
both availability and mixed out averaged 1D flow properties are useful, more weight is
placed on the availability average here for reasons discussed in Appendix A. Throughout
this report, availability average 1D flow properties are used for most calculations and fig-
ures, except where a different averaging scheme is specifically noted either in the text or
through a modification to the station name (e.g. station 31D refers to the deswirler exit

dump average flow properties).

2.2.3 1D Closure Parameters

Closure parameters are used to compare 1D flow parameters from one set of properties to
another set. One such closure parameter is mass flow blockage, given generally in Equa-
tion 2.14. Mass blockage, relating the flow’s true mass flow per unit area to a 1D calculated
value, can be used to quantify the level of non-uniformity of the true flow. It can be inter-
preted as the fraction by which nonuniformity reduces the mass flow at constant area, or it
can be interpreted as the fraction of passage area that would have to be blocked for a uni-
form flow to pass the same mass flow as the nonuniform flow. Two mass blockage parame-
ters utilizing different definitions of the theoretical uniform flow are used here: one that
utilizes the mass flow per unit area calculated from the availability average (Equation
2.15), and the other one calculated from the potential core average (Equation 2.16). The
magnitudes of these two different blockage terms can differ substantially. Because the
availability average effectively utilizes an average mass flow per unit area, its blockage is
insensitive to the exact distribution of the mass flux. Conversely, the potential core aver-
age effectively utilizes the peak mass flux of the true flow, which can vary widely between
operating points even if the average does not. The usefulness of the potential core average
blockage is that it is analogous to the 2D integral boundary layer parameter, displacement

thickness, given by Equation 2.17.
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Bm =1= (V)w -/ (p/;")w G

Equation 2.14

Bp,A=1- 0 VI;A Equation 2.15
n

B,P=1- é"_/% Equation 2.16
|

6 fl (p ) h Equation 2.17
u e

Another closure parameter that can be used as a measure of flow non-uniformity is the
momentum blockage, given generally by Equation 2.18, relating the flow’s true momentum
flow per unit area to a 1D calculated value. At constant area it can be interpreted as the
fraction by which nonuniformity reduces the momentum flow beyond the reduction at-
tributed to lower mass flow, or at constant momentum flow it can be interpreted as the
fraction of passage area that would have to be blocked above and beyond the constant mass
flow area blockage. The momentum blockage is only calculated for the potential core aver-
age 1D properties given by Equation 2.19, making it analogous to the 2D integral boundary
layer parameter, momentum thickness, given by Equation 2.20. This enables the calcula-

tion of another closure parameter, a 1D average shape factor given by Equation 2.21.

B,=1-— |P/A| 1— ﬂd_A _ Equation 2.18
P Y, —\1D 4 m
|V V| (pVa|V1)

BPP 1— |P/f|P _ BmP Equation 2.19
oV V|

%:f(l__)[pu ]dy_l_.[<1_p_uz)gz_5_x* Equation 2.20

h (pw)e (ou?),/ b h

P

HP = BL Equation 2.21
BpF

The momentum blockage calculation is similar to one proposed by Filipenco and used by
Everitt [9] [10]. However, two major differences make this calculation analogous to the
momentum thickness 2D integral boundary layer parameter where Filipenco’s proposal is
not. First, as described above, the momentum blockage parameter is corrected for the im-
pact that mass flow blockage has on momentum reduction. This is illustrated by rearrang-
ing the equation for momentum thickness, shown in Equation 2.20. Second, careful consid-

eration is taken to use the magnitude of the overall momentum flow vector, |f pV,VdA|, in-
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stead of simply using the magnitude of the velocity to calculate momentum flow, [ anll_/"IdA.

2 is always greater than zero,

The importance of this is illustrated by considering that 1},
while Vn|l7| can be less than zero. In addition, the proposed formulation always penalizes
secondary flows as a source of momentum blockage or nonuniformity, which is not true if
high velocity is always considered to contribute positively to momentum flow without con-
sidering velocity direction.

The final closure parameter used here is an angular momentum blockage, calculated
generally by Equation 2.22. Its meaning is the same as the momentum blockage, except the
angular momentum about the engine axis is the only momentum component considered.
The angular momentum blockage is calculated for the availability average 1D properties,
given in Equation 2.23, and used for estimating availability average impeller exit proper-

ties by utilizing the Euler Turbine Equation across the impeller. This procedure is dis-

cussed in more detail in Section 2.4.3.3.

B, =1 — __L/A_ — B = 1-— Vo PV d_A Equation 2.22
H 1D m 1D [ (pV)'P] A
(pVarVe) (ryVe) "
By4=1- —H—/A—A — B Equation 2.23
(pVary Vo)

It is important to define and distinguish total blockage, flow or aerodynamic blockage,
and solid blockage. If an averaging plane cuts through a solid body, such as the diffuser
passage wall, the region consumed by the solid body may or may not be included in the area
integral calculations. The ratio of the solid body area to the entire averaging plane area is
called the solid blockage. Aerodynamic blockage on the other hand is purely an attribute of
the flow and is used as a measure of nonuniformity, so the solid body area is not included in
the area integral calculations. However, it is sometimes useful to determine a total block-
age given by Equation 2.24 (Equation 2.25 for small blockages), including both sources of
blockage as an estimate of what the aerodynamic blockage would be if the body was sud-
denly removed. This is useful for evaluating blockage near the trailing edge of an airfoil,
where the flow will experience the body ending suddenly. It is also useful to use total
blockage when making back-to-back comparisons of the baseline and truncated diffuser
near the trailing edge, since the averaging plane intersects a solid body for the baseline dif-

fuser but not for the truncated diffuser.
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Brotar = 1 — (1 = Baero)(1 — Bsopia) Equation 2.24
Brotar ® Baero + Bsolia Equation 2.25

Throughout this report, all blockages are most often calculated from availability aver-
age 1D flow properties except where noted, while the 1D shape factor is calculated from the
potential core average 1D flow properties. In addition, both aero and total blockages are

utilized as noted.

2.3 Performance Assessment Criteria

There are three primary compressor performance criteria of interest: the pressure rise, the
efficiency orloss, and the operable range. For the overall compressor, the first two of these
performance metrics are captured using the pressure ratio, temperature ratio, and poly-
tropic efficiency. These are conventionally characterized as functions of the inlet corrected
flow and corrected speed. All of these quantities are defined according to Equation 2.26,
Equation 2.27, Equation 2.28, Equation 2.29, and Equation 2.30 respectively, assuming a
constant specific heat ratio for the efficiency calculation. The pressure ratio, temperature
ratio, and polytropic efficiency can also be defined for the impeller alone by replacing sta-

tion 31 properties with station 27 properties.

T(25-31) = % Equation 2.26
= Jimn Equation 2.27
T(25-31) = E .
Np(25-31) = (y _ 1) In(7(25-31)) Equation 2.28
Y ln(‘r(25_31))

M54/ Tt2s/ Trer Equation 2.29
Pr2s/Pref
N

Nezs = ——7=
Y} TtZS/Tref

In evaluating the compressor and impeller performance over a range of corrected

Meys =

Equation 2.30

speeds, it can be useful to correct the performance trends for these speed differences. This
is done by leveraging the flow coefficient, work coefficient, and pressure rise coefficient in
place of the corrected flow, temperature ratio, and pressure ratio. These quantities are de-

fined for the overall compressor according to Equation 2.31, Equation 2.32, and Equation
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2.33 respectively, and they can be evaluated for the impeller alone by replacing station 31
properties with station 27 properties. Again, the assumption of constant specific heat is

made for the work coefficient calculation.

brr = Ymaz Equation 2.31
27 U
27
¢p(Tis1 — Trzs) .
pUt31 t25
‘p(zs—31) = —U—Z-———— Equation 2.32
27
Lp’(25—31) = Prs1 — Przs Equation 2.33

Pe25U3;

The impeller exit flow coefficient is primarily used rather than the inlet flow coefficient.
This is because the impeller exit wheel speed, U27, is more influential than the inlet wheel
speed, U25, in determining the work input of the impeller. In fact, employing the 1D Euler
Turbine Equation on an impeller with U27<<U25 yields the insightful relation given by
Equation 2.34, indicating that a backswept impeller should exhibit a negative relationship
between the flow and work coefficients which is independent of speed. Another insightful
relationship is that which exists for small pressure rise compressors between the pressure
rise coefficient, work coefficient, and polytropic efficiency. This is given by Equation 2.35.

q”(25_31) ~1-— ¢27 tan Bz7 Equation 2.34
lp'(25—31) ~ 77p(25-31)‘p(25_31) Equation 2.35

The diffusion system can be thought of simply as a device which converts a large dy-
namic pressure into static pressure rise while minimizing the stagnation pressure loss.
With this in mind, the diffusion system’s pressure recovery coefficient and stagnation pres-
sure loss coefficient, defined by Equation 2.36 and Equation 2.37 respectively, are conven-
tionally used to characterize its performance. If the dynamic pressure is entirely converted
to static pressure, the pressure recovery coefficient will be equal to 1 and the stagnation
pressure loss coefficient will be equal to zero. The converse is true if the diffuser converts
all of its dynamic pressure to loss, as is the case in a dump process. These quantities can
also be calculated for a sub-portion of the diffusion system by replacing the impeller and
diffuser exit properties with other appropriate inlet and exit flow properties. This research
will focus on characterizing these performance quantities in terms of other flow properties

including flow angles, Mach numbers, blockages, secondary flows, etc.

P31 7 P27 Equation 2.36
Pt27 — P27
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W(27-31) = Pezr — Pra1 Equation 2.37

Dt27 — D27

The diffuser effectiveness, defined as the ratio of actual to ideal uniform pressure recov-
ery coefficients, is also commonly used as a measure of diffusion system efficiency. Relative
to the pressure recovery coefficient, the effectiveness metric reduces the penalty attributed
to the dynamic pressure that remains at the diffuser exit, thus allowing diffusers of differ-
ent 1D area ratios to be compared on a more equal basis. However, for the diffusers of in-
terest, which have large 1D area ratios, the ideal pressure recovery coefficient approaches
unity. As a result, the diffuser effectiveness is not quantified.

To gain insight into where and how the inefficiencies arise within the diffusion system,
specifically in post-processing CFD solutions, the entropy generation rate is also utilized.
Wilkosz provides a good description and derivation for this quantity [18]. Entropy can be
generated as a result of heat transfer between streamlines of differing static temperature,
or viscous shear between streamlines of differing velocity. For the applications of interest
in this research, the heat transfer portion of the entropy generation rate is found to be neg-
ligible in comparison to the viscous portion. Therefore, only the viscous portion is calculat-
ed. This is defined according to Equation 2.38 on a per-unit-volume basis, where y; and pr
are the laminar and turbulent dynamic viscosities respectively. Integrating this quantity
over a control volume yields the total entropy generation rate within that control volume.
As such, when assessing the CFD calculated spatial distribution of this quantity within

some fluid domain, it is easy to see where loss is incurred.
V)2 ) AN AN /A A
2 (_x_) 2= 2 <___Z_) X4
0x + (E)y * 0z * dy + 0x
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All flow and performance quantities presented in this thesis are normalized by reference

Ds _ (#L +HT)
P Dt T

Equation 2.38

quantities. Most quantities are normalized by the experimentally measured value on the
baseline diffuser configuration at 100% N5 near peak efficiency (100E operating point de-
fined in Section 2.4.2). Because many measurements are performed at 100E, the average
values are used as the reference values. These reference quantities are denoted by an as-
terisk (*) superscript. For some flow properties or performance metrics, the 100E baseline

diffuser experimental quantity is not known. In these cases, the 100E baseline diffuser
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CFD calculated quantity is utilized as the normalization quantity. All length quantities are
normalized by a reference length, L*, which is the diffuser throat hydraulic diameter de-
fined as the throat area divided by one quarter of its perimeter.

Some quantities are presented using normalizations that depend on the operating point.
The entropy generation rate is normalized according to Equation 2.39, where V* is the vol-
ume of the baseline diffuser CFD domain. This normalization is chosen because, when in-
tegrated over some fraction of the diffuser volume V/V*, it represents the lost specific work
potential of the flow within that volume if the process were incorporated into a Carnot cycle
with temperature sink Ty,5. This is further normalized by an estimate for the specific work

of the impeller, UZ,.

p(Ds/Dt) ,0s < Ti2s V" ) Equation 2.39
[p(DS/Dt)]ref Dt \1mh,5U3,

A number of quantities are also used to measure the strength and impact of secondary
flows. All velocity gradients, including vorticity (defined as the curl of the velocity), are
normalized according to Equation 2.40 and Equation 2.41 respectively using the same ref-
erence quantity. This reference quantity represents the hypothetical uniform velocity gra-
dient associated with accelerating a flow from zero velocity to the throat velocity over a
length of L*/2. The reference circulation is then derived by integrating the reference vorti-
city over half of the diffuser throat area. Thus, the normalization for circulation quantities

is given by Equation 2.42.
ow/dz  0w/0z

= Equation 2.40
(6W/az)ref 2 VT/L*

_)a) = Equation 2.41
(Uref 2 VT /L*
r r

Equation 2.42

Loy  VrAr/L’

Flow range is one measure of compressor operability, defined as the difference in cor-
rected mass flow of the compressor between stall and choke at constant speed. Increases in
the stalling pressure ratio at constant mass flow and speed also signifies improved operabil-
ity. These quantities are worth maximizing, as they allow a compressor to operate over a
wider range of conditions without the use of variable geometry or bleed, which add complex-
ity and weight and reduce cycle efficiency in the case of bleed. Operability parameters are

not explicitly quantified in this work. However, differences in stall line between the base-
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line and truncated diffusers can be seen qualitatively in various figures showing pressure
ratio (or pressure rise coefficient) with respect to flow (or flow coefficient).

Most often throughout this thesis, the quantities presented here are calculated using
availability averaged flow properties. However, other averages are used in some cases

where noted.

2.4 Experimental Data

Experimental data was generated through years of experimentation on the compressor rig
at RWTH Aachen University. It is primarily used to assess the CFD results, which are
then used to interrogate the flow field in more detail. Testing was performed on both dif-
fuser configurations of interest over a wide range of speeds and operating lines from choke
to stall. Additional detailed measurements were performed at select operating points, giv-
ing insight into the spatial and temporal dependencies in the flow field. This section de-
scribes the details of the experimental rig, tested operating points and compressor configu-

rations, and data post-processing procedures.

2.4.1 Description of Test Rig

A schematic of the compressor test rig is shown in Figure 2.2, and a more detailed cross-
section of the centrifugal compressor itself is shown in Figure 2.3. The impeller is driven by
an electric motor and gearbox. It is fed from the settling chamber by an inlet pipe contain-
ing a honeycomb flow straightener, followed by a tailored inlet flowpath with rotating hub
and fixed inlet guide vanes (IGVs). This hardware is intended to supply impeller inlet
pressure, temperature, and swirl profiles similar to those seen in an aircraft engine. The
compressor exhausts into a plenum followed by a discharge valve and mass flow orifice.
The entire system is closed-loop, so the flow also passes through a heat exchanger for cool-

ing, removing the energy added to the flow by the impeller.
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Figure 2.2: RWTH Aachen University compressor rig schematic [18]: (1) settling chamber, (2) inlet
pipe, (3) centrifugal compressor, (4) exit plenum, (5) heat exchanger, (6) throttling valve, (7) mass

flow orifice, (8) electric motor, (9) gearbox.
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Figure 2.3: RWTH Aachen University centrifugal compressor cross-section [1].
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The rig is designed such that various diffuser and deswirler configurations can be inter-
changed, and the clocking or relative circumferential positions of the diffuser and deswirler
can be adjusted. In addition, for a given diffuser/deswirler configuration the rig can be var-
ied in a number of ways to set different compressor operating conditions:

e Compressor inlet pressure—set by pressurizing closed-loop test system using exter-

nal compression and regulation system.

e Compressor rotation speed—set by speed of electric drive motor.

e Compressor operating line—set by compressor orifice and discharge valve position.

e Impeller tip forward bleed fraction—set by forward bleed orifice and discharge valve
position.

e Impeller tip aft bleed fraction—set by aft bleed orifice and discharge valve position.

e Impeller tip clearance—set by combination of active magnetic bearing (AMB) that
can adjust axial position of impeller and by forward shim that determines axial posi-
tion of impeller shroud.

e Impeller-diffuser alignment—set by combination of AMB that can adjust axial posi-
tion of impeller and by aft shim that determines axial position of diffusion system.

Aside from the diffuser geometry, the only operating variables assessed in the present
research are compressor speed and operating line. Using the baseline impeller, diffuser,
and deswirler configuration, a range of forward and aft bleed levels and shims were exper-
imentally studied early in the test program, and nominal levels were selected near their
optimal values. A nominal clearance level was also defined [1]. The present research only
utilizes data measured with these nominal bleed, shim, and clearance levels with the excep-
tion of stall data where the impeller is shifted aft via AMB adjustment, doubling the clear-
ance for rub avoidance and impacting the impeller-diffuser alignment slightly. The impel-
ler inlet conditions are also held at the same level in all data utilized here. That is, impel-
ler inlet pressure is ambient, and the IGV stagger position is constant. It should be noted
that nominal bleed fractions and clearance levels are defined at the compressor’s design
speed and peak efficiency operating line, so bleed valve and AMB positions are set and fixed
at this operating point. However, bleed fractions, clearances, and impeller-diffuser align-
ment vary off-design in a manner similar to how they would vary in an engine.

More detailed descriptions of the test rig can be found in the thesis by Zachau [1].
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2.4.2 Summary of Experimental Data

Testing was performed on both diffuser configurations of interest over a wide range of
speeds and operating lines. Stall (S) testing was performed over the full range of speeds for
the baseline diffuser, but the 100% Nc25 stall point was not measured for the truncated dif-
fuser due to concerns about the structural integrity of the test vehicle. More detailed
measurements from traverses, Kulites, and Particle Image Velocimetry (PIV) were per-
formed at 80%, 90%, and 100% Nczs near choke (C) and peak efficiency (E), giving insight
into the spatial and time dependence of the flow field. These six detailed operating points
are given the names 80C, 80E, 90C, 90E, 100C, and 100E, while the stall points at the same

speeds are denoted 80S, 90S, and 100S. These points are shown on a compressor map in

Figure 2.4.
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Figure 2.4: Overall compressor pressure ratio versus inlet corrected mass flow based on
experimental measurements, highlighting key operating points. Symbols denote diffuser
configuration, while colors denote operating point (note: colored experimental points averaged from
multiple tests). Note that 90S and 100E points differ between baseline and truncated diffusers, and
no 100S experiment is performed for truncated diffuser configuration.

Note that the operating lines for each of the C and E points are held approximately the
same between the baseline and truncated diffusers with the exception of the 100E point, for

which the baseline diffuser operating line is set slightly lower. The higher 100E throttle
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point of the truncated diffuser is actually closer to the true peak efficiency point for both the
baseline and truncated diffusers, but the baseline diffuser stalls on a lower operating line
than the truncated diffuser, so its 100E point was set accordingly so as to not risk acci-
dental stall caused by instrumentation blockage.

Detailed descriptions of the test instrumentation, measurements, and measurement er-

ror analysis can be found in the thesis by Zachau [1].

2.4.2.1 Permanent Instrumentation

Permanent instrumentation on the test rig includes the mass flow orifice, calibrated to aé-
curately measure compressor flow rate, and the torque meter, which measures compressor
rotational speed. These are seen in Figure 2.2. In addition, a series of steady static pres-
sure, stagnation pressure, and stagnation temperature sensors are located throughout the
compressor. The reason this instrumentation may be permanently installed is that it does
not significantly disrupt the flow field. These sensors are therefore used to record data for
every test point, and in fact they provide the only measurements taken during the detailed
compressor mapping and stall testing phases of the test program [1].

The locations and numbers of the permanent pressure and temperature sensors utilized
in the present research are shown in Figure 2.5. Although the sensors are displayed on a
single axial-radial plane or relative to only a single diffuser passage, in reality these sen-
sors were distributed around the entire circumference of the compressor rig on multiple dif-
fuser passages. Stagnation pressures and stagnation temperatures are measured at three
radial positions along three circumferential distributed rakes at the deswirler exit. Even
though these measurements are not taken exactly on the station 31 meridional plane,
which is technically defined by the static pressure measurement locations, this research
still reports all deswirler exit measurements as at “station 31”.

The impeller shroud includes a total of 17 static pressure transducers distributed be-
tween eight radial positions, with the six transducers located at the highest radius distrib-
uted between four unique circumferential positions relative to the diffuser passage. A total
of 28 static pressure transducers located along the diffuser forward wall are utilized in this
research. These are located at 14 unique positions along the diffuser centerline including
one at the throat (station T), three unique circumferential positions relative to the diffuser

leading edge (station 28), and four unique circumferential positions relative to the baseline
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diffuser trailing edge (station 29). Finally, 16 static pressure transducers are distributed
between the inner and outer walls near the deswirler exit (station 31). Static pressures and
temperatures are also measured in the settling chamber, not shown in Figure 2.5 [1].
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Figure 2.5: Types and locations of permanent instrumentation utilized in current research.

2.4.2.2 Traverse Measurements

Additional measurement traverses are performed at select operating points near the impel-
ler inlet (station 25), diffuser throat, and baseline diffuser trailing edge (station 29) as
shown in Figure 2.6. The impeller inlet measurements are used to inform the inlet bounda-
ry conditions for CFD simulations, as described in Section 2.5.1.2. They are also used to
develop flowrate-based correlations for temperature rise and pressure loss between the set-
tling chamber and impeller inlet, as described in Section 2.4.3.2. The impeller inlet meas-
urements include traverses of a 5-hole pressure probe, a stagnation temperature probe, and
a triple hotwire. These are performed at a wide range of compressor flowrates, but only

along a choked operating line to ensure the instrumentation blockage does not stall the
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compressor. The 5-hole probe is used to determine profiles of stagnation pressure and flow
angle in two planes. The triple hotwire is primarily used to measure time-varying velocity
fluctuations so that the turbulence intensity can be determined, but it is also used to vali-
date the flow angle measurements of the 5-hole probe. As discussed by Zachau, the 5-hole
probe and triple hot wire measurements of flow angle agree in the meridional-
circumferential plane, but differ in the axial-radial plane [1]. Furthermore, neither the 5-
hole probe nor the triple hot wire measurements of flow angle in the axial-radial plane are

equal to the flowpath slopes near the outer and inner endwalls.
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Figure 2.6: Types and locations of traverse measurements utilized in current research.

Just upstream of the diffuser throat at a location denoted station Tm, a pitot probe
traverse is used to map out stagnation pressures. These measurements are used to guide
the data reduction procedure so that losses are appropriately split between the impeller and
the diffusion system, and the stagnation pressure distribution is used to validate CFD sim-
ulations. The pitot probe traverses are performed at the 80C, 80E, 90C, 90K, 100C, and
100E operating points [1].

Near the trailing edge of the baseline diffuser (station 29), 3-hole pressure probe
traverses are performed. These are again conducted at the 80C, 80E, 90C, 90E, 100C, and

100E operating points, and are used to measure stagnation pressure as well as flow angle
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in the radial-circumferential plane [1]. This allows for estimation of all the flow conditions

between the diffuser and deswirler.

2.4.2.3 Unsteady Pressure and PIV Measurements

Unsteady pressure and PIV measurements were also taken in the diffuser to capture even
more detail about the flow at the 80C, 80E, 90C, 90E, 100C, and 100E operating points.
The present research does not utilize the unsteady Kulite pressure data, and the PIV
measurements are only used at a high-level to assess the CFD, but Zachau provides more

information about these measurements [1].

2.4.3 Data Post-processing

In post-processing and presenting the measurement data, a number of assumptions and
simplifications are made. These include averaging measurements taken at the same sta-
tion or meridional location for 1D evaluation, using correlations to estimate the compressor
inlet (station 25) conditions, and estimating impeller trailing edge (station 27) flow proper-

ties from available measurements and first-principle approximations.

2.4.3.1 1D Averaging

To express compressor flow parameters or performance results on a 1D basis, measure-
ments from multiple sensors at different locations must be averaged. This can be done for
all the permanent static pressure, stagnation pressure, and stagnation temperature sensors
located at the same station or meridional location (includes station 28, 29, 31, and three
meridional locations through the impeller). The averaging is performed in two steps. First,
if multiple sensors distributed near different diffuser passages share the same positions
relative to their respective diffuser passage, then those measurement values are arithmeti-
cally averaged. This conceptually results in a set of measurement averages at unique posi-
tions relative to a single diffuser passage. Next, those average values corresponding to the
same station or meridional location but different circumferential or spanwise locations rela-
tive to the diffuser passage are averaged one step further. With the exception of the
deswirler exit measurements where this second averaging step is done arithmetically, the
averaging is performed on an area weighted basis assuming circumferential periodicity and

approximating integrals numerically using trapezoidal integration. As a reminder, even
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though the deswirler exit stagnation temperature and stagnation pressure measurements
are not taken exactly on the station 31 meridional plane, this research still reports all
deswirler exit measurement averages as at “station 31”. These averages are used to ap-
proximate the availability average set of 1D flow properties even though errors to this ap-
proximation are knowingly introduced by the arithmetic averaging at the deswirler exit and
the general measurement sparsity (at some stations only one sensor may be present).
These errors are mitigated by the fact that static pressure is a fairly uniform quantity at a
given averaging station, and stagnation pressures and temperatures are more uniform at
the deswirler exit than they are anywhere else in the diffusion system.

The traverse measurements taken near the throat and at plane 29 can also be averaged
for 1D interpretation. Because the traverses provide information with higher spatial reso-
lution than the permanent instrumentation, the availability average can be more accurate-
ly calculated with some approximations. The first approximation is that the stagnation
temperature at each point in the traverse is equal to the station 31 1D average value. Sec-
ond, the static pressure at each point in the traverse is approximated to be equal to the 1D
average value at the traverse location (the near throat traverse averaging only utilizes a
single static pressure measurement taken at the diffuser centerline). The stagnation tem-
perature and static pressure are then combined with the measured stagnation pressure at
each point to calculate all remaining flow states including entropy. Finally, the mass flux
distribution is calculated with the use of the flow angle distribution, which is measured in
the station 29 traverse and assumed to align with the diffuser passage centerline for the
near throat traverse. Mass averages of stagnation temperature and entropy can then be
calculated at the traverse locations, approximating integrals numerically using trapezoidal
integration.

The approximations made in this process can be rationalized as follows. First of all, us-
ing station 31 stagnation temperatures at the traverse planes is adequate because there is
no work input and negligible heat transfer between the traverse planes and exit station, so
the mass averaged stagnation temperature should not change downstream of the impeller.
Second, assuming uniform stagnation temperatures and static pressures at the traverse
planes makes sense because the nonuniformities in stagnation pressure and flow angle,
which are measured and accounted for, are the dominant cause of nonuniformities in the

entropy and mass flux.
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In addition to averaging stagnation pressure, the station 29 flow angle measurements
can also be averaged. Averaging of the flow angle is achieved using the momentum average
described in Section 2.2.2. Velocities are calculated at each traverse point as previously
discussed, and the measured flow angle at each point is then used to decompose the velocity
into its components. Mass averaged velocity components are calculated utilizing the mass
flux at each point, approximating integrals numerically using trapezoidal integration.

Though it is possible, the potential core and mixed out averages are not calculated from

the traverse data. These averages are only applied to the CFD results.

2.4.3.2 Estimation of Compressor Inlet Conditions

As mentioned, the compressor inlet (station 25) stagnation temperature and pressure are
not measured for each test. Instead, station 25 conditions are estimated by measuring
stagnation temperature and pressure in the inlet settling chamber (1) and using correla-
tions for inlet temperature rise and pressure loss that were developed by researchers at
RWTH Aachen based on the station 25 traverse measurements. These correlations are in-
tended to account for the frictional losses due to all the non-rotating surfaces, frictional
work done on the flow by the rotating inlet hub, and any heat transfer that occurs in the
inlet. The forms of these correlations are shown in Equation 2.43 and Equation 2.44.

Ti25 = Ty + ATy, where AT, = f(;) 2 0 Equation 2.43
Pt25 = Pti (1 + %), where 22t = fn,) <0 Equation 2.44
Dti Pti

Note that the correlations for stagnation temperature and pressure change are func-
tions of the inlet corrected flow only. One would expect that because the rotating inlet hub
affects the inlet stagnation temperature and pressure, the true temperature and pressure
changes through the inlet might depend on compressor speed as well as flow. This means
that as the compressor is throttled out of choke at constant speed, correlations based purely
on inlet flow could introduce some error. Because station 25 measurements were only tak-
en in choke this error cannot be determined exactly. Fortunately, the error is mitigated by
the facts that these correlations only modify the compressor stagnation temperature and
pressure by a small fraction of the overall compressor temperature and pressure rise, and
that the flow only varies by ~20% from choke to stall at the compressor design speed. If the
correlations are based purely on speed, the calculated compressor stagnation temperature

and pressure ratios at compressor stall are found to differ from the flow-based correlation
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by +0.07% and -0.04% respectively. Of course this is a limiting-case estimate of the error
source, but for comparison it is on the same order as the sensor measurement error report-
ed by Zachau for temperature, and about one order of magnitude greater than the sensor

measurement error reported by Zachau for pressure [1].

2.4.3.3 Estimation of Impeller Exit Conditions

In order to distinguish between the impeller and diffusion system performance, the availa-
bility average 1D impeller exit (station 27) conditions must be known. Because there are no
measurements taken immediately at the impeller exit, all of the flow states must be esti-
mated. This is accomplished using the impeller inlet conditions, the compressor exit stag-
nation temperature, static pressure measurements near the impeller tip, and CFD calculat-
ed blockages and corrections factors based on availability averages.

To start, a number of simplifying assumptions are made. The 1D average impeller exit
axial velocity is assumed equal to zero. This is reasonable since the flowpath is oriented
radially at the impeller exit. Next, the impeller exit stagnation temperature is assumed
equal to the 1D average deswirler exit stagnation temperature. The rational for this as-
sumption is that there is no work input and negligible heat transfer between the impeller
exit and the deswirler exit. Lastly, the availability averaged mass flow per unit area is es-
timated according to Equation 2.45, which uses the experimentally measured mass flow per
unit area along with the availability averaged mass blockage determined from the 100E
CFD results.

m

o (1 — Bm27A) Equation 2.45
27

(me)§7 =

Next, the Euler Turbine Equation is employed to relate the work done by the impeller to
the change in angular momentum of the flow, thus enabling the determination of the impel-
ler exit tangential velocity. The general equation, given by Equation 2.49, is derived by ap-
plying energy conservation (Equation 2.46) and angular momentum conservation (Equation
2.47) to a control volume enclosing the impeller, and finally relating the two by the impel-
ler’s angular velocity (Equation 2.48). Regarding angular momentum conservation, one
must consider the torque applied to the flow by the impeller pressure forces and hub fric-

tion, as well as the opposing shroud friction torque. The shroud torque must be accounted
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for separately from the rotor torque, as it does resist the change in angular momentum of

the flow, but it does not do work on the flow.

W = Ht27 - HtZS Equation 2.46

Trotor T Tshroud = Ha7 — Has Equation 2.47

W = Nt.oe0r Equation 2.48

Hiz7 — Hps = N(H27 — Hys — Tshroud) Equation 2.49

The magnitude of the shroud torque as a fraction of rotor torque is determined from the
100E CFD results, but its value is doubled for the data reduction. It is possible that the
shroud torque imposed on the flow in the experiment is in fact greater than in the CFD
simulation due to the presence of shroud static pressure and clearance probes in the exper-
iment. However, the primary reason for doubling the CFD calculated shroud torque for ex-
perimental data reduction is to obtain a better match between the experimental and CFD
calculated diffuser performance levels. The justification for this decision will be explained
more in Sections 4.1 and 6.1. It should be noted that while this empiricism impacts the
measured performance split between the impeller and diffuser, it does not impact trends or
the major conclusions of this work.

The Euler Turbine Equation is applied to availability averaged quantities. This means
the enthalpy rise can be written as the availability or mass averaged temperature rise, as

in Equation 2.50.

Hyz7 — Heos A A i
— - Cp(Tt27 — Typs ) Equation 2.50

Similarly, the change in angular momentum can be written as a change in availability
average tangential velocity. However, because the availability average does not conserve
angular momentum, a conversion between the true and availability average angular mo-
mentum values is performed using assumed values of mass and angular momentum block-
ages as in Equation 2.51.

a7 — Hs _ [ (52 Bm)]*‘ ~[rove (52 Bm)]“ Equation 251
™m 1-B, 27 1-Bp, 25
These blockages are the availability averaged values calculated from the 100E CFD re-
sults. Upon manipulation of these equations, the impeller exit availability averaged tan-

gential velocity calculation is given by Equation 2.52.

65



Ve
P 1- B, -
A

= [ (25
— T'pg 1—Bm »

N

5 ICp(thsrA = thsA)] [1 n

NTshroud

. A A
me(th‘f — Ti2s

)

Equation 2.52

With the 1D estimates for the impeller exit total temperature, axial velocity, tangential

velocity, and mass flow per unit area, one more flow quantity is needed to calculate all of

the remaining 1D flow properties. The impeller exit static pressure is estimated for this

purpose. This estimate utilizes the measured shroud static pressures near the impeller ex-

it, but it corrects for the difference in radial and axial position using a radial and axial mo-

mentum balance. Figure 2.7 illustrates the location of the measured static pressures, de-

noted station 27m, relative to the impeller exit station 27. Upon linearizing the static pres-

sure distribution in the vicinity of the impeller tip, the static pressure distribution is given

by Equation 2.53. Applying this at the impeller exit radius and area averaging in the axial

direction gives Equation 2.54 for the availability average impeller exit static pressure.
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Figure 2.7: Considerations for estimating 1D average impeller exit static pressure.
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p(z, T) = p27m‘4 + (T — r27m) (—2) +(z— ZZ7m) (__B) Equation 2.53
or/ 27 02/ 27

dp h,7 (Op .
A— Ay - (_) 27 <_> Equation 2.54
P27 P27m (r27 — T27m) ar/),, + 2 \3z/,,

Local to the impeller exit, one can infer from the high Reynolds number that viscous
forces have a negligible impact on the static pressure gradients relative to inertial forces.
Therefore, the radial and axial pressure gradients can be calculated from the Euler Equa-

tions for momentum conservation, Equation 2.55 and Equation 2.56.

2
9p =—p <6Vr v a_Vr_ VooV Vo +V %) Equation 2.55

or ot "or r e r 2 0z
op (6VZ av, VoV, Y 6VZ)
0z ot  Tor r a9 %oz

Reducing these equations to their dominant terms, the impeller exit flow is approximat-

Equation 2.56

ed as axisymmetric and steady in the stationary frame, and additional local approximations
are made that axial velocity is small and radial velocity is nearly constant with increased
radius. This leaves the simplified radial and axial momentum equations near the impeller

exit, Equation 2.57 and Equation 2.58.

2
o _PVe Equation 2.57
or T

d av, .

op ~ —pV, —Z Equation 2.58

The impeller exit density and radial velocity are determined in conjunction with the
static pressure through an iterative procedure. Also, the approximation dV,/or ~
—V,/Tshrouq 18 derived based on geometry, and the shroud radius is estimated to be equal to
the impeller pitchline length. Finally, to compensate for many of the simplifying assump-
tions that have been made, empirical factors are derived from the 100E CFD results and
applied to the pressure gradient calculations. The final impeller exit pressure gradient cal-
culations given by Equation 2.59 and Equation 2.60 are used in Equation 2.54 to obtain the
goal value of impeller exit static pressure. Note that at the 100E operating point, the radial

pressure gradient is found to be almost four times larger than the axial pressure gradient.

2
(6_p) ~ 0.920 (&) Equation 2.59
or 27 r 27
2
(@) ~ 1_033< PV ) Equation 2.60
0z/ 57 Tshroud/ ,,
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This impeller exit condition estimation procedure is found to introduce the least amount
of error to the calculated impeller exit conditions relative to other procedures considered.
While some empirical factors derived from CFD are used in the process, the equations are
primarily based on physics so trends are physically driven. Table 2.2 shows the sensitivi-
ties of some important impeller exit conditions to changes in the measured or assumed var-
iables used in this process. It is clear that the estimated impeller performance parameters
are far more sensitive to the experimentally measured variables than the CFD-guided em-
pirical variables, indicating that this procedure is robust to the assumptions. Note that the
constant specific heat assumption may result in an underestimate in impeller pressure ra-
tio and an overestimate in impeller efficiency if specific heat actually reduces noticeably

through the impeller.

Change in Measurement Aayy Y%ATT %A,
or Assumption AM,, | [deg] | 25-27) | @@5-27)
%AN = +1% -0.009 | -022| -1.10% | -0.90%
%Am = +1% 0.002 | -0.14 0.23% 0.19%
%Aays = +1deg 0.004 | 0.09 0.47% 0.38%
%Ap:rs = +1% -0.001 | -0.02| -1.09% | -0.89%
%Ap27m = +1% -0.001 0.16 0.87% 0.70%
Y%AT5 = +1% -0.019 | -047 | -2.29% 0.77%
%ATy7 = +1% 0024| 049| 3.11%| -0.14%
%Ay = —1% 0.027 | 0.49 290% | -0.29%
%ABp,s = +10% 0.000 | 0.01 0.03% 0.03%
%ABy,5 = +10% 0000 | 0.00| -0.01%| -0.01%
%ABp27 = +10% 0.001| -0.13 0.13% 0.11%
%ABy,7; = +10% 0.002 0.05 0.27% 0.22%
Y%ATshroug = +10% -0.005| -012| -0.58% | -0.47%
%A(0p/01r),7 = +10% 0.000 | 0.08 0.42% 0.34%
%A(0p/02),7; = +10% 0.000| 0.01 0.06% 0.05%

Table 2.2: Average sensitivities of calculated impeller exit conditions to measurements and
assumptions for baseline diffuser at 100E operating point.

The results of the availability average impeller exit condition estimation procedure are
assessed in two ways. First, the calculated impeller exit stagnation pressure is compared to
the availability average stagnation pressure measured at the near throat traverse, denoted
station Tm, for the 80E, 80C, 100E, and 100C operating points. Because the compressor

operating point moves around slightly during the traversing, and because each point in the
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traverse has a corresponding impeller exit condition calculation, the averages and standard
deviations of the losses are provided. As shown in Table 2.3, the average losses are found to
be consistent with the CFD results within the realm of variation. Note that the steady CFD
simulation utilized a mixing plane downstream of the impeller exit, actually introducing

some additional uncertainty into the reliability of the CFD-predicted loss across this region.

Operating Average Wy, — Wcrp | Std Dev Wy,
Point (27 -Tp) 27 -Tw)
100E 0.0107 0.0102
100C 0.0125 0.0092

80E 0.0002 0.0105
80C 0.0047 0.0074

Table 2.3: Differences in experimental and CFD calculated stagnation pressure loss between
impeller exit and near throat traverse for baseline diffuser.

To assess the impeller exit calculation a second way, the calculated impeller exit shroud
static pressure rise coefficient is plotted along with the measured impeller shroud static
pressure rise coefficient in Figure 2.8 for six major operating points. It is observed that the
static pressure rises approximately linearly with increased radius, and the calculated value
at the impeller exit reasonably continues this trend. It is clear that the shapes of these
curves near the impeller exit differ between operating points. This is a result of a circum-
ferential static pressure nonuniformity imposed upstream by the diffuser, which also varies
with operating point. However, the station 27m measurements used to estimate the impel-
ler exit pressure are less affected by this since multiple circumferentially distributed meas-
urements are able to be averaged. Note that Figure 2.8 shows the averages of multiple
tests performed at the 80C, 80E, 100C, and 100E operating points. Also note that the plot-
ted impeller exit pressure excludes the axial pressure gradient term in Equation 2.54, as it

is only the shroud value that is of concern.
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Figure 2.8: Measured and estimated impeller shroud static pressure rise coefficient, ¥’25 = (Dshroud —
pi2s)/ (pr25Ue72), versus radius for baseline diffuser. Impeller tip static pressure estimate reasonable
given linear trend of measured pressure versus radius throughout impeller.
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2.4.3.4 Estimation of Diffuser Throat Stagnation Pressure

It is useful to know the stagnation pressure at the diffuser throat in order to calculate other
flow conditions there which are hypothesized to influence the performance of the down-
stream diffuser passage, such as Mach number and mass blockage. The throat stagnation
pressure is also used to estimate the dynamic pressure at the throat, which is furthermore
used to calculate pressure recovery coefficients that are referenced to the throat. This es-
timation procedure is not used to determine stagnation pressure losses referenced to the
throat.

Although a stagnation pressure traverse is performed just upstream of the diffuser
throat, it is deemed insufficient for this purpose primarily because it does not capture the
weak flow near the endwalls. Instead, a constant stagnation pressure loss coefficient is as-
sumed between the impeller exit and diffuser throat. This is taken from the CFD solutions.
The impeller exit static and stagnation pressures, which are already themselves estimates,

are then used to calculate the throat stagnation pressure.

2.5 Computational Fluid Dynamics (CFD)

CFD simulations are utilized to obtain flow fields corresponding to the Aachen experiments,
where computed flow variables are available at discrete grid points distributed throughout
the entire compressor. The CFD solutions complement the experimental data in obtaining
a quantitative understanding of the underlying flow processes driving the observed trends.
CFD simulations are performed for both the baseline and truncated diffusers at 80% Ncos
and 100% Nces from choke to stall. This section describes the details of the CFD modeling

assumptions and simplifications, simulated cases, and post-processing procedures.

2.5.1 Description of CFD Modeling

Steady Reynolds-Averaged Navier Stokes (RANS) CFD simulations are performed using
ANSYS CFX 16.1 software on the full compressor stage, consisting of the impeller, diffuser,

and deswirler components together in one model.

2.5.1.1 Geometry

The full stage model includes a single impeller sector consisting of a full and splitter blade
(1/23 wheel), a single diffuser passage (1/30 wheel), and three deswirler vanes (1/30 wheel)
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as shown in Figure 2.9. These components are simulated together assuming circumferen-
tial solution periodicity, using a mixing plane to pass flow properties in a steady conserva-
tive manner from the impeller to the diffuser, and using a general connection to pass spa-
tially accurate flow properties between the diffuser and deswirler. Notice that the CFD
model is mirrored relative to the actual compressor rig, with the impeller rotating in the

opposite direction.

Exit

Impeller

Deswirler

Inlet

Figure 2.9: CFD model of compressor stage featuring baseline diffuser.

The impeller CFD domain begins at station 25, and the deswirler domain exit is placed
slightly downstream of station 31. The diffuser domain begins at a radius just 0.13% great-
er than the impeller trailing edge radius, and it ends downstream of station 29 midway
through the bend. Placing the impeller-diffuser interface so close to the impeller trailing
edge is not ideal, as the high level of impeller exit flow nonuniformity can introduce error to
the mixing plane solution approximation. However, the close proximity of the impeller and
diffuser make this unavoidable, with the axisymmetric portion of the diffuser inlet geome-
try ending immediately downstream of the bleed slots. Another option is to place the impel-
ler exit after bleed slots, but this would not be consistent with the geometry used by
Wilkosz to characterize the mixing plane approximation by performing back-to-back steady
and unsteady simulations [18].

The impeller tip bleeds are modeled as axial-circumferential slots that extend approxi-

mately one passage width forward and aft from the walls of the diffuser inlet region, as
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shown in Figure 2.10. Figure 2.3 shows the more complicated bleed slot geometry present
in the actual rig, which consists of shorter slots, corners, plenums, and both rotating and

nonrotating boundaries.

Diffuser

Aft Bleed

Fwd Bleed

Impeller

Figure 2.10: CFD model of impeller-diffuser interface featuring forward and aftward bleed slots.

There are some differences in the tested and CFD modeled impeller tip clearances. As
reported by Zachau, the impeller clearances measured experimentally using clearance
probes vary from inducer to exducer, between main and splitter blades, and circumferen-
tially around the impeller (variation circumferentially around the shroud is not measured).
However, the clearances in the CFD model are set uniformly and equal to the test rig's
nominally-defined 100% Ncz5 clearance level, which is actually 20% lower than the circum-
ferential average clearance at the exducer. Experimentally derived performance deriva-
tives reported by Zachau indicate that increasing the exducer clearance by 20% could be
expected to reduce the compressor polytropic efficiency by only 0.14% at the 100E operating
point [1].

There are also differences in the tested and CFD modeled impeller-diffuser alignment.
It was initially thought that the nominal forward shim used in the experiment produced a
slight misalignment of the impeller and diffuser during operation, with the diffuser center-
line being slightly forward of the impeller centerline. This misalignment was incorporated
into the CFD model. However, it now appears that the impeller and diffuser centerlines are
more nearly aligned at 100% Neczs than originally thought. There is still some uncertainty

about this. Fortunately, near the optimal alignment setting, the compressor performance is
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experimentally found to be insensitive to misalignments of the level implemented in the
CFD model, with 100E compressor polytropic efficiency being unaffected [1].

Another CFD modeling simplification is that the geometry is assumed constant for all
operating points. In reality, the compressor components deform slightly under centrifugal,
thermal, and pressure loads in a manner that varies with operating point. This can pri-
marily impact compressor performance through changes in both impeller tip clearance and
impeller-diffuser alignment. The CFD model incorporates the impeller tip clearance meas-
ured at 100% Ncos, but the true impeller tip clearance is likely increased at lower speed
with a corresponding change in alignment due to reduced outward and forward deflection of
the impeller tip. Furthermore, experimental stall testing was performed at twice the nomi-
nal 100% Nez25 clearance setting, but the CFD model clearance or alignment are not changed
for stall simulations.

Fillets are not incorporated into the CFD geometry for the impeller, diffuser, or deswirl-
er. This is because the fillets are so small, contributing only a small fraction of the total
blockage throughout these components (e.g. 0.06% of throat area nominally). Furthermore,
none of the influential flow mechanisms observed are believed to be influenced by the pres-
ence of small fillets (e.g. there are no corner separations). Excluding the fillets from the
CFD geometry also makes for simpler grid generation.

In summary, there are small differences between the CFD model and the experimental
compressor geometry. These include differences in impeller tip forward and aft bleed slot
geometry, impeller tip clearance levels, impeller-diffuser alignment levels, and fillet geome-
try. However, the impacts of these differences on the CFD solutions, trends, and responsi-
ble flow mechanisms are determined to be small based on experimental measurements or

rational arguments.

2.5.1.2 Modeling Assumptions and Numerics

ANSYS CFX 16.1 is used to perform steady RANS simulations on the compressor stage.
The air is assumed to be an ideal gas, and a constant specific heat ratio of 1.4 is used to
keep post-processing simple and intuitive. The constant specific heat assumption is known
to cause a slight overestimation of the calculated impeller stagnation pressure and temper-
ature ratios, altering efficiency, but performance trends should not be significantly affected.

The flow is assumed turbulent, and a k-w turbulence model is selected incorporating CFX
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automatic wall functions. The solution is obtained using CFX’s high resolution advection
scheme, which uses a combination of upwind and 2nd order calculations to maximize accu-
racy while maintaining solution stability. The turbulence numerics are solved to first or-
der. CFX’s double precision solver is used.

The simulations are run for as long as necessary in order for residuals and flow proper-
ties to stabilize. All cases are converged to yield mass, momentum, and enthalpy RMS re-
siduals less than 1x104. In addition, each component’s mass flow, momentum flow, and en-
thalpy flow between the inlet and exit are found to be within 0.1% of each other or less.
Temperatures, pressures, and Mach numbers are also monitored at various points through-
out the diffuser and deswirler to ensure they are stabilized.

Some unconverged simulations are still deemed useful. These include some solutions
near stall or near a transition point in the diffuser operation, which do not reach steady
state, but oscillate periodically in pseudo-time. These solutions still have RMS residuals
less than 1x104. However, overall component mass, momentum, and/or enthalpy imbal-
ances may oscillate up to 1%, and monitored values of temperatures, pressures, and Mach
numbers are oscillatory. These oscillatory solutions will be pointed out when referenced.

Unsteady RANS (URANS) simulations are not performed in the present work. One
measure of the importance of unsteady effects on local variations in flow quantities is the
reduced frequency, given by Equation 2.61 [17]. It is the ratio of the steady time scale of
interest, Lyer/Vyer, to the unsteady time scale of interest, 1/w,.r. For reduced frequencies
much less than 1, unsteady effects have a negligible influence on local changes in flow
quantities such that the flow is quasi-steady. Conversely, for reduced frequencies much
greater than 1, unsteady effects dominate local time-accurate changes in flow quantities.
Equation 2.62 shows that for length scales above 2% of the impeller exit radius, unsteadi-
ness due to impeller blade passing results in a reduced frequency greater than 1 for the dif-
fuser (reference velocity is estimated as the impeller tip speed). The diffuser passage
length is certainly greater than this, and the RANS results discussed in Section 6.5.4 show
that the level of impeller exit non-uniformity is not small. For self-excited unsteadiness,
such as unsteadiness due to separated flow which is known to exist in the diffuser passage
being studied, the reduced frequency is also close to 1. This suggests that unsteadiness has

an important influence on the time-accurate flow field throughout the diffuser.
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As the reduced frequency suggests, previous work performed by Wilkosz on this topic

=217% Equation 2.62

has in fact demonstrated that unsteady effects do impact the time-accurate flow field in
centrifugal compressors [15] [18]. However, this time-accurate behavior is shown to have a
small effect on global time-averaged performance metrics of interest. Everitt showed that
RANS simulations successfully captured the overarching effects of diffuser inlet flow angle
and Mach number on the performance of a vaned diffuser [10]. RANS simulations per-
formed by Wilkosz on the baseline and truncated diffusers of interest were able to success-
fully capture the extent of the flow separations measured experimentally by Zachau and
Kunte using PIV [2] [4] [18]. This included differences in separation behavior between the
two diffusers. Wilkosz also found that the same flow weakness was present in the results of
URANS simulations of the 'truncated diffuser on a time-averaged basis [15] [18]. Other ex-
amples of previous work noted in Section 1.3 also support the claim that unsteadiness has
little effect on the time-averaged performance criteria of interest for centrifugal compressor
diffusers. Therefore, it is argued that for the purposes of this research, RANS can be used
to sufficiently characterize the most important flow mechanisms driving the compressor

performance trends.

2.5.1.3 Boundary Conditions

The compressor inlet boundary conditions used for the CFD simulations are plotted in Fig-
ure 2.11. They are based on the station 25 traverse measurements taken at 100% Necgs in
compressor choke, as described in Section 2.4.2.2. This includes 5-hole probe measure-
ments of stagnation pressure and flow angle in two planes, stagnation temperature probe
measurements, and turbulence intensity derived from triple hot wire measurements. Since
the measurements taken in the stationary referenée frame are applied to the rotating im-
peller boundary, they are averaged circumferentially and arithmetically at each spanwise
location. To capture the inlet boundary layers and the effect of the rotating inlet hub near
the endwalls where measurements cannot be obtained, these radial profiles are extrapolat-
ed with the guidance of a CFD simulation of the compressor inlet and IGVs performed at

RWTH Aachen. To completely define the initial conditions for the two-equation turbulence
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model, an inlet turbulence length scale is also chosen to be uniformly equal to 0.7% of the
annulus height, consistent with the results of the same RWTH Aachen inlet CFD simula-

tion.
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Figure 2.11: Compressor inlet conditions versus span used for CFD simulations.

As discussed in Section 2.4.2.2, the 5-hole probe measurements of flow angle in the axi-
al-radial plane may contain errors, but they are applied as CFD boundary conditions re-
gardless. Another potential source of error is that the same compressor inlet conditions are
applied to CFD simulations for all selected operating points. This is not an issue for the
average levels and spatial distributions of flow angle and turbulence intensity, as Zachau
showed these changed negligibly between the different measurement conditions (+/-0.20
_deg for flow angle, +/-0.035% for turbulence intensity) [1]. Differences observed in the av-
erage levels of inlet stagnation pressure and temperature between operating conditions also
do not need to be incorporated into the CFD boundary conditions, since performance met-
rics are corrected for these differences. On the other hand, some CFD boundary condition
error is expected from neglecting to incorporate operating point variation in the spatial dis-
tributions of inlet stagnation pressure and stagnation temperature, especially near the
endwalls where the boundary layers may differ.

The diffuser exit boundary condition is modeled as an outlet with a specified average
static pressure. The CFX “outlet” boundary designation forbids reversed flow at the bound-
ary, instead locally placing imaginary walls to block the reversed flow wherever it would
otherwise appear. The static pressure distribution at the diffuser exit may vary so long as

circumferentially averaged values meet the requirement. Along with the impeller angular
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velocity, the diffuser exit static pressure is varied for different CFD simulations to set the
compressor operating point.

The forward and aft bleed slots are also modeled as outlets. Mass flow rate is specified,
and CFX iterates on the static pressure level and distribution to meet this requirement.
The bleed mass flow rates are set to one level for all 100% Nc2s operating points, and anoth-
er level for all 80% Nc2s operating points. These levels are chosen such that the 100E and
80E bleed mass flow fractions are equal to the nominal experimental levels.

The mixing plane between the impeller and diffuser passes circumferentially averaged
flow properties in a steady, conservative manner between the two components while still
allowing for different spatial distributions of these properties on each side of the mixing
plane. The mixing plane attempts to maintain circumferentially averaged static pressures
in spanwise discretized bands on each side of the impeller-diffuser interface. To constrain
the velocity on the diffuser side of the mixing plane, the choice is made to use CFX’s option
to calculate velocities from average band stagnation pressures and flow angles in the impel-
ler reference frame, as this option allows for downstream circumferential velocity variations
necessary to accommodate the pressure field induced by the diffuser.

Circumferential-facing surfaces formed by “cutting” component sectors from the full
wheel are modeled as rotationally periodic boundaries. Endwalls and airfoil surfaces are

modeled as smooth, no-slip, adiabatic walls.

2.5.1.4 Grids

Autogrid is used to generate the impeller and deswirler meshes, and ICEM is used to gen-
erate the baseline and truncated diffuser meshes, all of which are structured hex grids. In
an attempt to study mesh sensitivity in the diffuser, an unstructured baseline diffuser grid
is also generated using the ANSYS Meshing tool. The unstructured grid is more refined
than the structured grid in the streamwise direction around the sharp diffuser cusps and
leading edge, as shown in Figure 2.12. Simulations using the unstructured grids were qual-
itatively found to reproduce the same performance-limiting flow mechanisms as the struc-
tured grids, with only small differences in the quantitative performance levels. A compari-
son of the baseline diffuser structured and unstructured grid results are presented in Sec-

tion 3.3.2.
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Figure 2.12: Structured and unstructured baseline diffuser grids near inlet. Unstructured grid
features more refinement around leading edge and cusps.

Mesh quality statistics are calculated using ANSYS CFD Post and compared against
ANSYS recommended values in Table 2.4 [19]. Nearly every node in each grid satisfies
ANSYS recommended levels for orthogonality angle and mesh expansion factor, but not for
aspect ratio. This is deemed acceptable, since the high aspect ratio cells are the result of
refining the grid in the surface-normal direction near the wall to resolve the boundary lay-
er. Wall y* levels based on the first cell height are shown for each component in Figure
2.13, Figure 2.14, Figure 2.15, Figure 2.16, and Figure 2.17. With y* values between 1 and

5 on most of the airfoil and flowpath surfaces, the meshes are deemed appropriately refined
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for capturing the boundary layer physics. Notice that the diffuser bleed slots are not re-
fined enough to model the bleed boundary layer, but this is not necessary since only the ef-
fect of the bleed on the main flow is of concern. Also, because the diffuser inflow velocity is
so much higher than the outflow velocity, it is difficult to create a structured mesh with
ideal y* levels at both the inlet and the exit. Secondary flows and reversed flow in this
compressor also introduce turbulent shear layers into main flow away from the wall where
the grid is not as refined. As a result, future work should investigate other meshing strate-

gies both near and away from the wall.

Orthogonality | Aspect Ratio | Expansion
Elements | Nodes Angle > 20 <100 Factor < 20
Grid (10°) (10°) | (% of Nodes) | (% of Nodes) | (% of Nodes)

Impeller 3.7 3.8 100% 76% 100%
Base Diffuser, 7.4 7.6 100% 93% 100%
Structured
Base Diffuser, 225 8.6 100% 96% 100%
Unstructured
Trunc Diffuser, 74 7.2 100% 94% 100%
Structured
Deswirler 17.3 17.7 100% 95% 100%

Table 2.4: CFD mesh size and quality statistics. Grids are satisfactory.

Hub & Airfoil
Suction Side

Hub & Airfoil

Shroud Pressure Side

Figure 2.13: Impeller grid y* levels at 100E operating point. Levels are appropriate for capturing
boundary layer physics.
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Figure 2.14: Structured baseline diffuser grid y* levels at 100E operating point. Levels are generally
appropriate for capturing boundary layer physics. Local region of high y* on diffuser inlet suction
side due to locally high flow velocities. Bleed slot refinement not necessary given research objectives.
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Figure 2.15: Unstructured baseline diffuser grid y* levels at 100E operating point. Levels are
generally appropriate for capturing boundary layer physics. Reduced y* on diffuser inlet suction side
relative to structured grid represents improvement. Bleed slot refinement not necessary given
research objectives.
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Figure 2.16: Structured truncated diffuser grid y* levels at 100E operating point. Levels are
generally appropriate for capturing boundary layer physics. Local region of high y* on diffuser inlet
suction side due to locally high flow velocities. Bleed slot refinement not necessary given research
objectives.
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Figure 2.17: Deswirler grid y* levels at 100E operating point. Levels are appropriate for capturing
boundary layer physics.

82



2.5.2 Summary of CFD Cases

CFD simulations are performed for both the baseline and truncated diffusers at 80% Nczs
and 100% Ncs. Many simulations are performed at different throttle points along each
speed line ranging from choke to stall. Some simulations are even successfully performed
at a higher operating line than where the experimental compressor rig stalled, giving in-
sight into possible stall-initiating flow mechanisms.

Additional CFD studies are performed to investigate specific modeling effects or flow
mechanisms. Some simulations are performed with an unstructured baseline diffuser grid
to examine grid sensitivity effects. Also, to understand the source of vorticity and second-
ary flows in the diffuser passage, a simulation excluding the impeller is performed on just
the diffuser and deswirler utilizing uniform impeller outflow conditions and free-slip diffus-
er wall boundary conditions. The results of these studies are detailed in Sections 3.3.2 and

6.5.7.3 respectively.

2.5.3 CFD Post-processing

The CFD results are post-processed in different ways so as to accommodate each specific
objective. First, in order to assess the CFD results relative to the data, the solutions are
probed in the same way measurements are taken in the compressor rig. This is done to rep-
licate the static pressure measurements distributed circumferentially near the impeller exit
and diffuser leading edge, and those distributed along the diffuser centerline.

For determining changes in high-level performance trends between operating points
and diffuser configurations, 1D averaged flow properties are calculated as described in Sec-
tion 2.2. CFD averaging planes are placed at the major compressor stations described in
2.1, aligned with the test instrumentation or traverses at those stations. Averaging sta-
tions are also distributed throughout the entire diffuser, oriented both circumferentially
and normal to the diffuser passage centerline as shown in Figure 2.18. An additional cir-
cumferential averaging plane is utilized at the impeller trailing edge (station 27) on the im-
peller side of the mixing plane. This means that any 1D control volume analysis performed
on the impeller excludes the mixing plane, but diffuser control volumes beginning at station

27 do include the mixing plane.
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Cut Planes

(a) Baseline diffuser.

Cut Planes

(b) Truncated diffuser.
Figure 2.18: Cut planes used for 1D averaging of diffuser CFD solutions.

The CFD solutions are also post-processed to visualize 3D flow features and spatial dis-
tributions of flow properties. This is accomplished by viewing contour plots of flow proper-
ties and by viewing vector fields as arrows alqng evenly spaced cut planes perpendicular to
the diffuser passage centerline and compressor centerline, shown in Figure 2.19. These
same diffuser throughflow positions are also used to measure boundary layer properties on
the diffuser mid plane, z:. Streamlines and vortex lines are viewed in 3D. Although the
CFD model is a mirrored version of the actual compressor rig, with the impeller rotating in
the opposite direction, the attempt is made to mirror these spatially-dependent CFD results
in a way that is consistent with the rig geometry. However, mirroring does not maintain a
right-handed coordinate system, so some vector quantities, such as vorticity, can appear to
be in the wrong direction.

As discussed in Section 2.4.3.3, additional post-processing of the 100E baseline diffuser
CFD results is conducted to develop closure parameters used in post-processing the test da-
ta to estimate impeller exit conditions. These closure parameters include impeller inlet and
exit mass and angular momentum blockages, the impeller shroud torque as a fraction of
rotor torque, and correction factors for the impeller exit radial and axial pressure gradient

estimates.
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Figure 2.19: Cut planes used for 3D flow field visualization of CFD solutions (baseline diffuser
shown). Left: planes perpendicular to diffuser passage centerline. Right: planes perpendicular to
compressor centerline.

2.6 Low-Order Flow Modeling

Low-order flow models are developed and utilized to quantify the importance of specific flow
mechanisms observed in the CFD while eliminating confounding effects from other mecha-
nisms. Specific effects that are characterized by low-order models include the impacts of
inlet flow angle, nonuniformity amplification, nonuniformity mixing, trailing edge solid
blockage, and compressibility on the loss and pressure rise in a diffuser. Additionally, a
simple model is used to estimate the impact of secondary flows on transverse boundary lay-
er compression in the diffuser, and a modified integral boundary layer model is utilized to
estimate the subsequent impact on boundary layer growth and separation. Each model will

be described in the sections where they are utilized.

2.7 Modular Perspective of Diffusion System

To help differentiate the effects of the many flow mechanisms that contribute to the per-
formance of the centrifugal compressor, the diffusion system is approached from a modular
perspective. In this way, the performance, exit conditions, and flow mechanisms present
within each module are characterized independently in terms of each module’s respective
inlet conditions and geometry.

This approach is illustrated in Figure 2.20. Of course, the compressor consists of the
impeller, diffuser and deswirler. However, the diffuser itself is further broken down into
two sub-components: the diffuser inlet and passage. The diffuser inlet is defined here to
extend from the impeller exit (station 27) to the diffuser throat (station T). This is the re-

gion which is directly influenced by variations in the impeller exit flow angle. The diffuser
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passage is defined here to extend from the diffuser throat (station T) to the trailing edge of
the baseline diffuser (station 29). This is the region which differs geometrically between

the baseline and truncated diffusers.

Diffuser Passage

| Impeller Exit Conditions I

| Diffuser Throat Conditions Diffuser Inlet Performance

\
I Diffuser Passage Exit Conditions

Diffusion System
Performance

Diffuser Passage Performance

Deswirler Performance

Figure 2.20: Modular perspective of diffusion system. Approach is to understand dependence of
each component’s performance and exit conditions on influential inlet conditions by characterizing
underlying flow mechanisms.

The performance of the overall compressor is summarized in Chapter 3. The impeller
performance and exit conditions are then characterized in Chapter 4, and the diffusion sys-
tem is characterized in Chapter 6. The diffuser inlet and passage are individually charac-
terized in Sections 6.5 and 6.6 respectively. Finally, the overall compressor stability is ad-

dressed in Chapter 7, synthesizing the combined effects of the individual components.

2.8 Summary of Research Approach

The research approach consists of interrogating in depth a set of experimental data ac-
quired on a research compressor stage rig and a set of well-designed CFD computations,
complemented by reduced order flow modeling, directed at addressing the research ques-
tions posed. The experimental data is primarily used to determine high-level 1D perfor-
mance results and trends and to assess where CFD may be used as a tool for detailed inves-
tigation. Where CFD and experimental results are determined to follow the same trends,

CFD is used to further understand the details of the flow mechanisms present at the 3D
86



level. Additionally, measurements made from CFD results are used to guide another level
of data reduction, allowing for a more useful interpretation of the data. Lastly, low-order
models are developed and utilized to quantify the importance of specific flow mechanisms
observed in the CFD without confounding effects from other mechanisms, and to gain in-
sight into the process by which these mechanisms influence performance. To simplify the
assessment approach and explanation of the compressor performance trends, the compres-
sor is broken into a number of modules which are characterized independently: the impel-
ler, the diffuser inlet, the diffuser passage, and the deswirler. The overall compressor per-
formance characteristics—most notably the stability characteristics—are explained in
terms of the specific flow mechanisms present within each module, as well as the interac-

tions between modules.
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Chapter 3 Overall Compressor Performance
Assessment

3.1 Operating Point Definition

In order to compare CFD results with experimental data, a common operating point defini-
tion must first be established. This is important because the experimental measurements
and CFD solutions do not match everywhere throughout the compressor. For example, the
impeller performance differs between the experiment and CFD. As a result, establishing
the compressor operating point based on impeller inlet conditions will mean that the diffus-
er inlet conditions differ between the experiment and CFD. Since characterizing the per-
formance of the diffusion system is of primary concern, and because Filipenco [9] and
Everitt [10] have both determined that diffuser inlet flow angle is the primary variable es-
tablishing diffuser performance, it is appropriate to use diffuser inlet flow angle to establish
operating point similarity. Impeller corrected speed is also used to define the operating
point.

The diffuser inlet flow angle is not measured in the experiment, but it is estimated us-
ing the post-processing methodology outlined in Section 2.4.3.3. Instead of relying on this
estimation alone to establish diffuser inlet flow angle similarity between CFD and the ex-
periment, the static pressure distribution in the diffuser inlet region can be used as a sur-
rogate for flow angle (assuming stagnation pressure distributions are also similar). The
flow angle influences the diffuser inlet static pressure distribution in two major ways.
First, the circumferential distribution of static pressure at the diffuser leading edge is af-
fected by the incidence angle; a high flow angle and corresponding positive diffuser inci-
dence means the diffuser suction side experiences a lower static pressure than the pressure
side at the leading edge. Second, the streamwise distribution of static pressure is observed
to vary from the impeller exit to the diffuser throat as flow angle variations heavily influ-
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ence the distribution of effective area ratio throughout the diffuser inlet; a high inlet flow
angle means the flow is less perpendicular to the radial impeller exit plane and must dif-
fuse throughout the inlet region to the throat where the flow angle and area are more con-
strained by the passage geometry. This effect is elaborated on further in Section 6.5.5.
Figure 3.1 shows the locations where the static pressure distributions are interrogated.
Figure 3.2 and Figure 3.3 show the pressure recovery coefficients plotted at the diffuser
leading edge and along the diffuser centerline for the choke, peak efficiency, and stall oper-
ating points. The CFD simulations that most closely match the experimentally measured
diffuser inlet static pressure distributions for each operating point are chosen to be repre-
sentative of those operating points. Recall that the 100E operating line and thus flow angle
are higher for the truncated diffuser than they are for the baseline diffuser. Also recall that
there is no 1008 stall experimental data for the truncated diffuser, so the most representa-
tive CFD simulation is chosen based on extrapolation of the stall line from lower speed da-

ta.

Le A

(Station 28)

{  Pressure
! Measurements

Figure 3.1: Regions along diffuser forward wall where experimental and CFD calculated static
pressure distributions are interrogated for comparison.

It is clear that the CFD static pressure distributions do not exactly match the data. It is
also apparent that there are some differences between CFD and data in capturing the rela-
tive differences between the baseline and truncated diffusers. This is partially because
none of the CFD simulations are exactly run to the same operating points as the test. Sim-
ulations use deswirler exit static pressure as a boundary condition, which would have to be
tediously iterated upon to improve the match in impeller exit flow angle. Nevertheless,
these matches are deemed acceptable for considering the CFD operating points to be repre-
sentative of the experimental operating points. The operating point match will primarily be
used to determine the general existence and importance of various flow mechanisms, and
their variations between operating points. For comparing 1D performance results between
the CFD and experimental data, it is more useful to compare entire speed lines rather than

single points. This minimizes the importance of obtaining an exact operating point match.
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Figure 3.2: Static pressure recovery coefficient versus circumferential position at diffuser leading
edge and forward wall. Symbols and line styles denote diffuser configuration and data source, while
colors denote operating point (note: experimental points averaged from multiple tests). Inflow angle
influences circumferential gradient of pressure distribution. Pressure gradients exhibited by CFD
solutions sufficiently match experimental results, suggesting flow angles also match.
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Figure 3.3: Diffuser static pressure recovery coefficient versus throughflow position along diffuser
centerline at forward wall. Symbols and line styles denote diffuser configuration and data source,
while colors denote operating point (note: experimental points averaged from multiple tests). Inflow
angle influences amount of pressure rise occurring upstream of throat. Throat recoveries exhibited
by CFD solutions sufficiently match experimental results, suggesting flow angles also match.
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Figure 3.4 shows the 1D impeller exit flow angles calculated at each operating point for
both the experiment and CFD. The CFD flow angles come close to matching the experi-
mental estimates at the choke and peak efficiency points, and where mismatches exist they
can be explained by actual mismatches in operating point indicated by the static pressure
distribution shown in Figure 3.2 and Figure 3.3. Near stall, however, the match in average
flow angle is not as good as it appears to be based on Figure 3.2 and Figure 3.3. This may
be attributed to reduced off-design applicability of the simplifying assumptions of the exper-
imental impeller exit condition estimation, or of the CFD itself. Another possible explana-
tion is that this is due to a reduced sensitivity of the inlet static pressure distribution to
flow angle near stall as shown in Section 6.5 (throat blockage increases with flow angle to

negate the impact on diffuser inlet effective area ratio).

3 No measurement, but expect |
(@37) runc > (@37)8ase Gt 100S.
2 Az7 — (sz?)' =0 =
- For 100E Exp, Base
£, 3
:? m Exp, Base
5 0
T m CFD, Base
é': q M Exp, Trunc
® CFD, Trunc
-2
-3
100C 100E 100S 80C 80E 80S
Operating Point

Figure 3.4: 1D average impeller exit flow angles at major operating points (note: experimental
points averaged from multiple tests). CFD solutions sufficiently match experimental results, though
differences are present.

3.2 Overall Compressor Performance

Although this research primarily focuses on the detailed flow mechanisms in the diffuser, it
is important to understand the performance of the overall compressor for the following rea-
sons. First, compressor stability is not determined by the diffusion system alone but by the
combination of impeller and diffusion system performance characteristics. Second, deter-
mining the overall performance of the experimental compressor requires fewer assumptions

than determining the performance of the impeller and diffusion system individually. The
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latter requires that the impeller exit flow properties be estimated as discussed in Section
2.4.3.3.

Figure 3.5 shows the stagnation pressure ratio and polytropic efficiency maps for this
compressor as a function of compressor inlet corrected flow. Experimental and CFD results
are shown for both baseline and truncated diffuser configurations. Data points are color-
coded according to corrected speed, consistent with many other figures in this thesis. Be-
tween 80% Nc2s and 95% Nes, the experimental data shows that the compressor with the
truncated diffuser has an improved stability line over the baseline diffuser. While the
truncated diffuser configuration wasn’t throttled to stall at 100% Nczs, an estimate of the
100% Nces stall point is estimated by extrapolating the stability line improvement observed
between 80% Nco2s and 95% Nees. This estimate is necessary for selecting the CFD solution
that is representative of the 100S operating point for the truncated diffuser.

Relative to the experimental results, the CFD calculates a higher pressure ratio at con-
stant corrected flow, or higher corrected flow at constant pressure ratio. To help diagnose
this, the compressor work and pressure rise coefficients are plotted against impeller exit
flow coefficient in Figure 3.6. The CFD overestimates these characteristics as well. The
discrepancy between experimental and CFD calculated work coefficients must be due to a
discrepancy within the impeller or the mixing plane approximation; the diffusion system
does not influence work coefficient. This work coefficient discrepancy must contribute at
least partially to the pressure rise coefficient discrepancy.

The CFD also calculates a higher efficiency than the experiment, as shown in Figure
3.7. Along with the higher work coefficient, this contributes to the higher overall compres-
sor pressure rise coefficient. It is not possible to know whether CFD’s overestimation of ef-
ficiency is occurring in the impeller or the diffuser, but it is reasonable to infer that the im-
peller plays a role since an inaccuracy has already been identified with the work coefficient
calculation. As a check on the efficiency calculation, a second efficiency calculation is per-
formed using the compressor exit static pressures. This is insightful because the distribu-
tion of static pressure is more spatially uniform than stagnation pressure, removing the
sensitivity of the 1D average to the measurement locations. Furthermore, the compressor
exit static pressure is more representative of the compressor’s pressure rise after undergo-
ing a dump loss in the combustor plenum. Both efficiency definitions are shown in Figure

3.7. Clearly, both show similar trends and differences between the experiment and CFD.
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(b) Overall compressor polytropic efficiency versus inlet corrected mass flow.

Figure 3.5: Overall compressor performance versus inlet corrected mass flow. Symbols and line
styles denote diffuser configuration and data source, while colors denote rotor speed. Stability line of
truncated diffuser configuration is improved relative to baseline diffuser configuration. CFD
solutions overestimate pressure ratio and efficiency, but capture overarching trends.
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(b) Overall compressor pressure rise coefficient versus impeller exit flow coefficient.

Figure 3.6: Overall compressor performance versus impeller exit flow coefficient. Symbols and line
styles denote diffuser configuration and data source, while colors denote rotor speed. Stability line of
truncated diffuser configuration is improved relative to baseline diffuser configuration. CFD
solutions overestimate work coefficient and pressure rise coefficient, but capture overarching trends.
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Figure 3.7: Overall compressor polytropic efficiency versus impeller exit flow coefficient. Symbols
and line styles denote diffuser configuration and data source, while colors denote rotor speed.
Trends similar regardless of whether exit static or stagnation pressures are referenced.

solutions overestimate efficiency, but capture overarching trends.
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To examine these results in more detail, the work coefficients, pressure rise coefficients,
and polytropic efficiencies are plotted for 100% Nc2s and 80% Nc25 separately in Figure 3.8,
Figure 3.9, and Figure 3.10 respectively. The choke, peak efficiency, and near stall operat-
ing lines are highlighted along each speed line for the CFD results and the average of the
experimental results. The 1008 truncated diffuser CFD solution is selected to give a stabil-
ity line improvement over the 100S baseline diffuser CFD solution, where this improvement
is estimated by extrapolating lower speed experimental results as previously discussed.

Looking at the experimental results, the high speed stability line improvement is the
most apparent benefit of the truncated diffuser relative to the baseline diffuser configura-
tions. There is also an apparent polytropic efficiency benefit of approximately 0.5% for the
truncated diffuser. However, in Section 4.1 this is shown to partially be the result of an
impeller improvement hypothesized to be unrelated to the diffuser configuration. There are
also some notable differences between the 100% Nc2s and 80% Nce2s experimental results.
First, the compressor efficiencies are reduced at 80% Nces relative to 100% Nces. Second, the
throttle range is improved on the choke side for both diffuser configurations at 80% Nczs.
Meanwhile, on the stall side, the truncated diffuser stalls at roughly the same flow coeffi-
cient between 100% Nc2s and 80% Nce2s while the baseline diffuser stalls at a lower flow coef-
ficient at 80% Nc2s. As a result, the stability line difference observed at high speed between
the baseline and truncated diffuser configurations no longer exists at 80% Nc2s. The obser-
vation make the 100% Nc2s and 80% Neos speed lines good case studies for understanding
the compressor stall mechanisms.

The CFD solutions show some notable similarities and differences relative to the exper-
imental results. First, notice that stable CFD solutions are able to be found at higher throt-
tle points than those corresponding to the near stall experimental points. At 100% Neces,
these post-stall operating points are denoted 100S’, and they are examined in more detail to
understand what flow mechanisms are at play near stall. Regarding the work coefficients
shown in Figure 3.8, it is clear that the CFD shows no difference between diffuser configu-
rations, supporting the idea that altering the downstream side of the diffuser should not
influence the impeller performance characteristics. At 100% Nce2s, the CFD captures the
slope of the work coefficient speed line from choke to stall, while its 80% Nce5 characteristic

is slightly steeper than the experimental characteristic.
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Figure 3.8: Overall compressor work coefficient versus impeller exit flow coefficient. Symbols and
line styles denote diffuser configuration and data source, while colors denote operating point (note:
colored experimental points averaged from multiple tests). Experimental and CFD results indicate
no difference in characteristics between diffuser configurations. Characteristics also similar between
100% Nezs and 80% Neas.
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Figure 3.9: Overall compressor pressure rise coefficient versus impeller exit flow coefficient.
Symbols and line styles denote diffuser configuration and data source, while colors denote operating
point (note: colored experimental points averaged from multiple tests). Experimental results
indicate negligible benefit of truncated diffuser. Note piecewise appearance of CFD solutions.
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Figure 3.10: Overall compressor polytropic efficiency versus impeller exit flow coefficient. Symbols
and line styles denote diffuser configuration and data source, while colors denote operating point
(note: colored experimental points averaged from multiple tests). Experimental results indicate
slight benefit of truncated diffuser configuration. Note piecewise appearance of CFD solutions.
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Regarding the efficiencies shown in Figure 3.10, the CFD does well at capturing the
overarching efficiency trend from choke to stall at 100% Nces, and it does well at capturing
the reduction in efficiency at lower speed. However, CFD estimates that efficiency at 80%
Nezs continues to improve toward stall, whereas the experiment shows it falling off in the
middle of the operating range. Furthermore, the CFD efficiency trends from choke to stall
are not smooth as the experiment shows. Rather, they appear piecewise, with distinct re-
gions apparently exhibiting different characteristics. This piecewise appearance is especial-
ly true for the baseline diffuser configuration, though it is also true to a lesser degree for
the truncated diffuser. The result of this behavior is that the CFD calculates similar effi-
ciencies for the two diffuser configurations near choke and stall, but in the middle of the
operating range it calculates 1% lower efficiency for the baseline diffuser configuration.
The causes of these trends and their physical relevance must be addressed by examining

the impeller and diffuser in more detail.

3.3 Utility of CFD Solutions

It is clear that the CFD solutions do not exactly match the experimental data, which is ex-
pected to some degree due to approximations and assumptions of CFD simulations (e.g.
spatial discretization, geometry simplifications, boundary condition assumptions, flow mod-
eling simplifications, etc.). However, the CFD captures many of the same trends observed
in the data, and one would infer that the CFD solutions are nevertheless useful for identify-
ing the flow mechanisms driving these trends, especially in the diffuser. An assessment is
made here to show that CFD captures some of the most influential flow mechanisms ob-

served in the experiment, and to show that the computational grid is adequate.

3.3.1 Comparison of CFD Flow Field with Detailed
Experimental Measurements

To help assess the usefulness of the CFD results, the spatial distribution of stagnation
pressure near the diffuser throat and exit are compared with the experimental traverse
measurements. As you can see from the 100E operating point comparison in Figure 3.11,
Figure 3.12, and Figure 3.13, the experimental and CFD stagnation pressure distributions
match quite well. The strength and positions of the high and low loss flow are captured by

CFD for both baseline and truncated diffusers near the throat and exit traverse locations,
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keeping in mind the fact that the discrete measurement locations probably do not pick up
the exact centers of the jets. The CFD also captures the presence of diffuser passage pres-
sure side separations shown in Figure 3.14, which closely match the experimental PIV
measurements extensively documented by Zachau et. al. and Kunte et. al. [1] [2] [3] [4].
Similar comparisons are drawn between the CFD and experimental measurements at the
100C, 80E, and 80C operating points, giving confidence in the applicability of the CFD at
these points as well. Unfortunately, detailed experimental traverse or PIV measurements
are not taken near stall for comparison with CFD.
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Figure 3.11: Diffuser throat traverse plane (station Tm) stagnation pressure loss coefficient at 100E,
&1 = (Pecrmy — Pe)/(Pecrm) — Prmy)- Experimental and CFD results closely match.
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Figure 3.12: Baseline diffuser exit plane (station 29) stagnation pressure loss coefficient at 100E,
@29 = (Przo — Pr)/ (Peze — P29). Experimental and CFD results closely match.
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Figure 3.13: Truncated diffuser exit plane (station 29) stagnation pressure loss coefficient at 100E,
@29 = (Pizo — Pr)/(Pi2o — P29). Experimental and CFD results closely match.
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Figure 3.14: CFD calculated diffuser mid plane (Z2) stagnation pressure loss coefficient, velocity
vectors, and reversed flow regions at 100E. Known presence of flow reversal is captured by CFD.

3.3.2 Effect of Diffuser Grid

To ensure the computational grid is adequate, a 100% Nec2s speed line is simulated on the
baseline diffuser using the unstructured diffuser grid described in Section 2.5.1.4. This un-
structured grid is refined more than the structured grid around the diffuser leading edge.
The simulations are run with a range of compressor exit static pressure boundary condi-
tions, a subset of the conditions run with the structured diffuser grid.

The CFD calculated compressor work coefficients, pressure rise coefficients, and poly-
tropic efficiencies are shown in Figure 3.15, Figure 3.16, and Figure 3.17 respectively. The
work coefficients are identical between the two diffuser grids. The efficiency and pressure
rise coefficient are also similar between the two grids. Differences between the structured
and unstructured grid results are especially small in comparison to the larger difference
between the CFD and experimental results. The trends calculated from both grids are also
similar, including their piecewise appearance. Notice that two of the unstructured grid so-
lutions have oscillatory solutions as discussed in Section 2.5.1.2, though only one time-point
in the oscillations are shown. These oscillations are hypothesized to be due to the refined
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grid, which allows the CFD to resolve small scale flow mechanisms around the diffuser
leading edge which are inherently unsteady. This is discussed more in Sections 6.5.7 and
6.6.7. Fortunately, this does not seem to have a large effect on the CFD calculated trends;
more so, it affects the transition location between different regimes of steady state diffuser

operation.
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Figure 3.15: Overall compressor work coefficient versus impeller exit flow coefficient at 100% Neos.
CFD solutions similar for structured and unstructured grids.
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Figure 3.16: Overall compressor pressure rise coefficient versus impeller exit flow coefficient at
100% Nezs. CFD solutions similar for structured and unstructured grids.
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Figure 3.17: Overall compressor polytropic efficiency versus impeller exit flow coefficient at 100%
Nes. CFD solutions similar for structured and unstructured grids.
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Chapter 4 Impeller Performance Assessment

This research requires understanding the high-level impeller performance characteristics.
First, the utility of the CFD simulation and the methodology for estimating the experi-
mental impeller exit conditions must be assessed. Second, the impeller throttle character-
istics must be investigated to understand what limits the overall compressor stability. Al-
s0, it is necessary to assess whether the baseline and truncated diffuser configurations im-
pact the performance characteristics of the impeller. Lastly, characterizing the diffusion

system requires characterizing the impeller exit conditions over a range of operating points.

4.1 Impeller Performance

The impeller pressure rise coefficient and polytropic efficiency are shown in Figure 4.1 for
both baseline and truncated diffuser configurations at all speeds. The 100% Nc2s and 80%
Ne2s speed lines highlighting the choke, peak efficiency, near stall, and CFD post stall oper-
ating points are shown in Figure 4.2 and Figure 4.3. The impeller work coefficients are the
same as for the overall compressor, seen in Figure 3.6 and Figure 3.8.

The CFD calculates higher pressure rise coefficients and efficiencies than the experi-
mental data for the impeller just as it does for the overall compressor. However, recall that
there is an estimation procedure for determining the impeller exit stagnation pressure for
the experiments discussed in Section 2.4.3.3. This estimation utilizes an assumption that
the torque on the impeller shroud is twice the level measured from the 100E baseline dif-
fuser CFD solution. This actually reduces the experimental estimates for impeller efficien-
cy and pressure rise coefficient, increasing the mismatch between CFD and experimental
performance levels for the impeller. However, the impeller work coefficient, which is calcu-
lated from direct temperature measurements, is also overestimated by CFD solutions.
Therefore, it seems reasonable that the impeller pressure rise coefficients and efficiencies

calculated by the CFD would also not match experimental data.
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Figure 4.1: Impeller performance versus exit flow coefficient.

Symbols and line styles denote

diffuser configuration and data source, while colors denote rotor speed. CFD solutions overestimate

pressure rise coefficient and efficiency, but capture overarching trends.
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experimental points averaged from multiple tests). Experimental results indicate negligible benefit
of truncated diffuser configuration due to efficiency benefit, whereas CFD shows no impact of
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Figure 4.3: Impeller polytropic efficiency versus exit flow coefficient. Symbols and line styles denote
diffuser configuration and data source, while colors denote operating point (note: colored
experimental points averaged from multiple tests). Experimental results indicate slight benefit of
truncated diffuser configuration, whereas CFD shows no impact of diffuser configuration.
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Although the performance levels differ between the CFD and experimental data, trends
along speed lines and between speeds are in agreement. Note that the CFD calculated effi-
ciency and pressure rise coefficient characteristics are smooth across the throttle range.
This sugges’cs that the diffusion system is causing this piecewise appearance of these char-
acteristics observed for the overall compressor. It is also apparent that the large perfor-
mance falloff in compressor choke is not due to the impeller, indicating that the diffusion
system chokes first. Another observation worth noting is that the peak efficiency is in the
middle of the throttle range at 100% N5, but at 80% Nce2s the peak efficiency is near com-
pressor choke. This means that the efficiency falloff from choke to stall is greater at 80%
Nezs, and as a result, the pressure rise coefficient characteristic is not as steep at 80% Nces
as it is at 100% Nce2s. Although these efficiency trends are captured by the CFD, the CFD
still calculates a steeper pressure rise coefficient characteristic at 80% Nc2s due to a corre-
sponding mismatch in the slope of the work coefficient characteristic. The slope of the pres-
sure rise coefficient characteristic has implications for the overall compressor stability,
which is discussed in Chapter 7.

Like the work coefficients, the CFD calculated pressure rise coefficients and efficiencies
indicate that the diffuser configuration has no impact on the impeller performance. How-
ever, the experimental results show otherwise, indicating that the impeller efficiency is up
to 0.5% greater with the truncated diffuser than with the baseline diffuser, especially at
100% Nc2s. The impeller pressure rise coefficient is also higher with the truncated diffuser.
To verify that this is not the result of the assumptions of the impeller exit stagnation pres-
sure estimation, the impeller near-tip and diffuser leading edge static pressure measure-
ments (perm and pzs respectively) are substituted in place of the impeller exit stagnation
pressure in an efficiency calculation and plotted against compressor inlet corrected flow. As
one can see from Figure 4.4, these direct measurements also support the observation that
the impeller performs differently between the two diffusers. Note that these pressures are
actually averages of multiple circumferentially distributed pressure measurements, but the
individual measurements are also determined to differ between diffuser configurations.

The question is whether this change in impeller performance characteristics is actually
a result of the diffuser configuration impacting the impeller, or whether there is something
else that is altering the impeller performance between the baseline and truncated diffuser

tests. Any 1D impact of the diffuser truncation on the impeller throttling (e.g. diffuser pas-
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Figure 4.4: Impeller polytropic efficiency calculated from static pressure measurements versus inlet
corrected mass flow. Symbols and line denote diffuser configuration, while colors denote operating
point (note: colored points averaged from multiple tests). Confirms impeller performed better for
truncated diffuser experiments. :

sage loss or blockage) would only move the impeller operating point around on its map, but
would not alter its performance characteristics. Any impact of the diffuser truncation on
the spanwise static pressure distribution at the impeller-diffuser interface would be cap-
tured by the CFD simulation. Therefore, in order for the impeller performance change to be
caused by the diffuser configuration in a way that cannot be replicated in the CFD results,
the truncation would have to alter the unsteady interaction between the impeller and dif-
fuser. The possibility of this has yet to be investigated. However, it is the author’s hypoth-
esis that a more likely cause for the impeller performance change is that something else
about the test setup was altered when the rig was disassembled and reassembled to modify
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the diffuser. This process involved not only removing the diffuser, but also the impeller
shroud, inlet flowpath outer casing, and IGVs. This hypothesis is supported by the obser-
vation that the measured near-throat stagnation pressure distributions for the baseline and
truncated diffusers are slightly different, as shown in Figure 3.11. This includes differences
in the spanwise direction (Forward to Aftward), which should have been captured by the

CFD simulations if it were truly due to the diffuser truncation.

4.2 Impeller Performance Characterization

While the focus of this thesis is not on understanding the performance-limiting flow
mechanisms in the impeller, the impeller does impact the overall compressor stability. The
steeper the slope of the impeller pressure rise characteristic, the more it stabilizes the
operation of the overall compressor. As noted, the impeller pressure rise coefficient
characteristic is steeper at 100% Ncesc than at 80% Nees, which is driven by the different
slopes of the efficiency characteristics at those speeds.

The question, then, is why does the impeller peak efficiency move towards choke with
reduced speed? This can be answered by looking at how impeller efficiency changes with
respect to the impeller inlet relative flow angle as in Figure 4.5. There is a clear trend
which shows the impeller efficiency dropping off for inlet relative flow angles above or
below the 100E value, almost independent of compressor speed. This concept of an
incidence-dependent “loss bucket” is well established, and there are many detailed flow
mechanisms driving this trend. The point here is to understand that because the impeller
experiences a higher inlet relative flow angle at lower speeds, peak efficiency moves
towards compressor choke at these speeds and compressor stability is reduced. Also note
that for large impeller inlet relative flow angles (>5 deg above the 100E value), the slope of
this efficiency characteristic with respect to flow angle is approximately constant. This
means that the stability of the impeller is virtually unchanged between 50% Nc2s and 80%
N5 before improving between 80% Nces and 100% Nees.
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Figure 4.5: Impeller polytropic efficiency versus inlet relative flow angle. Symbols and line styles
denote diffuser configuration and data source, while colors denote rotor speed. Efficiency is strongly
a function of impeller incidence, such that efficiency generally decreases with reduced speed.
However, sensitivity of efficiency to incidence becomes constant for relative flow angles that are 5
deg or more above the design value.

4.3 Impeller Exit Conditions

For the purpose of characterizing the diffuser performance, the impeller exit conditions
must be understood in the diffuser’s stationary frame of reference. The diffuser inlet flow
angle has been established by Filipenco and Everitt to be the primary diffuser inlet condi-
tion driving its performance [9] [10]. There is nearly a one-to-one relationship between the
impeller exit flow coefficient and the absolute flow angle, as shown in Figure 4.6, but flow
angle will continue to be used when referring to the diffuser. Note that the CFD and exper-
imental relationships are shifted with respect to one another. This is a result of the differ-
ences in impeller work coefficient and efficiency that have already been established.

The impeller exit Mach number is shown in Figure 4.7. Because the impeller exit flow
coefficient is relatively small for this compressor, the tangential velocity is the primary ve-
locity component driving the Mach number. As a result, the impeller exit Mach number

depends only weakly on the impeller exit flow angle, but there is almost a one-to-one rela-
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Figure 4.7: Impeller exit Mach number versus flow angle. Symbols and line styles denote diffuser
configuration and data source, while colors denote rotor speed. Mach number primarily determined
by compressor corrected speed, with weak dependence on flow angle.
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tionship between Mach number and compressor speed. This means compressor speed can
be used as a surrogate for diffuser inlet Mach number going forward.

Again, the CFD and data do not match, with the CFD Mach numbers overestimating
the experimental Mach numbers. If Mach number is a major driver on diffuser perfor-
mance, a mismatch could mean that the CFD simulations are not representative of their
corresponding rig tests. However, flow angle does in fact match between the CFD and ex-
perimental data for a given operating point. Furthermore, the effect of Mach number is ra-
ther well-understood (see Sections 5.3, 6.5.6, and 6.6.5), so the impact of a mismatch can be
| accounted for.

In addition to looking at the impeller exit conditions in a 1D sense, it 1s important to
consider how the flow properties vary spatially. One specific category of flow nonuniformity
found at the impeller exit is secondary flows. The streamwise component of vorticity at the
impeller exit is shown in Figure 4.8 (note that this CFD calculated vorticity has the oppo-
site sign convention as the mirrored experimental rig). High streamwise vorticity is con-
centrated near the impeller hub and shroud. These secondary flows are later shown to in-
fluence the diffuser performance.

All forms of the impeller exit flow nonuniformity can be quantified together as the 1D
mass blockage shown in Figure 4.9. The true impeller exit blockages from the experiments
are not known, so the CFD calculated 100E blockage value is assumed for the experimental
impeller exit condition estimation procedure. This is a good assumption, as the CFD calcu-
lated blockages are shown to be nearly constant across the throttle range and between

speeds.
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Figure 4.9: Impeller exit mass blockage versus flow angle. Symbols and line styles denote diffuser
configuration and data source, while colors denote rotor speed. Blockage nearly constant across all
simulated flow angles and speeds.
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Chapter 5 Fundamental Diffuser Flow
Mechanisms and Effects

This chapter discusses the general effects of various flow mechanisms present in any dif-
fuser, and explains how they impact pressure recovery and loss. The concepts introduced

here are later applied when evaluating the diffusers of interest for this research.

5.1 1D Inviscid Incompressible Diffuser Model

A idealized model of a diffuser utilizes the assumptions of 1D inviscid incompressible uni-
form flow. Such a diffuser is illustrated in Figure 5.1. The density, mass flow, and stagna-
tion pressure are assumed equal between the inlet and exit, as indicated by Equation 5.1,
Equation 5.2, and Equation 5.3 respectively. These equations can be manipulated to derive
the uniform flow diffuser pressure recovery coefficient as a function of the diffuser’s area
ratio, Equation 5.4. This is plotted for a range of diffuser area ratios in Figure 5.2. Note

that at large area ratios, the marginal benefit of further increasing area ratio diminishes.
A;
A,

S v,
I d, P: ¢
Tt P1 l

Figure 5.1: 1D uniform flow in a conical diffuser.

pP=p1=p2 Equation 5.1
Thl = Th.z =¥ leAl = szAz Equation 5:2

1| 1 _
Pt1=Pr2—2P1t Epr =p, + EPVZZ Equation 5.3
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Figure 5.2: Static pressure recovery coefficient versus diffuser area ratio for 1D inviscid
incompressible flow. Pressure rise insensitive to area ratio at large area ratios.

5.2 Nonideal Effects

Real diffuser flow is not truly 1D or inviscid. In reality, the flow properties are nonuniform
and irreversible losses are incurred, reducing the static pressure rise of a diffuser relative
to ideal. For the diffusers of interest, velocity nonuniformities and viscous losses are of
primary concern. As we have already seen, the flow provided to the diffuser by the impeller
already has a nonuniform velocity distribution. This includes spatial nonuniformities in
both velocity magnitude and direction, with the latter characterizing the secondary flows.
As the flow moves through the diffuser, three mechanisms act to evolve the velocity nonuni-
formities: nonuniformity amplification via diffusion, streamline shear or mixing, and wall
friction.

First, as the static pressure changes throughout the diffuser, the velocity also adjusts in
accordance with the momentum conservation, given by Equation 5.5 for an inviscid stream-
line. Not surprisingly, this says that as pressure increases (dp > 0), velocity decreases
(dV < 0). More interestingly, however, it says that for the same static pressure change the

velocity reduction is greater along low velocity streamlines than along high velocity stream-
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lines. This means a diffusion process amplifies velocity nonuniformities, while an accelera-

tion process smooths out nonuniformities.

av_ 1
dp  pV

This effect of nonuniformity amplification is demonstrated by creating a simple inviscid

Equation 5.5

two stream model of a conical diffuser. Each stream follows Equation 5.4, with the con-
straints that the inlet and exit static pressures are equal between the two streams, and the
combined area ratio of the two streams is equal to 2. Because the two streams have differ-
ent inlet dynamic pressures, their pressure recovery coefficients and area ratios must differ.
These calculations are well-documented by Greitzer et. al. [17]. Example inlet and exit ve-
locity profiles are shown in Figure 5.3, demonstrating the amplification of nonuniformity
due to the diffusion process. In this example, the mass blockage increases from 0.10 to

0.50, and 1D shape factor increases from 1.4 to 6.6.
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Figure 5.3: Example inlet and exit velocity profiles (normalized by availability average inlet
velocity) associated with simulated two stream incompressible diffusion process. Diffuser is conical
with A;/A, = 2, and inlet conditions are B,,; = 0.10 and Hf = 1.4. Without mixing, exit flow is more
nonuniform than inlet, as demonstrated by increases in blockage and shape factor.

To show the impact of nonuniformity amplification on pressure rise, different levels of
mass blockage and shape factor are imposed at the inlet of this two stream inviscid diffuser
model. Each simulated inlet condition is plotted in Figure 5.4, while the resulting static
pressure recovery coefficients are shown in Figure 5.5 (black). Clearly the diffuser’s pres-
sure rise capability is significantly impaired by the presence of inlet nonuniformity, with

inlet shape factor being the primary driver over the blockage.
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Figure 5.4: Collection of nonuniform flow conditions imposed at inlet of two stream diffuser model to
study impacts of nonuniformity amplification and mixing on diffuser pressure recovery and loss.
Mass blockages based on availability average, and shape factors based on potential core average.

Nonuniformity amplification predominantly impacts the diffuser throughflow velocity
component. However, there is an interaction of the throughflow velocity with the secondary
flow field, as described by Greitzer et. al. [17]. As streamtube areas increase with increased
pressure, circulating secondary flows in the streamtubes decrease in velocity to preserve
angular momentum. Since the secondary flow field and associated streamline curvature is
enabled by static pressure gradients in the cross flow plane, the reduction in secondary
flows strength reduces this static pressure nonuniformity. This correspondingly impacts
the nonuniformity of the throughflow velocity component. This effect can be significant if
secondary flows are strong.

The second mechanism impacting the evolution of velocity nonuniformities throughout
the diffuser is viscous shear or “mixing” between adjacent streamlines. This mechanism
attenuates velocity nonuniformities, tending to make the flow more uniform, and locally
increasing the static pressure of the flow. These effects are demonstrated in Figure 5.3 and
Figure 5.5, which show the mixed out velocity profiles and pressure recovery coefficients of
the two stream diffuser model after completely mixing out nonuniformities. However, mix-

ing is also the mechanism by which losses are generated as the overall kinetic energy of the
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(a) Static pressure recovery coefficient versus inlet mass blockage.
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(b) Static pressure recovery coefficient versus inlet 1D shape factor.

Figure 5.5: Effect of flow nonuniformity on diffuser static pressure recovery coefficients with and
without mixing. Calculations performed using two stream diffuser model with 4,/4, = 2. Pressure
recovery is reduced with increased inlet nonuniformity and reduced mixing.
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flow is reduced irreversibly, shown in Figure 5.6 for the two stream diffuser model. This
effect reduces the maximum pressure rise potential of the flow. As one can see from the
strong dependency on blockage, the amount of pressure rise and loss incurred during mix-
ing is related to the amount of nonuniformity smoothing that takes place. One implication
of this is that rapidly mixing out nonuniformities near the diffuser inlet (blue) results in
lower loss generation and greater pressure recovery than if mixing is delayed until the dif-
fuser exit after nonuniformity amplification (red).

It should be noted that the rate at which a flow mixes depends on the arrangement of
high and low velocity regions of flow. Mixing will be enhanced with increased surface area
of the shear layer boundary between high and low velocity regions of flow. Secondary flows
impact the arrangement of these various flow regions in a manner which can either en-
hance mixing (stretching of shear layer) or diminish it (accumulation and isolation of low or
high velocity fluid).

The third mechanism impacting the flow nonuniformity is diffuser wall friction. This is
essentially a source for new velocity nonuniformity, extracting momentum from the flow at
a rate that is proportional to the wall-normal gradient of velocity at the wall. In the cross-
flow plane, the wall friction works with streamline shear to drive secondary flow velocities
uniformly toward zero. Conversely, in the throughflow direction, the velocity field can nev-
er be completely uniform, reducing the aforementioned benefit of rapid mixing. New nonu-
niformity generated at the wall is quickly converted to loss via the large shear stresses in
the boundary layer.

This scrubbing loss can be estimated using the boundary layer dissipation coefficient,
Cp. The benefit of this approach is that unlike the friction coefficient, the dissipation coeffi-
cient depends only weakly on the boundary layer shape or thickness, with typical values on
the order of 1.0x103 for turbulent boundary layers [17]. The relationship between the
boundary layer dissipation coefficient and the stagnation pressure loss coefficient is derived
by Greitzer et. al. for an incompressible, uniform density flow, given by Equation 5.6. In
this equation, L is the diffuser length, SA and C are the shear layer surface area and cir-
cumference respectively, and C,.; is a reference circumference, equal to SA/L. This says
that the loss coefficient is proportional to an average of the velocity cubed, weighted by the
shear layer surface area. Assuming the circumference of the shear layer is equal to the cir-

cumference of the effective area, Equation 5.6 is rewritten as Equation 5.7 for a diffuser
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(b) Stagnation pressure loss coefficient versus inlet 1D shape factor.

Figure 5.6: Effect of flow nonuniformity and associated mixing on diffuser stagnation pressure loss
coefficients. Calculations performed using two stream diffuser model with 4, /4, = 2. Loss increases
with increased inlet nonuniformity and delayed mixing.
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with a circular cross-section and arbitrary area distribution such as the diffuser illustrated
in Figure 5.7. This is further simplified for incompressible flows by Equation 5.8. One can
see that for a given effective area distribution, the loss scales with the diffuser path length,

L.
A2

Ccz

Figure 5.7: 1D representation of nonuniform flow in a conical diffuser showing effective area.
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For a conical diffuser with incompressible flow and thin boundary layer, the integral can

) Equation 5.6

be evaluated analytically, and the loss is given by Equation 5.9. This is plotted in Figure
5.8 for a range of diffuser area ratios. For a given nondimensional length and dissipation
coefficient, the stagnation pressure loss coefficient reduces with increased area ratio. This
is due to the reduction in the average velocity relative to the inlet velocity. Equation 5.9
and Figure 5.8 also show that for a diffuser of constant cone angle, the stagnation pressure
loss coefficient increases with area ratio (and length), scaling linearly with the uniform flow
static pressure recovery coefficient. Note, however, that the thin boundary layer approxi-

mation is not valid for large cone angles due to nonuniformity amplification.

L1-2) ( (A2/A1)* =1

3 B _ Cp _ 1 Equation 5.9
(UDuO(l—Z)‘_ Cp dy/2 (Az/Al)S/Z — (AZ/Al)Z) B tan(¢p/2) [1 (Az/Al)z] B
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Figure 5.8: 1D uniform flow stagnation pressure loss coefficient due to scrubbing losses versus
diffuser area ratio. At constant nondimensional length, increasing area ratio reduces scrubbing
losses due to average velocity reduction. At constant cone angle, increasing area ratio increases
scrubbing losses due to associated length increase. Assumes thin boundary layer; not valid for large
cone angles.

It should be noted that the explanations provided for these three diffuser flow mecha-
nisms above are intentionally simplified. Other forms of flow nonuniformity in the cross-
flow plane can impact the evolution of velocity nonuniformities throughout the diffuser as
well (e.g. density nonuniformities, or static pressure nonuniformity due to streamline cur-
vature). Unsteadiness is another manifestation of nonuniformity which is not addressed
here, but it should be noted that there are reversible mechanisms by which some unsteady
nonuniformities can be made uniform (e.g. diffusion of impeller blade wakes through diffus-
er). In addition, temperature nonuniformity and heat dissipation give rise to a second loss
generation mechanism, which may be non-negligible for other applications.

The static pressure recovery coefficient for an incompressible diffuser flow is re-written
in Equation 5.10 to account for these real effects. Nonuniformity is characterized by the
mass blockage, and loss is characterized by the stagnation pressure loss coefficient. Both of
these are calculated using a 1D averaging procedure such as the availability average dis-
cussed in Section 2.2. One can see that a loss in stagnation pressure corresponds directly to
a reduction in the static pressure recovery. The static pressure recovery is also reduced if

the diffuser’s 1D effective area ratio is less than its geometric area ratio, or if the diffuser
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exit blockage is greater than its inlet blockage. As discussed, this is true of most diffusion
processes due to nonuniformity amplification. However, with mixing it is possible for the
exit blockage to be reduced relative to the inlet, increasing the effective area ratio above the
geometric area ratio. In this way, a greater pressure recovery coefficient may be achieved
with nonuniform inflow than with uniform inflow. A classic example of this is a constant
area mixing process. This effect is also seen in Figure 5.5 for the two stream diffuser model
when inlet blockage and shape factor are low and mixing occurs at the diffuser inlet (blue).
An ideal pressure recovery coefficient is therefore best defined according to Equation 5.11,
which incorporates the inlet blockage, but assumes an isentropic diffusion process with zero
exit blockage. The ideal pressure recovery coefficient for the two stream diffuser model is

plotted in Figure 5.5 (green).

1
Chii-n=1—-w - .
p(1-2) (1-2) .
A,(1 - B,y) 2 Equation 5.10
A;(1 = Bmy)
2
giml)_ Equation 5.11

fra-ad =1 Ay

5.3 Effect of Compressibility

For the compressor being studied in this research, the impeller exit Mach number at the
100E operating point is subsonic, but high. Therefore, compressibility is important in the
diffuser. It has already been shown that the diffusion system chokes before the impeller,
which is one impact of compressibility. One can infer from quasi-1D compressible flow the-
ory that shocks must also form downstream of the diffuser throat when the diffuser back-
pressure is further reduced into deep choke. Of greater interest, however, is how compress-
ibility plays a role during normal subsonic diffuser operation between choke and stall.
Because density changes are inversely proportional to velocity changes in a compressi-
ble flow, one can infer from mass conservation that velocity changes in a 1D diffusion pro-
cess will be amplified by compressibility. Greitzer et. al. provide a table of influence coeffi-
cients, employing all the governing 1D compressible flow equations to relate changes in in-
dependent flow variables to changes in dependent variables [17]. The relation between
static pressure changes and 1D area changes is given by Equation 5.12. Normalizing
changes in static pressure by the dynamic pressure gives Equation 5.13, which represents

fractional changes in the pressure recovery coefficient for fractional changes in 1D area.
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This equation is plotted in Figure 5.9 for Mach numbers less than one. For Mach numbers
near unity, an incremental change in area results in a proportionally large static pressure
rise. For a diffusion process, this static pressure rise will also decrease the Mach number
such that the influence of compressibility is reduced throughout the length of the diffuser.
This means that proportionally speaking, the amount of static pressure recovered near the
inlet of a subsonic diffuser will increase with compressibility, and the amount of pressure
recovered toward the exit will decrease. This can be inferred from Figure 5.10. It also
means that the effect of compressibility is most apparent when the diffuser area ratio is
small. Conversely, for large diffuser area ratios, the ideal pressure recovery coefficient will
approach unity whether or not the flow is compressible (of course the absolute pressure rise

will still be larger for high Mach number flows due to greater inlet dynamic pressure).

2
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Figure 5.9: Sensitivity of pressure recovery coefficient changes to area changes versus Mach
number. Pressure changes are most sensitive to area changes at Mach numbers near unity.
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Figure 5.10: Static pressure recovery coefficient versus diffuser area ratio for 1D inviscid
compressible flow. Compressibility magnifies pressure recovery coefficient, especially for low area
ratios.

With the knowledge about the effect of compressibility on the static pressure distribu-
tion throughout a diffuser, one can infer what effects this has on the three nonideal effects:
nonuniformity amplification, mixing, and nonuniformity introduction via wall friction.
First, compressibility will further amplify nonuniformity in a diffusion process. This can be
illustrated by considering what would happen to a two stream compressible diffusion pro-
cess if the individual streamtube areas were held equal to what they would be in an incom-
pressible flow situation. In this case, the higher Mach number streamtube would increase
in pressure more rapidly than the lower Mach number streamtube. Therefore, the higher
Mach number streamtube must contract and the lower Mach number streamtube must ex-
pand in order to maintain a uniform static pressure across the diffuser. It was already
shown that the area ratio of the high velocity streamtube is lower than the low velocity
streamtube in the incompressible case, so compressibility only amplifies this effect. How-
ever, it is not a large effect. For the sample two stream diffusion case with inlet blockage of
0.10 and 1D shape factor of 1.4, increasing the availability averaged inlet Mach number
from O to 0.9 only increases the exit blockage and shape factor from 0.50 to 0.54 and from

6.6 to 6.9 respectively.
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Because nonuniformity is amplified by compressibility, it makes sense that loss due to
mixing should also be amplified. This will be true if the inlet nonuniformity is the domi-
nant source of nonuniformity in the diffusion process. However, the wall friction also acts
as a source of new nonuniformity. Since the wall-normal velocity gradient can be expected
to scale with the velocity itself, which is reduced more rapidly in compressible flow diffu-
sion, the wall friction has a smaller impact than the incompressible case. This can be in-
ferred from Equation 5.7, which shows the strong dependence of loss coefficient on velocity.
Although the derivation of this equation assumes constant density, it can be used to eluci-
date the effect of compressibility on loss. This is in contrast to Equation 5.8 and Equation
5.9, which use the additional assumption of constant density cubed. Assuming a conical
diffuser with inviscid uniform flow velocity distributions and a thin boundary layer, and
assuming compressibility does not impact the dissipation coefficient, the stagnation pres-
sure loss coefficient is calculated as a fraction of the equivalent loss coefficient in an incom-
pressible flow. This is plotted in Figure 5.11 over a range of Mach numbers. This demon-
strates that compressibility can significantly decrease the stagnation pressure loss coeffi-
cient in a diffusion process. Unlike the static pressure recovery coefficient, compressibility
impacts loss the most at large area ratios. This is because the loss is cumulative, or path-
dependent, so the benefit of reduced velocities experienced near the inlet translates to loss
reduction everywhere downstream as well.

Everitt found in his studies that diffuser performance was independent of compressibil-
ity when using the effectiveness as the performance measure, which he defined according to
Equation 5.14 [10]. However, the results of analyses presented here suggest that Everitt's
finding is not necessarily true of all diffusers. An example is a diffuser with large 1D geo-
metric area ratio and large exit blockage. Because Cpy,(1-2) is calculated using the large ge-
ometric area ratio, it is proportionally not as affected by compressibility as the recovery of
the true diffuser, which has the smaller effective area ratio. Fortunately, blockage itself is
not found to be significantly impacted by compressibility, so using the effective area ratio to
calculate Cpy(1-2) is a reasonable refinement to Everitt’s proposal if blockage is the primary
mechanism reducing the static pressure recovery. However, if loss also significantly reduc-
es the static pressure, then this modified effectiveness cannot accurately correct for com-
pressibility since the loss does not scale with C,,(;1-2). Correcting the loss requires an addi-

tional simplifying assumption about whether it is dominated by the wall friction or by mix-
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Figure 5.11: 1D uniform flow stagnation pressure loss coefficient due to scrubbing losses normalized
by equivalent incompressible loss versus diffuser area ratio. Compressibility reduces loss coefficient
in diffusion processes. Assumes thin boundary layer; not valid for large cone angles.

ing of bulk flow nonuniformities. If the scrubbing losses dominate, a compressibility correc-
tion can be performed if velocity distributions are assumed throughout the diffuser, both for
the compressible flow and the equivalent incompressible flow. These distributions must be
accurate, since the loss is highly sensitive to them.

By gy = M Equation 5.14
Cpu(l—z)

Attempts are not made in this thesis to correct performance metrics for compressibility.
Rather, the goal is simply show where and to what degree compressibility does have an ef-

fect on the diffuser flow and resulting performance metrics.

5.4 Summary of Fundamental Flow Mechanisms

This chapter discusses the general effects of various flow mechanisms present in any dif-
fuser, and quantifies them using 1D flow examples. The static pressure distribution is
largely determined by the area distribution. However, nonideal effects reduce the static
pressure relative to what is ideal. These effects include nonuniformity amplification (an

inviscid effect), as well as mixing and wall friction, viscous effects which also result in stag-
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nation pressure loss. While mixing does introduce loss, it is shown that a uniformly mixed
flow improves the static pressure rise over that of a nonuniform flow. Lastly, compressibil-
ity is shown to increase the ideal static pressure recovery coefficient in a diffusion process,
especially at low area ratios, while reducing the stagnation pressure loss coefficient, espe-

cially at large area ratios.
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Chapter 6 Diffusion System Performance
Assessment

The purpose of this chapter is to provide an understanding of how the diffusion system per-
formance affects the overall compressor performance. In general, the objective is to explain
why the diffusion system performs the way it does. Specifically, this involves addressing
what flow mechanisms drive diffusion system performance changes across a range of oper-
ating conditions, and why the baseline and truncated diffuser configurations perform dif-
ferently especially with respect to compressor stability.

The diffusion system consists of the diffuser and the deswirler, as shown in Figure 6.1.
To investigate the diffuser performance in more detail, it is further broken down into two
sub-components: the diffuser inlet and passage. The diffuser inlet is defined here to extend
from the impeller exit (station 27) to the diffuser throat (station T). This is the region
which is directly influenced by variations in the impeller exit flow angle. The diffuser pas-
sage is defined here to extend from the diffuser throat (station T) to the trailing edge of the
baseline diffuser (station 29). This is the region which differs geometrically between the
baseline and truncated diffusers.

Figure 6.1 illustrates the interactions between each of these diffusion system compo-
nents, and it demonstrates the approach for characterizing the diffusion system in this re-
search. Each box represents a boundary condition or performance metric, while the arrows
connecting the boxes represent the specific flow mechanisms that cause the interaction.
The idea behind this framework is that each component can be characterized by under-
standing the driving flow mechanisms within that component and how they relate the most
influential inlet conditions to the exit conditions and performance metrics. To characterize
the diffuser inlet for example, the impeller exit flow angle, Mach number, and flow nonuni-
formities are cast in terms of their effects on the inlet 1D area ratio, path length, incidence,

compressibility, shocks, blockage, and mixing. These mechanisms are then used to charac-
137



Diffuser Passage

B

Impeller Exit Nonuniformities Impeller Exit « Impeller Exit M

Unsteadiness, Diffuser Area Ratio & Compressibility &
Secondary Blockage, & Mixing Incidence Path Length Shocks

Flows
Inlet at Throat M
——> 1 e '

Compressibility
& Shocks

Flow per
Unit Area

Throat Secondary Flows

Mixing or
Separation Accumulation

side ] of Weak Flow Weak Endwall Flow

Psg Exit B,,,
Psg Cy Diffusion System

Weak Endwall & Wake Flow @, €, & Stability
2 Considerations

DswExit B
; DswrlC, &

Passage Exit Deviation

Area Ratio, Path
Length, & Incidence

Figure 6.1: Modular perspective of diffusion system performance illustrating most influential
boundary conditions (boxes), performance metrics (boxes), and flow mechanisms (arrows). Each
component’s performance metrics and exit conditions can be characterized in terms of inlet
conditions by understanding influential flow mechanisms. System performance metrics may be
understood by linking components together.

terize the diffuser inlet loss and pressure recovery trends, and to describe the effects on the
secondary flows, blockage, and Mach number at the diffuser throat. It should be noted that
the effect of unsteadiness, while noted in Figure 6.1 as a potentially influential flow mecha-
nism, is not investigated in this research since its influence is hypothesized to be limited as
explained in Sections 1.3 and 2.5.1.2. Furthermore, only those mechanisms relating to the
performance of the diffuser inlet and passage are investigated in this thesis, while the
deswirler is not investigated. This is because the deswirler is shown in Section 6.1 to play a
relatively small role in the overall diffuser system performance.

It might seem unusual that this chain of causality includes no mention of diffusion sys-
tem geometry, or of the three fundamental mechanisms influencing diffuser flow nonuni-
formity and loss discussed in Section 5.2. Diffusion system geometry is not included as a
flow mechanism because it is not one. Rather, it influences each mechanism (e.g. the dif-

fuser leading edge geometry influences the secondary flows, where the secondary flows are
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the actual mechanisms). If the individual mechanisms are understood, then the impact of
geometry on the mechanisms will also be understood. As for the three noted nonuniformity
and loss mechanisms (nonuniformity amplification, streamline shear or mixing, and nonu-
niformity introduction via wall friction), these are not mentioned because they are under-
stood to be the fundamental sub-mechanisms through which inefficiencies are incurred.
However, they are influenced by the other mechanisms listed. Understanding these inter-
actions will result in an understanding of why the compressor performance changes with

operating point and diffusion system geometry.

6.1 Diffusion System and Diffuser Performance

To investigate what drives the performance of the diffusion system, this research focuses
primarily on the diffuser as opposed to the deswirler. This is because the deswirler con-
tributes less much less to the compressor performance than the diffuser. Figure 6.2 shows
that 95% of the overall diffusion system’s static pressure rise occurs in the diffuser, leaving
only 5% for the deswirler. The diffuser also incurs 75%-85% of the diffusion system’s stag-
nation pressure loss. Therefore, most of the performance-limiting mechanisms driving the
performance trends for this diffusion system are present in the diffuser. Furthermore, fo-
cusing on the diffuser offers a large potential for future design improvement. Previous
work at RWTH Aachen University has already identified a large separation in the baseline
diffuser, as well as strong secondary flows introduced in the diffuser inlet [1] [2] [3] [4] [18].
It is hypothesized that an improved understanding of the causes and impacts of these
mechanisms and others will provide some insights that could be leveraged in future de-
signs.

This is not to say that the deswirler performance is not worth considering. In fact, be-
cause it generates 15%-25% of the overall diffusion system’s stagnation pressure loss with
only 5% of the static pressure rise, it makes sense that greater physical understanding of
the deswirler will yield opportunities for improvement. For the truncated diffuser experi-
ments in particular, the diffuser exit flow angle and deswirler leading edge incidence are
increased above the deswirler’s design intent. Experiments conducted at RWTH Aachen
University matching new deswirlers with the truncated diffuser have in fact shown im-

provements [4]. That said, this research focuses on the diffuser for the reasons noted.
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Figure 6.2: Fraction of diffusion system performance attributable to diffuser. Because most of the
diffusion system performance is attributable to the diffuser, this research will not investigate details
of the deswirler.

Upon performing this same analysis for the diffuser inlet and passage, it is clear that
both sub-components are important for explaining the diffuser performance. This is seen in
Figure 6.3. Approximately half of the diffuser’s stagnation pressure loss is incurred in the
inlet. Similarly, the inlet contributes up to 60% of the diffuser’s static pressure rise near
stall, while reducing it significantly for the 80C operating point. Unlike the deswirler, nei-

ther the diffuser inlet nor the passage can be ignored in this research.
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Figure 6.3: Fraction of diffuser performance attributable to inlet. Because both diffuser inlet and
passage contribute significantly to diffuser performance, both are investigated further in this
research.

The static pressure recovery coefficients for the overall diffusion system and the diffuser
by itself, including both baseline and truncated diffuser configurations, are shown in Figure
6.4. Because the deswirler contributes little to the pressure rise of the diffusion system, the
diffuser and diffusion system pressure recovery trends are the same. The same is nearly
true of the stagnation pressure loss coefficients shown in Figure 6.5, though there are some
small differences. Recall that diffuser exit stagnation pressure is only measured at the

80C, 80K, 90C, 90E, 100C, and 100E operating points.
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Figure 6.4: Static pressure recovery coefficient versus impeller exit flow angle. Symbols and line
styles denote diffuser configuration and data source, while colors denote rotor speed. Diffusion
system and diffuser trends comparable. Overarching positive correlation between flow angle and
pressure recovery coefficient. Pressure recovery most sensitive to flow angle and speed at low flow

angles. Acceptable agreement between experimental and CFD trends.
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Figure 6.5: Stagnation pressure loss coefficient versus impeller exit flow angle. Symbols and line
styles denote diffuser configuration and data source, while colors denote rotor speed. Diffusion
system and diffuser trends comparable. Minimum loss near design flow angle, with increased loss
off-design. Pressure recovery most sensitive to flow angle and speed at low flow angles. Acceptable
agreement between experimental and CFD trends.
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Consistent with Filipenco’s finding, the experimental data shows the diffuser pressure
recovery characteristic having an increasing trend with respect to diffuser inlet flow angle.
This trend has two segments. At low flow angles, the pressure recovery is lowest and de-
creases rapidly with reduced flow angle, reaching a minimum flow angle when the diffuser
chokes. This drop-off effect is observed at lower flow angles when the compressor speed is
also low than when the compressor speed is high. At higher flow angles between choke and
stall, the compressor pressure recovery increases more gradually with respect to flow angle.
Also consistent with Filipenco’s finding, the level and slope of the pressure recovery charac-
teristic at high flow angles is largely independent of compressor speed, with the exception
of the 50% Nc2s experiments where a reduction in pressure recovery is observed. It should
be noted that the positive correlation between diffuser inlet flow angle and static pressure
rise contributes beneficially to the overall compressor stability, as discussed in Chapter 7.

The CFD solutions show diffuser performance levels that are consistent with the exper-
imental results (within 5% for static pressure recovery coefficient, and within 10% for stag-
nation pressure loss coefficient). However, recall that there is an estimation procedure for
determining the impeller exit stagnation pressure for the experiments discussed in Section
2.4.3.3. This estimation utilizes an assumption that the torque on the impeller shroud is
twice the level measured from the 100E baseline diffuser CFD solution. This assumption
essentially places the discrepancy between experimental and CFD compressor performance
levels on the impeller, while improving the match between experimental and CFD results
for the diffuser. As discussed in Section 4.1, this assumption is believed to be reasonable
since there is already a known mismatch between the experimental and CFD calculated
impeller work coefficients, and because instrumentation is present on the experimental im-
peller shroud. However, other assumptions could also be reasonably made to estimate the
impeller exit conditions, which would alter the match between experimental and CFD cal-
culated performance levels in the diffuser. That said, what matters most for this research
is that the CFD solutions capture experimental performance trends with respect to operat-
ing point and diffuser configuration, regardless of whether pressure and loss coefficient
magnitudes are also captured.

To investigate the diffuser static pressure recovery and stagnation pressure loss trends
in more detail, the 100% Necz5 and 80% Nczs speed lines are shown in Figure 6.6 and Figure

6.7 highlighting the choke, peak efficiency, near stall, and CFD post stall operating points.
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The CFD solutions do in fact show that the overarching performance trends are consistent
with the experimental results; namely, the generally positive correlation between flow an-
gle and pressure recovery coefficient. However, there is a piecewise appearance to the CFD
trends not seen in the experimental results, such that the CFD pressure recovery charac-
teristic varies along the speed line. This gives rise to the piecewise appearance of the over-
all compressor CFD performance trends discussed in Section 3.2. Three different regimes
of behavior—regions 1, 2, and 3—are identified and denoted in Figure 6.6. These regions
will be referenced throughout the remainder of this thesis.

Figure 6.6 and Figure 6.7 also demonstrate that according to the experimental data,
there is negligible difference between the static pressure rise and stagnation pressure loss
of the baseline and truncated diffusers. However, the CFD shows the stagnation pressure
loss of the baseline diffuser being lower than the truncated diffuser at some operating con-
ditions. Also, the piecewise appearance of the CFD calculated pressure recovery trend is
much more pronounced for the baseline diffuser than for the truncated diffuser, such that
the baseline diffuser static pressure recovery is higher than the truncated diffuser at some
flow angles, and lower at others. In addition, the fact that the CFD calculates different
slopes for the baseline and truncated diffuser pressure rise characteristics has implications
for compressor stability.

The causes of the diffuser performance trends and the physical relevance of the piece-
wise appearance of the CFD solution must be addressed by examining the diffuser in more
detail. This will be done for the diffuser as a whole, as well as for the diffuser inlet and

passage separately.
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Figure 6.6: Diffuser static pressure recovery coefficient versus impeller exit flow angle. Symbols and
line styles denote diffuser configuration and data source, while colors denote operating point (note:
colored experimental points averaged from multiple tests). Experimental data indicates no
difference between diffuser configurations, while CFD indicates differences which vary between
operating points. Note piecewise appearance of CFD trend (regimes of behavior denoted 1, 2, and 3).
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Figure 6.7: Diffuser stagnation pressure loss coefficient versus impeller exit flow angle. Symbols
and line styles denote diffuser configuration and data source, while colors denote operating point
(note: colored experimental points averaged from multiple tests). Experimental data indicates no
difference between baseline and truncated diffuser pressure recovery coefficients, while CFD
indicates truncated diffuser loss is lower than baseline.
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6.2 Identification of Diffuser Flow Mechanisms

Some of the specific loss and blockage mechanisms in the diffuser can be seen by looking at
the distributions of stagnation pressure loss coefficient and entropy generation rate calcu-
lated by the CFD simulations. These are shown for the baseline diffuser in Figure 6.8 and
Figure 6.10, and for the truncated diffuser in Figure 6.9 and Figure 6.11 (notice that the
entropy generation rate is color-coded using a logarithmic scale). The passage separations
mentioned in Sections 1.3 and 3.3.1 are clearly visible, characterized by large areas high
loss coefficient and reversed flow (V, < 0). High loss fluid is also observed in the attached
boundary layers, and on the downstream side of the trailing edge. Each of these mecha-
nisms contributes to the flow blockage, and each forms a corresponding shear layer between
the high loss region and the low loss jet. These shear layers may be identified by their high
entropy generation rates. For the separation regions in particular, the corresponding shear
layer is located away from the wall. Other less influential loss mechanisms that can be
seen in these figures are shocks, occurring near choke or at low flow angles, and flow shear
around the diffuser leading edge due to the presence of high velocity gradients.

There is a clear progression in the intensity of these various mechanisms as the com-
pressor is throttled from choke to stall, or between low and high impeller exit flow angle.
Conversely, between 100% Necs and 80% Nes the flow mechanisms appear similar. Note
that due to the lower impeller exit Mach number at 80% Nc2s, a lower flow angle is achieved
before the diffuser chokes and before shocks develop (to compare 100% Nczs and 80% Neos
CFD solutions at the same flow angle, compare 100C with 80E).

Comparing the baseline and truncated diffusers, we see distinctly significant differences
between the influential flow mechanisms. For the baseline diffuser, the majority of the loss
is generated in the shear layer between the region of reversed flow and the main jet. The
flow also exits the diffuser with a low level of swirl, but with a high level of nonuniformity.
For the truncated diffuser, the region of weak flow is still large enough to generate signifi-
cant losses in the shear layer, but because the separation is smaller these losses are lower
than for the baseline diffuser. However, the truncated diffuser generates more loss than
the baseline diffuser in the shear layer between the jet and the weak trailing edge flow.
The extended vanless space allows the nonuniformities to mostly mix out by the diffuser

exit, but the exit flow angle is higher.
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Figure 6.8: CFD calculated distributions of stagnation pressure loss coefficient (left) and entropy
generation rate (right) at 100% Nes for baseline diffuser. Notable flow mechanisms indicated. Note

nonlinear color scale on entropy generation rate.
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Figure 6.9: CFD calculated distributions of stagnation pressure loss coefficient (left) and entropy

generation rate (right) at 100% Nes for truncated diffuser. Notable flow mechanisms indicated.
Note nonlinear color scale on entropy generation rate.
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Figure 6.10: CFD calculated distributions of stagnation pressure loss coefficient (left) and entropy
generation rate (right) at 80% Nees for baseline diffuser. Notable flow mechanisms indicated. Note
nonlinear color scale on entropy generation rate.
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Figure 6.11: CFD calculated distributions of stagnation pressure loss coefficient (leff) and entropy
generation rate (right) at 80% Nes for truncate diffuser. Notable flow mechanisms indicated. Note
nonlinear color scale on entropy generation rate.

The various flow mechanisms, most notably the separation, switch location between the

diffuser pressure side and suction side as the compressor is throttled. For the baseline dif-

fuser, the CFD solution shows the switch in separation side occurring just after stall. This

is seen by comparing the baseline diffuser 100S and 100S’ CFD solutions. For the truncat-

ed diffuser at 100% Nes, the switch in separation side occurs before stall such that stable

operation with a suction side separation is possible. This is seen by comparing the truncat-
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ed diffuser 100E and 100S CFD solutions. At 80% Nc2s, CFD simulations shows the separa-
tion side switching for both baseline and truncated diffusers when throttled slightly past
stall, but solution convergence is not able to be achieved for either configuration. This
switch in separation side corresponds to a sudden change in slope of the diffuser’s CFD cal-
culated pressure recovery characteristic, as shown in Figure 6.6 between regions 2 and 3.
For this reason, this switch in separation side is hypothesized to impact the stability of the
true compressor, as explained in Chapter 7. It certainly impacts the stability of the simu-
lated CFD compressor, explaining why CFD convergence is difficult to achieve with a suc-
tion side diffuser separation. Notably, because the baseline diffuser’s separation is larger
than the truncated diffuser’s, this effect is more pronounced for the baseline diffuser.

If one looks closely, it is apparent that the size of the separation does not vary smoothly
with flow angle. The region of reversed flow on the diffuser pressure side is actually great-
er near the design flow angle (e.g. 100E or 80S) than it is at flow angles lower by only 1-2
deg (e.g. 100C or 80C/E). The CFD solutions “jump” between these two separation regimes,
corresponding to the piecewise shift in the diffuser’s CFD calculated pressure recovery
characteristic, as shown in Figure 6.6 between regions 1 and 2. Also characterizing this
jump is the amount of loss generated immediately downstream of diffuser leading edge on
the separation side. Again, because the baseline diffuser’s separation is larger than the

truncated diffuser’s, this effect is more pronounced for the baseline diffuser.

6.3 Evolution of 1D Flow Conditions along Diffuser

To simplify our understanding of these various mechanisms, 1D averages of flow variables
are calculated from the CFD solutions at various cut planes along the diffuser length. As a
reminder, these cut planes are shown in Figure 2.18. Figure 6.12 shows the diffuser static
pressure recovery coefficient along the diffuser length. As has already been demonstrated,
the amount of pressure rise occurring in the diffuser inlet varies significantly with operat-
ing point, but the overall diffuser pressure rise does not vary as drastically due to the large
overall 1D area ratio. Towards the diffuser exit, the diffuser becomes less effective as the
pressure rise coefficient levels off with length. Meanwhile, the stagnation pressure loss co-
efficient increases steadily throughout the entire diffuser, as shown in Figure 6.13. There
is also a significant amount of loss incurred between the impeller exit and the mixing plane
exit due to the impeller exit nonuniformity.

153



1r
Base|
e |
05+
s
S :
§ Mixing
O Plane
&
O
Near Choke (C)
Peak Efficiency (E)
Near Stall (S)
Post Stall(S')
——— Base
i : ‘ : == == Trunc ‘
05 i i i i i i il i
-6 -4 -2 0 2 4 6 8 10 12
s/L”
(a) 100% Ncgs.
1 A VXA 4 K8 Ep LSRN R et AA A
I
05
>
” :
§ [Mixing i Outer
O Plane || Bleed
=
g
()
Near Choke (C)
Peak Efficiency (E)
Near Stall (S)
Base
- ===~ Trunc
0. i il j
526 8 10 12

(b) 80% Neas.

Figure 6.12: CFD calculated 1D static pressure recovery coefficient throughout diffuser. Line styles
denote diffuser configuration, while colors denote operating point. Baseline and truncated diffusers
are indistinguishable. Large variations between inlet and passage pressure recovery with operating
point. Portion of diffuser downstream of truncated diffuser trailing edge is ineffective for both
diffuser configurations.
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Figure 6.13: CFD calculated 1D stagnation pressure loss coefficient throughout diffuser. Line styles
denote diffuser configuration, while colors denote operating point. Baseline and truncated diffusers
Loss increases steadily throughout diffuser, especially for off-design flow



Referring to Figure 6.12 and Figure 6.13, it is not appropriate to compare the baseline
and truncated diffusers performance levels too closely due to differences in averaging
planes, imperfect matching of operating conditions, and the previously noted shortfalls of
the CFD solutions with respect to the experimental data. However, despite the large differ-
ences in their 1D area distributions, the pressure rise and loss trends observed near the dif-
fuser exit are generally similar between the two configurations. To understand this better,
Figure 6.14 and Figure 6.15 show the 1D aerodynamic mass blockage and shape factor re-
spectively throughout the diffuser. These indicate that the baseline diffuser exit blockage is
larger than it is for the truncated diffuser, compensating for the differences in exit area.
This is the result of the large separation pointed out previously in the mid-passage contour
plots and indicated by the high shape factor. A shape factor of H > 4 is a typical separation
criteria for turbulent boundary layers, though this criteria is high for this 1D shape factor
since the separation is only localized to portions of the averaging plane perimeter.

The baseline and truncated diffusers exhibit similar blockage and shape factor trends
throughout the inlet region. First, due to mixing, the flow becomes more uniform between
the impeller exit and the mixing plane exit. Then, it increases abruptly across the bleed
slot as the flowpath width changes discontinuously, indicating the presence of flow reversal
on the forward and aftward endwalls near the inlet to the bleed slots. Throughout the re-
mainder of the inlet to the throat, the blockage and shape factor generally decrease. How-
ever, the nonuniformity does increase around the diffuser cusps and leading edge for flow
angles higher and lower than the design point. In the semi-vaneless space between the
leading edge and the throat, the rate at which the blockage decreases is inversely related to
the amount of static pressure rise occurring over the same region.

In the diffuser passage, the blockage and shape factor trends differ between the baseline
and truncated diffusers. For the baseline diffuser, they increase between the throat and
exit as the nonuniformity grows. There is also a small increase in the nonuniformity as the
flow passes over the trailing edge and the solid blockage becomes aero blockage, but this is
negligible. For the truncated diffuser, the blockage and shape factor increase through the
passage, but decrease beginning just upstream of the trailing edge. As the flow passes over
the truncated diffuser’s thick trailing edge, the aerodynamic blockage and shape factor in-
crease such that they are momentarily larger than those of the baseline diffuser. However,

they decrease again as the flow mixes throughout the vaneless space to the diffuser exit.
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Figure 6.14: CFD calculated 1D aerodynamic mass blockage throughout diffuser. Line styles denote
diffuser configuration, while colors denote operating point. Baseline and truncated diffusers are
indistinguishable until near truncated diffuser trailing edge. Large blockage present at impeller-
diffuser interface due to discontinuous passage width, but decreases throughout inlet even for
diffusing flows. Leading edge blockage is dependent on operating point. Greatest blockage is at
diffuser exit for baseline diffuser, and at trailing edge for truncated diffuser. Truncated diffuser
blockage reduces downstream of trailing edge due to mixing.
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6.4 Evaluation of Nonideal Effects

As discussed in Section 1.3, one way to gauge the optimality of a diffuser design is to spot it
on a diffuser design chart, relating simple geometric parameters to 1D performance param-
eters. Sovran and Klomp showed that for a diffuser to achieve the greatest possible pres-
sure rise, it must have a specific 1D area ratio that depends only on its length normalized
by its inlet height. This relationship is independent of diffuser inlet blockage and diffuser
configuration, whether 2D, conical, or annular [7]. The particular diffusers being studied in
the present work do fall close to this line, as shown by Wilkosz, making them good choices
for further study [18].

To estimate the hypothetical performance level of the diffusers of interest with their
particular inlet conditions, performance data generated by Cockrell and Markland is uti-
lized. This is shown in Figure 6.16, where loss coefficient is defined by Cockrell and Mark-
land to be equal to one minus the diffuser effectiveness, C,/Cp, [5]. While this data was
generated on conical diffusers, our diffusers have similar lengthwise 1D area distributions
as a conical design making the conical diffuser a good comparison. The diffuser cone angle,
¢, can be estimated by considering equivalent conical diffusers with the same 1D area rati-
os and lengths of the diffusers of interest. To estimate the inlet momentum thickness, the
CFD calculated momentum blockage is used, such that 6,/d; = Bp;/4. Applying all of these
approximations, the loss coefficient given by Figure 6.16 for an equivalent conical diffuser is
found to be 15% higher than the experimentally measured loss coefficient for the baseline
diffuser at the 100E operating point. This is at least partially the result of compressibility
increasing the pressure rise potential of our diffusers relative to Cockrell and Markland’s
incompressible experiments. This effect is described in Sections 5.3, 6.5.6, and 6.6.5.
Whether there are actual advantages or disadvantages of these diffuser designs relative to
others of similar inlet Mach number will not directly be addressed. Rather, the focus will
be on explaining the performance drivers of these diffusers in themselves, and generalizing

where possible.
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Figure 6.16: Measurements of conical diffuser loss coefficients, defined as A = 1 — (Cp/Cpu), versus
inlet boundary layer momentum thickness, showing effects of area ratio and cone angle [5].

To weigh the relative detrimental influences of diffuser exit nonuniformity and loss on
the static pressure rise of the diffuser, the 1D diffuser exit conditions are calculated from
the CFD results using three different assumptions, plotted in Figure 6.17. The first set, of
course representing the actual diffuser exit conditions, is the availability average (black).
The second set, representing the ideal diffuser exit conditions, is calculated from the impel-
ler exit availability averaged stagnation pressure and stagnation pressure, as well as the
diffuser exit momentum averaged flow angle and mass flow rate per unit area (green). The
third set of exit conditions is calculated in the same way as the second but uses the diffuser

exit 1D effective area, which includes the exit blockage (blue).
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Figure 6.17: Relative influence of nonideal effects on diffuser pressure rise versus impeller exit flow
angle, based on CFD solutions. Symbols denote compressor speed, line styles denote use of static
pressures (incomplete diffusion constrained by true geometry) or stagnation pressures (full
diffusion), colors denote different nonideal effects. Results normalized between true pressure rise (0)
and ideal full diffusion pressure rise (1). Loss is primary source of inefficiency for both
configurations, followed by blockage for baseline diffuser and limited 1D area ratio for truncated
diffuser.
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The pressures plotted in Figure 6.17 are normalized such that the actual diffuser exit
static pressure corresponds to zero and the ideal diffuser exit stagnation pressure corre-
sponds to one. As one can see, the gap between these two is created by the diffuser loss, the
diffuser exit blockage, and incomplete diffusion due to the diffuser’s finite 1D area ratio.
The diffuser loss makes up the largest contributor to the deficit for both baseline and trun-
cated diffusers. The difference between the two diffusers is due to the remaining two ef-
fects, which can be summarized as a limitation in the diffuser effective area ratio. For the
baseline diffuser, this limitation primarily comes about due to the large exit blockage. For
the truncated diffuser on the other hand, it comes about primarily due to the lower 1D area
ratio, or high exit flow angle. At 80% Nce25, the impact of loss is reduced relative to 100%
Nezs, and the impact of blockage is increased. There is also some dependence on inlet flow
angle, most notably for the baseline diffuser which experiences increased inefficiency due to
blockage in the middle of the operating range.

Splitting the diffuser inefficiencies into blockage and loss aids in conceptually under-
standing what limits the diffuser static pressure rise. However, it has been demonstrated
that the two are related; nonuniformity can only be reduced via a mixing process, which in-
evitably results in increased loss. Therefore, these two nonideal effects should not be
thought of as independent mechanisms, but rather the mixed out average can be used to
combine them into a single measured impact on the static pressure recovery. By defining
new hypothetical diffusion processes using the mixed out average, one can break the diffus-
er inefficiencies into components that are less dependent on each other.

First, one can define a process where the nonuniform diffuser inflow mixes instantane-
ously and diffuses isentropically through the remainder of the diffuser. This process results
in the diffuser’s maximum attainable static pressure rise and the associated stagnation
pressure loss given the nonuniform inlet conditions. The resulting diffuser exit static and
stagnation pressures are shown in Figure 6.18 (blue). This pressure rise is less than the
ideal pressure rise (green), with the difference between the two representing opportunity
that is actually not available to the diffuser. Rather, this source of inefficiency should be
attributed to the impeller exit nonuniformity.

The mixed out average can also be applied to the diffuser exit (red). Because mixing in-
creases static pressure of the flow, the diffuser exit nonuniformity represents a pressure

rise potential that could be realized with additional downstream mixing. This additional
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Figure 6.18: Relative influence of nonideal effects on diffuser pressure rise versus impeller exit flow
angle, based on CFD solutions. Symbols denote compressor speed, line styles denote use of static
pressures (incomplete diffusion constrained by true geometry) or stagnation pressures (full
diffusion), and colors denote different nonideal effects. Results normalized between true pressure
rise (0) and ideal full diffusion pressure rise (1). Lost pressure rise opportunity is greater for
baseline diffuser than truncated diffuser, while truncated diffuser offers greater unrealized pressure

rise opportunity for deswirler.
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pressure rise potential and associated stagnation pressure loss can be credited to the dif-
fuser. Whether this pressure rise is actually achieved depends on the efficiency of the
deswirler, not the diffuser.

The amount by which the diffuser exit mixed out static pressure (red) is lower than the
maximum attainable static pressure (blue) represents actual inefficiencies due to the dif-
fuser. These inefficiencies can only come from two sources: delayed mixing (i.e. mixing oc-
curring after diffusion has already amplified nonuniformities), and wall friction. The im-
pacts of nonuniform inlet flow and incomplete mixing are excluded from this comparison,
removing the dependency of diffuser pressure rise on the upstream and downstream com-
ponents.

Curves based on static pressures and stagnation pressures are both shown in Figure
6.18, representing diffusion processes that are respectively limited and not limited by the
diffuser’s true 1D area ratio. Again, pressures are normalized such that the actual diffuser
exit static pressure (black) corresponds to zero in this figure and the ideal diffuser exit
stagnation pressure (green) corresponds to one.

There are a number of observations that can be made from Figure 6.18 about the
sources of inefficiency within the diffusers of interest. Not surprisingly, the greatest source
of inefficiency for both diffuser configurations is the lost opportunity resulting from nonide-
al effects attributable to the diffuser itself. However, this lost opportunity is about 5%
greater for the baseline diffuser than for the truncated diffuser. Because Figure 6.17 indi-
cates that the true stagnation pressure loss contributions are equal between the two diffus-
er configurations, this difference can be attributed to the larger exit nonuniformity of the
baseline diffuser. This difference is offset by the fact that the baseline diffuser has a larger
1D area ratio than the truncated diffuser, and thus has a higher ideal pressure recovery.

For both baseline and truncated diffusers, approximately 15-25% of the pressure rise
deficit can be attributed to the nonuniform exit flow of the impeller, something the diffuser
design cannot influence. Additionally, the remaining diffuser exit dynamic pressure, in the
form of diffuser exit nonuniformity and incomplete diffusion, remains as available oppor-
tunity for the deswirler to increase static pressure. Because the baseline diffuser has
greater exit nonuniformity, the additional pressure rise that could be achieved in the
deswirler due to mixing at constant area is approximately 5% larger than for the truncated

diffuser. However, due to the lower exit nonuniformity, the truncated diffuser leaves the
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deswirler with 5% greater pressure rise opportunity if the deswirler continues to diffuse the
flow completely. This suggests that if each diffuser were paired with a deswirler that was
optimized for its respective diffuser configuration, the diffusion system incorporating the
truncated diffuser could achieve the greater pressure rise. It is hypothesized that the rea-
son this isn’t observed in the experiments and CFD simulations documented here is that
the deswirler design is held constant.

These patterns are generally the same for 80% Nc2s as for 100% Nezs, but again the im-
pact of inefficiencies attributable to the diffuser itself is reduced slightly at 80% Nezs. Re-
garding the effect of flow angle, a large swing is observed in the lost opportunity resulting
from the diffuser itself. At extreme low or high flow angles, it can account for up to 75% of
the pressure rise deficit. However, at flow angles closer to the design value, it can account
for as little as 40% of this deficit. Clearly, the effects of flow angle must be understood.
Note that the other effects appear to vary with flow angle as well, but this is only in propor-

tional terms.

6.5 Diffuser Inlet Performance Assessment

The diffuser inlet is the portion of the diffuser over which the flow angle varies as the com-
pressor is throttled between choke and stall, starting at the impeller exit (station 27) and
ending at the diffuser throat (station T). Because inlet flow angle is known to heavily influ-
ence the diffuser performance, it makes sense to identify the dominant mechanisms in the
diffuser inlet, and explain how they relate to inlet performance and throat conditions. The
major effect of flow angle is found to be its effect on the 1D area ratio of the diffuser inlet.
Compressibility and mixing of impeller exit circumferential nonuniformities are also found
to have significant impacts on the diffuser inlet performance. The development of second-
ary flows in the diffuser inlet and its dependence on inflow angle is also investigated.
These secondary flows are shown in Section 6.6.6 to have a detrimental impact on the pres-
sure recovery of the diffuser passage, as they result in accumulation of high loss flow and
reduced mixing effectiveness.

Note that for some of the experimental test points, static pressure was not measured at
the throat. As a result, the population of experimental data that can be used to character-
ize inlet performance is smaller than the larger set of data used to investigate the overall
diffuser performance.
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6.5.1 Diffuser Inlet Performance

The purpose of this section is to simply show the performance of the diffuser inlet and high-
light trends. Some explanation will be provided for these trends here, but more detailed
explanations are reserved for the following sections.

The diffuser inlet static pressure recovery coefficient up to the diffuser throat is shown
in Figure 6.19. Some similarities between the inlet and overall diffuser pressure recovery
characteristics are identifiable. There is a positive correlation between inlet flow angle and
pressure recovery coefficient as the inlet 1D area ratio varies, with greater sensitivity to
flow angle on the choke side. The choking flow angle for each speed line is also apparent.

There are also some new observations that can be made about the inlet pressure recov-
ery characteristic. First, it is clear that the inlet pressure recovery varies between both
positive and negative values, denoting diffusing and accelerating processes respectively.
Around the transition point where recovery is zero, it is apparent that the pressure recov-
ery characteristic is more sensitive to flow angle for higher inlet Mach numbers (i.e. com-
pressor speed). There is also a minimum pressure recovery at choke, corresponding to the
minimum flow angle. Like the choking flow angle, the choking pressure recovery is also
higher at high inlet Mach numbers.

Figure 6.19 also shows the pressure recovery coefficient up to the diffusér leading edge
(station 28). The positive correlation between inlet flow angle and recovery is observed at
the leading edge just as it is at the throat. However, in comparison to the throat pressure
recovery coefficient, the leading edge recovery is smaller. This suggests that most of the
pressure recovery variation between choke and stall occurs in the small region between the
diffuser leading edge and throat, furthermore suggesting that this is where most of the flow
angle adjustment and 1D area change occurs. This effect is also apparent in Figure 6.12.

The stagnation pressure loss coefficient is shown for the CFD solutions in Figure 6.20
(the inlet loss is not measured experimentally). Again, loss coefficients at the leading edge
and throat are both shown, but unlike the pressure recovery coefficient, which varies signif-
icantly in magnitude between the two stations, the loss coefficient does not. Most of the
loss occurs upstream of the leading edge. The loss bucket shape seen in the overall diffuser
loss characteristic is also apparent in the inlet loss characteristic, with the minimum loss
corresponding to the design point flow angle. However, it is noteworthy that the shape of

the loss bucket manifests itself upstream of the leading edge. This suggests that the higher
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Figure 6.19: Diffuser inlet pressure recovery coefficient versus impeller exit flow angle. Symbols
and line styles denote diffuser configuration and data source, while colors denote rotor speed.

Pressure recovery generally increases with flow angle, with most pressure rise occurring between
leading edge and throat.
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(a) Stagnation pressure loss coefficient between impeller exit and diffuser throat.
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(b) Stagnation pressure loss coefficient between impeller exit and diffuser leading edge.

Figure 6.20: Diffuser inlet stagnation pressure loss coefficient versus impeller exit flow angle.
Symbols and line styles denote diffuser configuration and data source, while colors denote rotor
speed. Minimum loss observed near design flow angle, with increases in loss for higher or lower flow
angles. Loss bucket trend also observed upstream of leading edge, indicating leading edge incidence
is not the driver.
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losses observed at extreme high and low flow angles is not due to leading edge incidence
effects alone. This does not rule out other upstream incidence effects, such as leading edge
cusp or bleed slot incidence.

To make some additional observations, the inlet static pressure recovery coefficients for
the 100% Nc2s and 80% Ne2s speed lines are shown individually in Figure 6.21. Comparing
the baseline and truncated diffusers, there is no difference in the CFD calculated pressures.
This is also reflected by the CFD loss calculations shown in Figure 6.20. The experimental
results on the other hand do indicate some differences between the two diffusers. There is
some skepticism about these experimental differences, however, since the observations are
reversed when looking at the diffuser passage static pressure recovery coefficients (see Sec-
tion 6.6.1). It is hypothesized that this is either due to an error between the true and
measured throat static pressures, or it may be due to a difference in throat static pressure
distribution caused by differences in the impeller setup (see Section 4.1 discussion).

Another difference between the CFD and experimental results is that at 100% Nezs the
experimental results show the flow angle continuing to drop with reduced diffuser back-
pressure after the diffuser is in deep choke, defined as the constant mass flow portion of the
compressor’s characteristic associated with high diffusion system losses. This effect is also
observed at other speeds in Figure 6.19. However, if the diffuser truly is choked, then by
definition it is not possible for the compressor backpressure to influence the impeller exit
angle. Recall that the impeller exit flow angle is calculated from other measurements along
with a set of assumptions. Upon further investigation, it is determined that these flow an-
gle changes are themselves driven by changes in the measured compressor exit stagnation
temperature (see compressor work coefficient in Figure 3.8). The cause of the lower com-
pressor exit stagnation temperature measurements in deep choke needs to be investigated.
However, because static pressure measurements upstream of the diffuser throat are not
affected the same way, it is hypothesized that the impeller work input is not truly changing
as it seems. Therefore, the perceived changes in impeller exit conditions in deep choke
should be disregarded.

The CFD solutions agree well with the experimental data on the other observations
made about the diffuser inlet performance characteristics. Note that the piecewise appear-
ance of the overall diffuser performance characteristics calculated by the CFD is not appar-

ent in the inlet, indicating that it is the diffuser passage which gives rise to this trend.
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Figure 6.21: Diffuser inlet static pressure recovery coefficient versus impeller exit flow angle.
Symbols and line styles denote diffuser configuration and data source, while colors denote operating
point (note: colored experimental points averaged from multiple tests). Experimental difference
between baseline and truncated diffuser pressure recovery coefficients disregarded due to opposite
trend observed in passage. CFD calculates identical trends for baseline and truncated diffusers.
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6.5.2 Diffuser Throat Conditions

The flow conditions at the diffuser throat are presented to better understand what drives
the performance trends of the diffuser inlet, and because they represent the inlet conditions
to the diffuser passage. First, the throat Mach number is shown in Figure 6.22. The throat
Mach number and diffuser inlet flow angle are inversely related to one another, as flow an-
gle sets the inlet 1D area ratio. The highest achievable Mach number of course corresponds
to choke, and is independent of compressor speed (note that experimental throat static
pressures are not measured in deep choke for all compressor speeds). At a fixed inlet 1D
area ratio (i.e. flow angle), the throat Mach number is higher for high diffuser inlet Mach
numbers (i.e. compressor speed). This explains why the choking flow angle is lowest at low
speeds.

The diffuser throat blockage is shown in Figure 6.23. In general, the CFD and experi-
mental results seem to correlate with one another, though there is significant variability in

the experimental results. This is because the blockage estimate is sensitive to the many
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Figure 6.22. Diffuser throat Mach number versus impeller exit flow angle. Symbols and line styles
denote diffuser configuration and data source, while colors denote rotor speed. Negative correlation
between throat Mach number and flow angle due to 1D area ratio effects. Throat Mach number
increases with compressor speed, or inlet Mach number. Maximum Mach number and therefore
minimum flow angle limited by choking. Thus, range reduces with increased speed.
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(b) Diffuser leading edge mass blockage.

Figure 6.23: Diffuser mass blockage versus impeller exit flow angle. Symbols and line styles denote
diffuser configuration and data source, while colors denote rotor speed. Blockage reduces between
leading edge and throat. Minimum blockage observed near design flow angle, with increases in
blockage for higher or lower flow angles. Bucket trend also observed at leading edge. Relation
between leading edge and throat blockages unclear due to circumferential static pressure
nonuniformity that contributes to leading edge blockage at off-design incidence angles.
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assumptions that go into its calculation. Recall from the CFD results that the diffuser inlet
blockage is constant across the operating range. This is the result of the constant impeller
exit blockage (see Figure 4.9) combined with a constant blockage increases across the bleed
slot, which is essentially a geometric effect determined by a discontinuity in passage width
(see Figure 6.14). Due to nonuniformity amplification, it makes sense that the throat
blockage would be largest at high flow angles, or 1D area ratios. However, there is also in-
creased blockage at very low flow angles when the flow is accelerating. This appears to be
the result of high negative incidence losses manifested on the diffuser pressure side imme-
diately downstream of the leading edge. These losses can be seen in Figure 6.10 and Figure
6.11 for the 80C CFD simulations.

Figure 6.23 also shows the blockage at the diffuser leading edge. This suggests that the
larger blockage at both high and low flow angles may originate upstream of the diffuser
leading edge. This is followed by a reduction in blockage between the leading edge and
throat, which is indeed greater for accelerating flows. However, recall that blockage repre-
sents all forms of nonuniformity, including static pressure nonuniformity. At extreme flow
angles, a circumferential gradient in static pressure is present at the diffuser leading edge
plane due to streamline curvature. This type of nonuniformity is eliminated between the
leading edge and throat simply by straightening the streamlines independent of nonuni-
formity amplification or mixing. Therefore, it is difficult to draw conclusions that relate the
blockage at the diffuser leading edge with the blockage at the throat.

Secondary flows are also present at the diffuser throat, and are captured to some degree
by the blockage. However, because these secondary flows are later shown to influence the
flow downstream in the diffuser passage, their formation and characterization is a special
topic of discussion reserved for Section 6.5.7. The claims made in the literature that the
secondary flows enhance inlet mixing and thus reduce the throat blockage are further ad-

dressed in Sections 6.6.6 and 6.7.

6.5.3 Evaluation of Nonideal Effects

Using the same procedure discussed in Section 6.4 for evaluating nonideal effects in the dif-
fuser, the diffuser inlet pressure recovery coefficient is calculated from the CFD solutions
using three sets of assumptions, and the results are plotted in Figure 6.24. These include

the actual (black) and ideal (green) pressure recoveries as well as a pressure recovery calcu-
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Figure 6.24: Relative influence of nonideal effects on diffuser inlet pressure rise versus impeller exit
flow angle, based on CFD solutions. Symbols denote compressor speed, line styles denote use of
static pressures (incomplete diffusion constrained by true geometry) or stagnation pressures (full
diffusion), and colors denote different nonideal effects. Results normalized between true pressure
rise (0) and ideal full diffusion pressure rise (1). Baseline and truncated diffusers are
indistinguishable. Diffusion is incomplete due to limited throat area. Remainder of inefficiency is
dominated by stagnation pressure loss.
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lated using the actual diffuser throat blockage but assuming no stagnation pressure loss in
the diffuser inlet (blue). These are normalized in Figure 6.24 to show the gap between the
actual static pressure rise in the diffuser inlet and the ideal static pressure rise after com-
plete diffusion.

Not surprisingly, the inlet diffusion is far from complete, but the passage and deswirler
follow downstream to generate the remainder of the pressure rise. The deficit between ac-
tual and ideal diffusion is primarily due to the loss in the inlet. The throat blockage is sec-
ondary, but it does have a larger impact at high flow angles. The breakdown of nonideal
effects in the inlet again proves to be identical between baseline and truncated diffusers.
However, there is a difference between the 100% Nc2s and 80% Nces simulations, with the
ideal recovery being higher at 100% Nc2s due to compressibility.

Using the second procedure discussed in Section 6.4 for evaluating nonideal effects, the
diffuser inlet pressure recovery coefficient is calculated by defining hypothetical flow pro-
cesses which utilize the mixed out average, and plotted in Figure 6.25. In addition to the
actual (black) and ideal (green) pressure recoveries, this includes the maximum attainable
pressure recovery for a frictionless diffusion process given the nonuniform inlet conditions
(blue), and the recovery that could be obtained if the throat nonuniformity were mixed
(red). These pressure recovery coefficients are normalized in Figure 6.25 to show the gap
between the actual static pressure rise in the diffuser inlet and the ideal static pressure
rise if diffusion were complete. Again, a large deficit is clear due to incomplete diffusion in
the inlet. Approximately half of the remaining pressure rise deficit in the diffuser inlet can
be attributed to the nonuniform impeller exit conditions. Note that this includes the effect
of the mixing plane, which may or may not be a good approximation of what happens with
the impeller exit flow. This is discussed in Section 6.5.4. Wall friction and inefficient or
incomplete mixing in the diffuser inlet itself cause the remainder of the pressure deficit in
the diffuser inlet, having the largest impact at high flow angles. Note that near choke,
where the diffuser inlet actually accelerates the flow, it is not accurate to say that mixing
nonuniformities at the inlet yields the maximum pressure rise potential. This is because
acceleration actually smooths rather than amplifies nonuniformities. Therefore, wall fric-
tion rather than delayed mixing must be the primary cause of the lost opportunity near

choke.
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Figure 6.25: Relative influence of nonideal effects on diffuser inlet pressure rise versus impeller exit
flow angle, based on CFD solutions. Symbols denote compressor speed, line styles denote use of
static pressures (incomplete diffusion constrained by true geometry) or stagnation pressures (full
diffusion), and colors denote different nonideal effects. Results normalized between true pressure
rise (0) and ideal full diffusion pressure rise (1). Baseline and truncated diffusers are
indistinguishable. Diffusion is incomplete due to limited throat area. Near the design flow angle,
half of remaining inefficiency is due to impeller exit nonuniformity (unavailable opportunity).
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There is a small amount of available pressure rise opportunity that remains at the dif-
fuser throat due to the dynamic pressure associated with the throat nonuniformity. It
makes sense that this opportunity is greater at high flow angles, since the blockage is
greater. However, a large opportunity is also visible near choke, despite the fact that the
blockage is small. This is because the static pressure change is sensitive to variations in
the effective flow area and loss at high Mach numbers. In other words, the real diffusion
process with nonuniform flow at the throat chokes at a higher flow angle and 1D area ratio
than the other hypothetical diffusion processes with uniform throat flow. This also explains
why this increase in remaining unrealized opportunity appears at a lower flow angle at 80%

Neos than at 100% Nees.

6.5.4 Mixing of Impeller Exit Circumferential Nonuniformity

As discussed in Section 2.5.1.3, this research utilizes RANS CFD simulations by placing a
mixing plane between the impeller and diffuser. The spatial distribution of flow conditions
at the impeller trailing edge and on the diffuser side of the mixing plane are shown in Fig-
ure 6.26 and Figure 6.27 respectively for the 100E operating point. One can see that nonu-
niformities in the spanwise (forward-aftward) direction are preserved across the mixing
plane, but circumferential nonuniformities are not. The mixing plane thus incurs a reduc-
tion in blockage and a corresponding loss as the circumferentially nonuniform impeller exit
flow is mixed out.

Figure 6.28 shows the blockages calculated at the impeller trailing edge as well as on
the diffuser inlet side of the impeller-diffuser mixing plane. The blockage downstream of
the mixing plane is much lower than the blockage immediately at the impeller exit. This
implies that much of the impeller exit nonuniformity is in the circumferential direction. To
evaluate this further, the impeller trailing edge blockage is broken into solid blockage and
aero blockage components, with the solid blockage representing slightly more than half of
the total blockage. Because the solid blockage becomes aerodynamic blockage as the flow
passes over the trailing edge, it can be thought of purely as circumferential nonuniformity
which gets completely mixed out by the mixing plane. Of the remaining impeller trailing
edge aero blockage, only half is mixed out by the mixing plane and the other half remains
as spanwise nonuniformity. Note that the remaining blockage is smaller for the 80% Nc2s

simulations than at 100% Ncs. This suggests that the impeller exit flow structures are ar-
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Figure 6.26: Flow nonuniformity at the impeller trailing edge plane from baseline diffuser 100E
CFD simulation. Both spanwise and pitchwise nonuniformities exist. Impeller trailing edge wakes
contribute only to pitchwise nonuniformity. Flow angle nonuniformity gives rise to streamwise
vorticity.
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Figure 6.27: Flow nonuniformity at the diffuser inlet, immediately downstream of the impeller-
diffuser mixing plane from baseline diffuser 100E CFD simulation. Impeller exit spanwise
nonuniformities preserved by mixing plane. Impeller exit pitchwise nonuniformities mixed out,
though some circumferential nonuniformities exist due to upstream influence of diffuser. Flow angle
nonuniformity gives rise to streamwise vorticity.
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Figure 6.28: Impeller exit blockage versus flow angle, based on CFD solutions. Symbols and line
styles denote diffuser configuration and compressor speed, while colors denote different cut planes
and blockage definitions. Half of impeller trailing edge blockage attributable to solid blockage. Of
remaining nonuniformity, half remains downstream of mixing plane as spanwise nonuniformity.

ranged differently at 80% Nc2s such that less of the total nonuniformity is considered
spanwise. Upon further comparing the spatial distributions of impeller exit flow properties
between the 80% Nc2s and 100% Nezs CFD solutions, the primary difference is identified to
be a more uniform spanwise flow angle distribution at 80% Nc2s than at 100% Nees.

The stagnation pressure loss coefficient between the impeller trailing edge and the
downstream side of the mixing plane is shown in Figure 6.29, along with the loss calculated
from the impeller trailing edge mixed out average. The fact that these are nearly equal in-
dicates that most of the loss potential in the impeller trailing edge nonuniformity is mani-
fested across the mixing plane. The loss to the diffuser throat is also plotted for compari-
son, supporting the previous observation that the impeller exit nonuniformity accounts for
half of the total inlet inefficiency. Note that the mixing loss is approximately 50% greater
near choke than near stall, skewing the observed loss bucket towards higher flow angles.

The remaining diffuser inlet stagnation pressure loss coefficient between the mixing
plane and throat is recalculated and shown in Figure 6.30. This will be referenced to eval-

uate the remaining flow mechanisms throughout the diffuser inlet.
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Figure 6.29: CFD calculated diffuser inlet stagnation pressure loss coefficient versus impeller exit
flow angle, showing effects of impeller exit nonuniformity and CFD mixing plane on loss. Symbols
and line styles denote diffuser configuration and compressor speed, while colors denote different cut
planes and averaging schemes. Mixing plane loss accounts for approximately half of diffuser inlet
loss, manifesting almost all loss potential associated with impeller exit nonuniformity.
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Figure 6.30: CFD calculated diffuser inlet stagnation pressure loss coefficient beginning
downstream of mixing plan versus impeller exit flow angle. Symbols and line styles denote diffuser
configuration and compressor speed.
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Clearly the impeller exit circumferential nonuniformity and the mixing plane approxi-
mation have significant impacts on the stage simulation results. However, because this
nonuniformity subjects the true centrifugal stage to unsteady effects, including the ability
to recover some of the impeller exit circumferential nonuniformity in a reversible manner,
the mixing plane approximation has the potential to be inaccurate. This can especially be
true for a closely-coupled stage such as this. Fortunately, the unsteady simulations per-
formed by Wilkosz do support the idea that the mixing plane approximation is sufficient for

the goals of this research [18].

6.5.5 Effect of Impeller Exit Flow Angle

The impeller exit flow angle impacts the diffuser inlet performance via three major mecha-
nisms: the inlet 1D area ratio, the inlet path length, and the incidence on the diffuser lead-
ing edge or inlet cusps. These effects are illustrated in Figure 6.31, demonstrating their
dependence on the impeller exit flow angle. The 1D area ratio, path length, and incidence
are calculated from the CFD solutions according to Equation 6.1, Equation 6.2, and Equa-
tion 6.3 respectively. Note that the path length is integrated numerically using momentum
averaged flow angles calculated on the discrete averaging planes throughout the inlet re-
gion, which are shown in Figure 2.18. Also note that incidence is defined with respect to
the cusp angle, which varies with radius throughout the inlet region and is equal to the dif-
fuser pressure side angle at the leading edge. The variations in these parameters are plot-
ted in Figure 6.32 over the range of relevant flow angles.

14
Ar _ ____42_ Equation 6.1

—=
Ay, Azycosay;

(reu)r
1 .
_ Equation 6.2
Lar-n = j cosadr 1
T27
I =a—acysp ' Equation 6.3

The main impact of the diffuser inlet 1D area ratio is that it sets the ideal uniform flow
static pressure recovery of the inlet. One can see that the inlet 1D area ratio is only a small
fraction of the overall diffuser effective area ratio, but the effect on pressure recovery is still
large due to compressibility. The combined effect of flow angle (i.e. 1D area ratio) and com-

pressibility on static pressure rise is discussed further in Section 6.5.6.

181



Low azy

(Choke)
—
v
High a3 Cusp :
(Stall) i i

ffuser

Figure 6.31: Illustration showing influence of diffuser inlet flow angle on 1D area ratio (A'7/A’7),
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Figure 6.32: CFD calculated diffuser inlet 1D area ratio, path length, and cusp incidence versus
impeller exit flow angle. Each mechanism increases with flow angle. Note that cusp angle and
therefore incidence depend on radius. It is possible to have negative cusp incidence near start of
cusps and positive cusp incidence near diffuser leading edge.
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One hypothesized consequence of increased flow angle and associated pressure recovery
is that it leads to nonuniformity amplification, contributing partially to the growth in
throat blockage observed at high flow angles in Figure 6.23. Another consequence is that
the pressure gradient reduces the average velocity throughout the inlet region relative to
the inflow velocity, decreasing the loss associated with the boundary layer dissipation. This
effect can be estimated from the integral in Equation 5.7, which is calculated numerically
from the CFD solutions using the distributions of effective area and 1D average velocity
throughout the diffuser inlet. As one can see from Figure 6.33, the effect is to reduce the
stagnation pressure loss coefficient at high flow angles (diffusing flow), and reduce the loss
at low flow angles (accelerating flow). There is also a difference with respect to compressor

speed due to compressibility effects, but this is discussed in Section 6.5.6.
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Figure 6.33: Stagnation pressure loss coefficients downstream of mixing plane versus impeller exit
flow angle. Symbols and line styles denote diffuser configuration and compressor speed, while colors
denote different calculation assumptions. Loss coefficients based on CFD (black) and Equation 5.7
dissipation estimate (red), normalized by 100E values. Flow angle has opposite effects on average
velocity (blue) and path length (green) contributions to loss. Remaining unexplained loss
hypothesized to be result of incidence effects and associated variations in dissipation coefficient
associated and 3D velocity field.
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Counteracting the effect of reduced inlet velocities on the stagnation pressure loss coef-
ficient at high flow angles is the increase in path length. This is also shown in Figure 6.33,
along with the combined contribution of both path length and average velocity. One can see
that the higher average velocities dominate the stagnation pressure loss coefficient at low
flow angles, whereas the longer path length dominates the loss at high flow angles. How-
ever, the steepness of the loss bucket walls with respect to flow angle and the variation in
loss with compressor speed as calculated by the CFD are not captured by these two effects
alone.

In general, there are a number of effects that can explain this difference, which are not
accounted for in the simple 1D loss estimate based on the boundary layer dissipation coeffi-
cient. First, the dissipation coefficient itself is not uniform, but it is inversely related to the
Reynold’s number based on shear layer thickness [17]. The shear layer is of course thinnest
near the diffuser leading edge where a boundary layer freshly forms, but thickness can also
be influenced by secondary flows which stretch or compress the shear layer through cross-
flow migration. The perimeter of the shear layer also varies with transverse stretching and
compression, working together with variations in dissipation coefficient to influence the
loss. Finally, static pressure non-uniformity causes local increases or decreases in flow ve-
locity, varying the loss associated with those shear layers.

These effects—leading edge boundary layers, secondary flows, and local flow accelera-
tions—are all present in the diffuser inlet and are most pronounced at high and low inci-
dence angles. Figure 6.8 and Figure 6.10 clearly show additional loss generation taking
place near the diffuser leading edge for high and low incidence angles. However, recall
from Figure 6.20 that the loss bucket trend is also visible upstream of the diffuser leading
edge. This means it cannot be caused by the leading edge incidence alone, but also by cusp
incidence or even bleed slot incidence. Figure 6.32 shows that the cusp incidence varies
from being negative along most of the cusp length at low flow angles to being positive near
stall. Secondary flows in particular and their relation to cusp incidence are described more
in Sections 6.5.7, 6.6.6, and 6.7. These sections also establish a link between the secondary
flows and the observed throat blockage trends, which mimic the loss trends. However,

more work is required to understand the other incidence effects in more detail.
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6.5.6 Effect of Compressibility

The diffuser inflow angle (i.e. 1D area ratio) and compressibility together govern the ideal
uniform flow static pressure recovery coefficient of the diffuser inlet. For the diffusers of
interest in this research, the ideal uniform flow static pressure recovery coefficient is shown
in Figure 6.34 as a function of impeller exit flow angle over a range of impeller exit Mach
numbers. Because the diffuser inlet 1D area ratio is small allowing Mach numbers to re-
main transonic throughout, compressibility results in proportionally large changes in ideal

pressure recovery relative to an equivalent incompressible flow. This effect is explained in

Section 5.3.
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Figure 6.34: Ideal uniform diffuser inlet pressure recovery coefficient versus impeller exit flow
angle, showing effect of compressibility. Compressibility increases pressure recovery potential at
high flow angles, but choking limits minimum recovery and flow angle.

Of course this idealized pressure rise is greater than the experimental or CFD results
due to the absence of loss and blockage. However, it does explain some real effects observed
in the experimental and CFD results. First, for diffusing flows, high Mach numbers yield
greater pressure recovery potential than low Mach number flows. Second, for accelerating
flows, the pressure recovery falls off rapidly with reduced flow angle, with this effect being

observed at higher flow angles for higher Mach number flows. Lastly, minimum flow an-
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gles and pressure recovery coefficients are reached when the diffuser chokes, both of which
are higher for larger Mach numbers.

Note that for diffusing flows, if the inlet pressure recovery coefficient increases via this
mechanisms, the throat dynamic pressure is correspondingly reduced. This reduces the
pressure rise potential of the diffuser passage relative to the diffuser inlet, even if the pres-
sure recovery coefficient of the passage also increases due to compressibility. The reverse is
true as well. For accelerating flows, compressibility in the inlet increases the dynamic
pressure at the throat and increases the pressure recovery potential of the diffuser passage.
In this way, some of the trends observed for the diffuser inlet pressure recovery coefficient
are counteracted by changes in the diffuser passage recovery coefficient such that the over-
all diffuser pressure recovery changes only slightly via this mechanism.

By influencing the velocity distribution throughout the diffuser inlet, compressibility al-
so influences the wall friction and corresponding amount of scrubbing loss incurred in the
inlet. This effect is explained in Section 5.3, and can be estimated by comparing the scrub-
bing loss estimated in Section 6.5.5, which utilizes Equation 5.7, with an incompressible
scrubbing loss estimated using Equation 5.8. These estimates are plotted in Figure 6.35
assuming the dissipation coefficient is constant. Compressibility clearly has a big effect on
the stagnation pressure loss coefficient, reducing it by approximately 20-30% at high flow
angles (diffusing flow). Compressibility also influences the trend, shifting the minimum
loss coefficient to higher flow angles.

Unlike the impact of compressibility on the ideal pressure recovery coefficient, its effect
on inlet loss is not counteracted by an opposite effect on the diffuser passage loss. In this
way, the effects of compressibility on loss via this particular mechanism compounds
throughout the diffuser.

Because the diffuser inlet Mach number is greater at 100% Nec2s than it is at 80% Nezs,
this estimate indicates that compressibility reduces the stagnation pressure loss coefficient
more at 100% Ncs. However, this effect is not observed in the CFD results. This is hypoth-
esized to be due to other mechanisms possibly related to the differences in inlet nonuni-
formity between the two speeds, as seen in Figure 6.28.

Everitt hypothesized that increased Mach number increases the incidence losses, or in-
creases the sensitivity of loss to incidence angle at low flow angles [10]. This is reflected in

the overall diffuser experimental data shown in Figure 6.4 and Figure 6.5, but it is not re-
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flected upstream of the throat by the CFD results shown in Figure 6.35. These incidence

losses will be shown in Section 6.6 to actually be incurred downstream of the throat.
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Figure 6.35: Diffuser inlet stagnation pressure loss coefficient versus impeller exit flow angle,
showing effect of compressibility. Symbols and line styles denote diffuser configuration and
compressor speed, while colors denote different calculation assumptions, including both
incompressible (blue) and compressible (red) scrubbing loss estimates. Compressibility reduces loss
coefficient associated with scrubbing, especially at high flow angles.

6.5.7 Secondary Flows

This section details the characteristics, sources, and development of secondary flows in the
diffuser inlet. The motivation for this is that the secondary flows persist throughout the
diffuser passage, and are shown in Section 6.6.6 to have a detrimental impact on the pres-
sure recovery of the diffuser passage by accumulating high loss flow and reducing mixing
effectiveness.

The existence of streamwise vorticity near the endwalls at the impeller exit has been
shown in Section 4.3. However, the diffuser inlet also plays an important role in the devel-
opment of secondary flows by altering the magnitude and direction of the vorticity exiting
the impeller and by generating new vortices as flow separates off the leading edge cusps.

Both of these effects are strongly influenced by the impeller exit flow angle.
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As mentioned, Section 6.6.6 further discusses the impacts of these secondary flows with-

in the diffuser passage.

6.5.7.1 Characteristics of Secondary Flows

Figure 6.36 and Figure 6.37 show the distributions of vorticity throughout the diffuser inlet
over a range of operating conditions. Specifically these figures show the component of vor-
ticity in the diffuser passage lengthwise direction, which is nearly the same as the stream-
wise component. The secondary flow structures are clearly visible, occurring as counter-
rotating vortex pairs positioned on either the diffuser pressure side, suction side, or both.

The influence of operating point on the strength or even the existence of these vortex pairs
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Figure 6.36: Distribution of vorticity in diffuser passage direction at 100% Nczs for baseline diffuser.
Presence and strength of counter-rotating vortices on diffuser pressure and suction sides depends on
operating point or incidence angle.
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Figure 6.37: Distribution of vorticity in diffuser passage direction at 80% Nezs for baseline diffuser.
Presence and strength of counter-rotating vortices on diffuser pressure and suction sides depends on
operating point or incidence angle.

is also clear. Note that the baseline and truncated diffusers exhibit identical secondary
flow structures (truncated diffuser vorticity is not shown). Also, recall that the CFD results
are mirrored to correspond to the rig geometry, so vorticity quantities derived from the CFD
coordinate system are re-labeled as negative to reflect the rig’s coordinate system.

The observable secondary flow structures can be characterized into three sets of vortex
pairs, which are also illustrated in Figure 6.38. At high flow angles, strong vortices are ob-
served on the diffuser suction side immediately downstream of the leading edge (cut plane
X3), and are almost completely diffused out by the throat (X8). These are referred to as the
suction side incidence vortices, as they are later shown to result from positive incidence on
the leading edge cusps. Similarly, at low flow angles, strong pressure side incidence vorti-
ces are observed downstream of the diffuser leading edge (X8). Lastly, streamwise vorticity
accumulates on the forward and aftward walls near the impeller exit and diffuser pressure

side. These are referred to as background vortices, since they are less concentrated than
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the incidence vortices, but instead they represent weaker vorticity which is spread over a
larger area. The strength of the background vortices is unaffected by operating point
throughout most of the inlet (up to cut plane X6), but a change in strength with respect to
flow angle is finally observed downstream of the throat (X8). The background vortices are
also associated with the flow reversal and large 1D shape factors observed near the bleed
slots. A fourth category of vorticity is observed in the boundary layers as a necessary reac-
tion to the crossflow and no-slip condition at the wall, but only a small fraction of this in-
duced vorticity is in the streamwise direction. Notice that the vorticity distributions are

similar between 100% N25 and 80% N5, although lower flow angles and thus stronger pres-

sure side vortices are able to be achieved at 80% Nees.
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Figure 6.38: Diffuser secondary flow structures.

To weigh the importance of each of these vortex pairs, the circulation of each vortex is
calculated from the CFD solutions at cut planes downstream of the suction side leading
edge (X3) and pressure side leading edge (X8). The vortex passage is divided into different
regions attributed to each vortex, and the vorticity is integrated over the area of these re-
gions. These regions are defined for each vortex pair in two steps. First, regions of the dif-
fuser passage where the streamwise component is less than 50% of the total vorticity mag-
nitude are neglected. This filters out the induced boundary layer vorticity near the diffuser
walls which, if included, would necessitate that the net circulation around the diffuser pas-
sage be equal zero. These regions are shown in Figure 6.39 for the lowest simulated flow
angle (80C) and the highest simulated flow angle (100S’). Next, the incidence vortices are
distinguished from the background vortices. This is accomplished by dividing the diffuser
passage into four quadrants: PS-Fwd, PS-Aft, SS-Fwd, and SS-Aft. In quadrants where
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incidence vortices can be expected (SS-Fwd, and SS-Aft on X3, and PS-Fwd, and PS-Aft on
X8), regions with normalized vorticity greater than 1 are attributed to the incidence vorti-
ces. This threshold is chosen after observing in Figure 6.36 and Figure 6.37 that, unlike
the background vortices, the incidence vortices are associated with concentrated zones of
high vorticity. This is a good approximation due to their small size, although it is recog-
nized that the incidence vortices are truly superimposed on the background vortices, and
they are not spatially distinct. The resulting incidence vortex regions are also shown in
Figure 6.39, clearly showing the suction side and pressure side incidence vortices at high

and low flow angles respectively.
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Figure 6.39: Vortex zones at low (80C) and high (100S’) diffuser inlet flow angles for baseline
diffuser.

The circulations of each vortex are plotted in Figure 6.40 downstream of the leading
edge on both suction and pressure sides. Each vortex pair is separated into individual for-
ward and aftward vortices, and the sums of the clockwise and counterclockwise circulations
are also shown. At the X3 plane immediately downstream of the suction side leading edge,

the background vortices have greater circulation than the incidence vortices, with strength
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Figure 6.40: Normalized circulation around vortex regions versus impeller exit flow angle. Symbols
and line styles denote diffuser configuration and compressor speed, while colors denote different
vortex sources. Pressure and suction side incidence vortices rapidly increase in strength below and
above threshold flow angle. Background vortex strength unaffected by flow angle at X3, but

increases with reduced flow angle at X8.
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that is unaffected by flow angle. The suction side incidence vortices are nonexistent at low
flow angles, but above a threshold flow angle they begin to steadily increase in strength. At
the diffuser throat (X8), the background vortices are weaker than they are further up-
stream, with increased flow angle having the effect of weakening them even more. The
pressure side incidence vortices are nonexistent at high flow angles, but they increase be-
low the same threshold flow angle identified for the suction side incidence vortices, surpas-
sing ‘the background vortices in circulation at the lowest flow angles despite their smaller
size. It should be noted that the appearance of the pressure side incidence vortices corre-
sponds approximately to the piece-wise change in the overall diffuser pressure recovery
trend from region 1 to region 2 (Figure 6.6).

In general, the clockwise and counterclockwise vortex counterparts follow the same pat-
terns. However, the forward background vortex is stronger than the aftward background
vortex at X3, and the aftward incidence vortex is stronger than the forward incidence vor-
tex at the throat (X8). This is the result of the forward-to-aftward asymmetry in diffuser
inlet conditions. All of these patterns are common between 100% Ne2s and 80% Nees, though
there are minor differences in the vortex strengths between the two speeds. These differ-
ences are also likely attributable to differences in spanwise inlet velocity or flow angle pro-

files between the two speeds.

6.5.7.2 Development of Secondary Flows

There are a number of ways secondary flows could develop in the diffuser inlet. First, the
origin of the vorticity must be determined. It can either be a result of the impeller exit
nonuniformity, or new vorticity can be generated in the diffuser inlet boundary layer. Once
vorticity exists, it is convected throughout the flow, behaving the same way as fluid materi-
al lines. Vorticity can thus be strengthened and reoriented as the nonuniform velocity field
stretches and bends the vortex lines. In this manner, boundary layer vorticity can become
streamwise vorticity. Eventually, vorticity diffuses, weakening the secondary flows. These
vorticity kinematics are described in detail by Greitzer et. al. [17].

The origin of the secondary flows in the diffuser can be investigated by tracing the CFD
calculated streamlines and vortex lines that pass through the established vortex regions.
These are shown in Figure 6.41 for the background vortices, color coded according to the

strength of the streamwise vorticity. Illustrations are shown below the CFD results to sim-
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plify the CFD observations. The streamlines that pass through the background vortices can
be traced directly and smoothly back to the impeller exit, with nearly constant streamwise
vorticity. This suggests that the background vortices are predominantly the result of the
impeller exit secondary flows and not due to new or modified vorticity sources. One can al-
so see from the vortex lines that although new boundary layer vorticity formed in the dif-
fuser inlet does modify the direction of the vortex lines, the streamwise component from the
impeller exit is still preserved. The fact that the impeller exit secondary flows give rise to
the background vortices explains why they are not strongly impacted by diffuser inlet flow
angle. Another inference that can be drawn from this observation is that the existence of
background vortices doesn’t depend on the diffuser leading edge geometry or the presence of
cusps.

While the circulation of the background vortices has been shown to be independent of
flow angle at the X3 cut plane immediately downstream of the diffuser suction side leading
edge, flow angle does impact the background vortex strength at the throat (X8). This can be
explained by the vortex kinematic effect illustrated in Figure 6.42. If the flow enters the
diffuser with some incidence angle relative to the leading edge, a circumferential static
pressure gradient will form due to streamline curvature, decelerating the flow on one side
of the passage while accelerating it on the other side. This skews the fluid lines and vortex
lines entering the diffuser, which correspondingly strengthens or weakens the secondary
flows. As a result, the background vortices are weakened at low flow angles relative to high
flow angles.

Figure 6.43 shows the streamlines and vortex lines passing through the pressure side
incidence vortices at negative flow angles, and through the suction side incidence vortices
at high flow angles. These lines are also color coded according to the streamwise vorticity,
which is two orders of magnitude stronger for the incidence vortices than it is for the back-
ground vortices (note the color scale). Tracing the streamlines upstream, one can see that
they originate from the opposite sides of the leading edge cusps. Upon further investigation
it is also observed that the strength of the streamwise vorticity changes rapidly across the
cusps. The vortex lines show that the streamwise vorticity is only localized to small regions
aligned with the edges of the cusps.

The incidence vortices are hypothesized to form when flow separates off the cusps, in-

troducing boundary layer vorticity into the main flow stream as illustrated in Figure 6.44.
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These vortex lines are then stretched in the streamwise direction as the separated flow

gains velocity, with more stretching at more extreme flow angles. At very low flow angles,

the vortex lines are further stretched by high flow accelerations around the diffuser leading

edge on the pressure side.
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Figure 6.41: Streamlines and vortex lines through background vortex regions for baseline diffuser
100E CFD simulation. Background vortices originate with impeller exit streamwise vorticity.
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reduced incidence angle.

195



Streamlines through Incidence Vortices Vortex Lines through Incidence Vortices

Low a3, (80C)
X8 Cut Plane

ngh a7 (1005')
X3 Cut Plane

Figure 6.43: Streamlines and vortex lines through incidence vortex regions. Pressure side incidence
vortices shown at low flow angle (80C) and suction side incidence vortices shown at high flow angle
(1008). Incidence vortices originate with separation off leading edge cusps, and associated
introduction of boundary layer vorticity into main flow stream.
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Figure 6.44: Formation of incidence vortices due to flow separation off diffuser cusps and
introduction of boundary layer vorticity into main flow stream.
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6.5.7.3 Effect of Flow Nonuniformity on Secondary Flows Development

The background vortices and incidence vortices are found to originate with the impeller exit
streamwise vorticity and diffuser inlet boundary layer vorticity respectively. Therefore, it
is hypothesized that these secondary flows are influenced by variations in the impeller exit
spanwise nonuniformity and boundary layer thickness. This is found to be true. However,
in the limiting case, one might infer that there would be no vortices if there were no inlet
flow nonuniformities or inlet boundary layer growth. This is found to be false.

To test the hypothesis that the secondary flows are influenced by the diffuser inlet non-
uniformity and boundary layer growth, these mechanisms are varied in CFD simulations of
the 100E operating point performed on the diffuser and deswirler alone (no impeller). Two
sets of diffuser inlet conditions are simulated: one including all circumferential and
spanwise nonuniformities resulting from the full stage simulation, and one in which these
inlet conditions are availability averaged in the spanwise direction, leaving only small cir-
cumferential variations in flow properties to accommodate the upstream influence of the
diffuser. The 1D momentum averaged diffuser inflow angle is preserved. In addition, two
sets of diffuser wall boundary conditions are simulated: one being the standard no-slip con-
dition and one being a free-slip (no wall friction) condition that does not allow new vorticity
generation at the inlet walls. Note that the simulations utilize different deswirler exit stat-
ic pressure boundary conditions, since the simulations without the wall friction experience
a greater static pressure recovery coefficient.

The four different combinations of inlet conditions and wall boundary conditions are
simulated, and the resulting vorticity distributions are shown in Figure 6.45. It is clear
there are differences in the strengths of the vortices. The greatest difference is a change in
the pressure side incidence vortices at the diffuser throat for the free-slip diffuser inlet wall
simulations (note that the 100E operating point does not have strong incidence vortices to
begin with, so operating points near choke and stall should be simulated to better evaluate
the impact on incidence vortices). This confirms the hypothesis that flow nonuniformity
influences the vortices. Furthermore, this suggests that the difference in diffuser inlet
nonuniformity between 80% Nc2s and 100% Neces gives rise to the observed differences in vor-

tex strengths at the same average diffuser inflow angle.
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Figure 6.45: Effect of wall friction and impeller exit spanwise nonuniformity on throat secondary
flow structures for baseline diffuser 100E CFD simulation. Vortex strength is affected by

nonuniformity. However, vortex structures are generally present regardless of boundary condition
uniformity.

The hypothesis is not completely confirmed, however. Even though these experiments
completely remove vorticity introduced at the diffuser inlet and generated in the boundary
layer, the secondary flows are still clearly present with the same general characteristics in
each case. Therefore, there must be another mechanism by which vorticity is introduced
into the flow. Even without nonuniformities or wall friction, vorticity still exists between
the flow and the wall because the wall itself is stationary. This vorticity can enter the main
flow as a result of separation, which can occur even in the absence of a simulated boundary
layer due to the Kutta condition. This is illustrated in Figure 6.46. As previously men-
tioned, the incidence vortices are hypothesized to result from cusp separation. The back-
ground vortices, on the other hand, have been attributed to the impeller exit streamwise
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vorticity. However, in the absence of impeller exit nonuniformity the background vortices
can be interpreted as a result of flow separating off the impeller shroud and hub at the dis-

continuous transition to the diffuser inlet.
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Figure 6.46: Introduction of vorticity into main flowstream via separation. Circulation about a
contour enclosing shear layer is independent of shear layer thickness.

This way of thinking about the secondary flows development yields another insight.
The circulation around a contour passing through the wall is not affected by the details of
the enclosed shear layer. In other words, the thicker the shear layer is, the weaker the vor-
ticity will be to maintain constant circulation. Therefore, the hypothesis is revised to assert
that the secondary flows should only depend weakly on the details of the flow nonuniformi-
ty (an example of a weak effect is the impact of blockage growth on throughflow velocity,
and thus cusp incidence angle). Filipenco and Everitt both observed in their experiments
that the diffuser performance is insensitive to spanwise variations in flow properties [9]
[10]. The arguments presented here could explain the reason for these observations. How-
ever, it is still necessary to establish a link between the secondary flows and the diffuser

performance. This is done in Section 6.6.6.

6.5.8 Summary of Diffuser Inlet Performance Assessment

The diffuser inlet, representing the region of the diffuser over which impeller exit flow an-
gle has the greatest influence, contributes a significant fraction of the overall diffuser pres-
sure rise. However, the performance is highly dependent on operating point. The ideal uni-
form static pressure recovery coefficient is determined primarily by the impeller exit flow

angle, which sets the inlet 1D area ratio, and secondarily by compressibility. The greatest
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pressure recovery coefficients are experienced at high inlet flow angles and Mach numbers.
Choking at the diffuser throat limits the minimum achievable static pressure recovery, flow
angle, and thus compressor flow range, with high inlet Mach numbers being more limiting.

Approximately half of the inlet loss is incurred in the mixing plane, attributable to the
impeller exit circumferential nonuniformities. The remainder of the inefficiency is at-
tributed primarily to loss and secondarily to blockage growth in the inlet boundary layer.
The boundary layer loss is driven by path length, which increases loss at high flow angles,
and compressibility, which increases the average velocities and corresponding losses at low
flow angles. Incidence effects contribute additional loss at high and low flow angles. These
effects are not limited to leading edge incidence, but cusp incidence and possibly bleed slot
incidence are also hypothesized to play a role.

Secondary flows in the diffuser inlet are characterized and categorized in to two groups
according to their origin: background vortices, which result from the impeller exit stream-
wise vorticity, and incidence vortices, which originate due to separation off the diffuser
leading edge cusps at high and low incidence angles. The incidence vortices are observed on
the diffuser pressure side at low flow angles, and on the diffuser suction side at high flow
angles. The characteristics and strength of the secondary flows are only found to depend
weakly on the details of the vorticity sources, since circulation around a contour that

bounds a shear layer is independent of its thickness.

6.6 Diffuser Passage Performance Assessment

The diffuser passage is the portion of the diffuser that differs between the baseline and
truncated configurations, beginning at the throat (station T) and ending at the exit (station
29). As previously established in Section 6.5.1, the diffuser inlet performance is not affect-
ed by the differences in passage geometry, so differences in the overall diffuser and com-
pressor performance trends can be attributed to differences in the performance of the dif-
fuser passage itself. The boundary conditions at the throat have also been shown in Section
6.5.2 to be independent of the baseline and truncated diffuser geometry differences, only
varying with operating point.

The Mach number and secondary flows at the diffuser throat are found to have the larg-
est influence on the diffuser passage performance. The secondary flows in particular heavi-
ly influence the passage separation, and thus they are more influential for the baseline dif-
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fuser than the truncated diffuser, which has a smaller separation. The impact of the dif-
fuser trailing edge thickness on diffuser performance is also evaluated and found to account
for 6-16% of the inefficiencies within the truncated diffuser passage. For the baseline dif-
fuser, trailing edge thickness has a negligible impact on performance, but the additional
inefficiency associated with the large separation make up the difference between the two
configurations.

Note that for some of the experimental test points, static pressure is not measured at
the throat. As a result, the population of experimental data that can be used to determine
passage performance is smaller than the larger set of data used to investigate the overall

diffuser performance.

6.6.1 Diffuser Passage Performance

The purpose of this section is to simply show the performance of the diffuser passage and
highlight performance trends. Performance metrics are plotted relative to diffuser inlet
flow angle for consistency with the other diffuser performance plots. Although the flow an-
gle itself doesn’t have a direct physical influence over the diffuser passage performance, it
does have an indirect influence by governing the throat blockage and secondary flows
strength, as discussed in Sections 6.5.2 and 6.5.7. Recall that the diffuser inlet flow angle
and throat Mach number are also inversely related to one another for a given compressor
speed.

The diffuser passage static pressure recovery coefficient is shown in Figure 6.47. In
deep choke, the experimental data indicates that the pressure recovery falls off sharply due
to the formation of a passage shock downstream of the throat. More interestingly, between
choke and stall there is an overarching trend showing pressure recovery decreasing with
flow angle.

The stagnation pressure loss coefficient is not experimentally measured, but the CFD
calculated loss is also shown in Figure 6.47. Although deep choke conditions are not simu-
lated by the CFD, it can be inferred that there are high losses corresponding to the shocks
and the sharp reduction in experimentally measured static pressure recovery. The CFD
results do show the loss decreasing further as the compressor is throttled slightly out of
choke. Between choke and stall, the CFD calculated loss trend varies with the compressor

speed. Everitt referred to this effect as an incidence loss [10]. At higher flow angles, the
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Figure 6.47: Diffuser passage performance versus impeller exit flow angle. Symbols and line styles
denote diffuser configuration and data source, while colors denote rotor speed. Poor pressure
recovery and high losses at low flow angles, dependent on compressor speed. Reduction in pressure
recovery and increase in loss also observed with increased flow angle between choke and stall.
Combined effects of incidence and compressibility confound simple determination of causality.
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loss increases steadily toward stall at 100% Nc2s, whereas it is nearly constant across the
operating range for the 80% Nc2s simulations.

The differences between the experimental and CFD results, and between baseline and
truncated diffusers are investigated by isolating the 100% Nce2s and 80% Neo5 static pressure
recovery coefficients individually in Figure 6.48. Clearly, the diffuser passage is the origin
of the piecewise appearance of the CFD calculated performance trends referenced in Sec-
tions 3.2 and 6.1. The three apparent performance regimes denoted as regions 1, 2, and 3
in Figure 6.48, will be referred to more in the following sections as the cause of this trend is
investigated. Again, one can see that the piecewise appearance of the CFD calculated per-
formance trends is more pronounced for the baseline diffuser than it is for the truncated
diffuser.

The CFD calculates a lower loss for the truncated diffuser than for the baseline diffuser
across much of the operating range, as shown in Figure 6.47. The experimental data also
shows a slight difference between the baseline and truncated diffusers. However, recall
that the opposite difference is observed in the diffuser inlet experimental performance
trend, so this is hypothesized to be the result of differences in the diffuser throat static
pressure measurement rather than the differences in diffuser geometry. Furthermore, re-
call from Section 6.1 that differences in the baseline and truncated diffuser pressure recov-
ery and loss levels are not reflected by the overall diffuser experimental loss measurements.

The causes of the diffuser performance trends and the physical relevance of the piece-
wise appearance of the CFD solution must be addressed by examining the diffuser in more

detail.
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Figure 6.48: Diffuser passage pressure recovery coefficient versus impeller exit flow angle. Symbols
and line styles denote diffuser configuration and data source, while colors denote operating point
(note: colored experimental points averaged from multiple tests). Experimental difference between
baseline and truncated diffuser pressure recovery coefficients disregarded due to opposite trend
CFD indicates differences between baseline and truncated diffuser, but note

piecewise appearance of trend (regimes of behavior denoted 1, 2, and 3).
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6.6.2 Diffuser Exit Conditions

The flow conditions at the diffuser exit are presented to better understand what drives the
performance trends of the diffuser passage, and because they represent the inlet conditions
to the deswirler. The diffuser exit flow angle is plotted in Figure 6.49, showing that the
truncated diffuser has a higher exit flow angle than the baseline diffuser by approximately
20 deg. Again, this implies that in the truncated diffuser configuration, the deswirler lead-
ing edge incidence angle is much higher than design intent. The fact that the deswirler op-
erates off-design with the truncated diffuser upstream is one of the reasons why the
deswirler performance is not closely studied here.

The diffuser exit mass blockage is shown in Figure 6.50. Both diffusers have a much
higher blockage at the exit than at the throat, with the baseline diffuser exit blockage being
2 to 5 times greater than that of the truncated diffuser. The effects of increased exit flow
angle and blockage both reduce the 1D effective area at the diffuser exit such that the two
diffuser configurations have nearly equal effective area ratios. This is one reason the static
pressure recovery of the two diffuser configurations are so similar despite the large geome-
try differences. Notice how the baseline diffuser exit blockage trend has a piecewise ap-
pearance as the levels and slopes of the characteristic vary sharply across the operating
range. This behavior corresponds to the piecewise appearance of the baseline diffuser static

pressure recovery coefficient trend.
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Figure 6.49: Diffuser exit flow angle versus impeller exit flow angle. Symbols and line styles denote
diffuser configuration and data source, while colors denote rotor speed. Truncated diffuser exit flow
angle approximately 20 deg greater than baseline diffuser.
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Figure 6.50: Diffuser exit mass blockage versus impeller exit flow angle. Symbols and line styles

denote diffuser configuration and data source, while colors denote rotor speed. Baseline diffuser exit
blockage 2-5 times greater than truncated diffuser.
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6.6.3 Evaluation of Nonideal Effects

Using the same procedure discussed in Section 6.4 for evaluating nonideal effects in the dif-
fuser, the diffuser passage pressure recovery coefficient is calculated from the CFD solu-
tions using three sets of assumptions, and plotted in Figure 6.51. These include the actual
(black) and ideal (green) pressure recoveries as well as a pressure recovery calculated using
the actual diffuser exit blockage but assuming no stagnation pressure loss in the diffuser
passage (blue). These are normalized in Figure 6.51 to show the gap between the actual
static pressure rise in the diffuser passage and the ideal static pressure rise after complete
diffusion.

The 1D area ratio of the baseline diffuser is large enough that an ideal diffusion process
would recover all but 10% of the pressure rise deficit. The remaining inefficiencies in the
baseline diffuser passage are split between the stagnation pressure loss (35-70%) and
blockage (20-55%). For the truncated diffuser, the impact of the stagnation pressure loss is
comparable to that of the baseline diffuser. However, the impact of exit blockage is reduced
to just 10-25% of the pressure rise deficit. The remaining 25-40% of the truncated diffuser’s
pressure rise deficit comes from the reduction in effective area ratio caused by the increased
exit flow angle. These patterns vary noticeably with respect to flow angle and compressor
speed.

Using the second procedure discussed in Section 6.4 for evaluating nonideal effects, the
diffuser passage pressure recovery coefficient is calculated by defining hypothetical flow
processes which utilize the mixed out average, and plotted in Figure 6.52. In additional to
the actual (black) and ideal (green) pressure recoveries, this includes the maximum attain-
able pressure recovery for a frictionless diffusion process given the nonuniform throat con-
ditions (blue), and the recovery that could be obtained if the exit nonuniformity were mixed
out (red). These pressure recovery coefficients are normalized in Figure 6.52 to show the
gap between the actual static pressure rise in the diffuser passage and the ideal static pres-

sure rise if diffusion were complete.
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Figure 6.51: Relative influence of nonideal effects on diffuser passage pressure rise versus impeller
exit flow angle, based on CFD solutions. Symbols denote compressor speed, line styles denote use of
static pressures (incomplete diffusion constrained by true geometry) or stagnation pressures (full
diffusion), and colors denote different nonideal effects. Results normalized between true pressure
rise (0) and ideal full diffusion pressure rise (1). Loss accounts for half of inefficiency for both
diffuser configurations, followed by blockage for baseline diffuser and limited 1D area ratio for
truncated diffuser.
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Figure 6.52: Relative influence of nonideal effects on diffuser passage pressure rise versus impeller
exit flow angle, based on CFD solutions. Symbols denote compressor speed, line styles denote use of
static pressures (incomplete diffusion constrained by true geometry) or stagnation pressures (full
diffusion), and colors denote different nonideal effects. Results normalized between true pressure
rise (0) and ideal full diffusion pressure rise (1). Lost pressure rise opportunity is greater for
baseline diffuser than truncated diffuser, while truncated diffuser offers greater unrealized pressure

rise opportunity for deswirler.
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Because all of the performance differences between the two diffusers are manifested in
the diffuser passage, the observations made in Section 6.4 regarding differences between
the baseline and truncated diffuser inefficiencies are relevant to Figure 6.52 as well. How-
ever, the relative contributions of each inefficiency category (unavailable opportunity, lost
opportunity, and remaining opportunity) are different. The pressure rise potential that is
unavailable due to throat nonuniformity is small, since throat flow properties are relatively
more uniform than properties at the impeller trailing edge. Similarly, opportunity that is
lost in the diffuser passage due to wall friction and delayed or incomplete mixing is only a
fraction of the overall lost opportunity shown for the overall diffuser. The result is that the
pressure rise potential remaining at the diffuser exit due to nonuniformity (especially for
the baseline diffuser) and the limited 1D area ratio (especially for the truncated diffuser)

represent larger portions of the pressure rise deficit for the diffuser passage.

6.6.4 Effect of Trailing Edge Thickness

Recall from Figure 6.14 that there is a discontinuous increase in aerodynamic mass block-
age across the diffuser trailing edge due to the finite thickness of the trailing edge. At the
diffuser trailing edge, the solid blockage accounts for 3-6% of the total blockage for the base-
line diffuser, and 35-65% for the truncated diffuser. This additional nonuniformity reduces
the mixed out average stagnation pressure, contributing to the loss in pressure rise oppor-
tunity incurred within the diffuser passage shown in Figure 6.52.

Figure 6.53 shows the loss in mixed out average stagnation pressure across the trailing
edge as a fraction of the total loss in mixed out average stagnation pressure between the
throat and exit. For the baseline diffuser, the trailing edge thickness accounts for less than
1.5% of this lost opportunity, while the thicker truncated diffuser trailing edge accounts for
6-16% of the lost pressure rise opportunity within the passage. Despite the differences in
contributions from the trailing edge, the baseline and truncated diffusers have been shown
in Figure 6.52 to differ only slightly in mixed out average stagnation pressure loss (in fact,
the CFD calculates a slightly lower loss for the truncated diffuser). This means that the
baseline diffuser makes up this difference via additional wall friction and delayed or incom-
plete mixing. This is another way to view the fundamental difference between the baseline

and truncated diffusers.
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Figure 6.53: Mixed out average stagnation pressure loss across diffuser trailing edge normalized by
mixed out stagnation pressure loss between diffuser throat and exit versus impeller exit flow angle.
This represents the fraction of lost pressure rise opportunity in the diffuser passage attributable to
trailing edge thickness. Symbols and line styles denote diffuser configuration and compressor speed.
Truncated diffuser trailing edge accounts for 6-16% of overall passage loss, while contribution is
negligible for baseline diffuser.

6.6.5 Effect of Compressibility

The diffuser passage static pressure recovery and stagnation pressure loss coefficients are
plotted in Section 6.6.1 with respect to the diffuser inlet flow angle. However, recall that
the diffuser inflow angle is correlated with the blockage, secondary flows, and Mach num-
ber at the diffuser throat. Therefore, the attempt is made here to separate the effect of
compressibility, and show its contribution to these diffuser passage performance trends.

To begin, the diffuser passage pressure recovery and loss coefficients are replotted
against the throat Mach number in Figure 6.54 and Figure 6.55 respectively, normalized by
the baseline diffuser performance measures at 100E. As discussed in Section 5.3, compress-
ibility can be expected to increase the ideal pressure recovery coefficient and reduce the loss
coefficient due to scrubbing losses. This general effect is in fact observed in Figure 6.54 and

Figure 6.55. However, there are still other effects at play.
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Figure 6.54 also shows the 1D uniform flow ideal static pressure recovery coefficient for
the diffuser passage. This is calculated over a range of throat Mach numbers using the dif-
fuser passage effective area ratio estimated from the 100E experimental measurements on
the baseline diffuser (the effective area ratio of the truncated diffuser is similar due to the
combination of lower exit blockage and higher exit flow angle). This idealization helps to
quantify the effect of compressibility, which one can see increases the pressure recovery co-
efficient at higher Mach numbers. However, it does not exhibit a trend as steep as the ex-
perimental data or CFD results.

Also contributing to the static pressure recovery trend is the stagnation pressure loss
trend. This partially accounts for the difference in slopes between the 1D ideal static pres-
sure recovery coefficient and the experimental or CFD results, since the stagnation pres-
sure loss coefficient is reduced at higher Mach numbers due to compressibility. The impact
of compressibility on the loss coefficient due to scrubbing is quantified by applying and
comparing Equation 5.7 (compressible) and Equation 5.8 (incompressible), which are based
on the dissipation coefficient. These are plotted in Figure 6.55. One can see that the com-
pressible flow loss coefficient estimate is only 50% of the incompressible flow estimate, and
it is indeed lowest at higher Mach numbers.

The effect of compressibility on scrubbing loss does not explain everything about the
static pressure recovery or stagnation pressure loss coefficient trends, notably their piece-
wise nature or the differences between the loss at 80% Nces and 100% Nces. However, it
does account for the general increase in pressure recovery coefficient and reduction in stag-
nation pressure loss coefficient at higher Mach numbers. As previously mentioned, another
effect of compressibility is the high losses and low pressure recoveries incurred when the
diffuser chokes due to passage shocks that form downstream of the throat within the dif-
fuser passage. Even at low flow angles approaching coke, the sensitivity of incidence loss to
Mach number described by Everitt [10] and observed in Figure 6.5 and Figure 6.47 is also
the result of compressibility. Though they are not the full passage shocks that form in deep
choke, smaller shocks like those observed in Figure 6.8 and Figure 6.10 form due to local-
ized regions of supersonic flow near the diffuser leading edge or at the transition between
the throat and the diverging passage. Near choke, the throat Mach number and corre-

sponding presence of these shocks are extremely sensitive to small changes in inflow angle
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or 1D area ratio. This is what drives the sensitivity of incidence loss to Mach number at
low flow angles approaching choke.

It is worth recalling the combined effects of compressibility in the diffuser inlet and pas-
sage subcomponents, as discussed in Section 6.5.6. While it is true that for the same diffus-
er inlet flow angle, a higher diffuser inlet Mach number will result in greater ideal static
pressure recovery coefficients for both the inlet and passage, the overall diffuser ideal static
pressure recovery coefficient is only weakly impacted. This is due to the reduced dynamic
pressure at the throat associated with improved diffuser inlet recovery. Essentially, for a
large 1D area ratio diffuser with ideal pressure recovery coefficient near unity, compressi-
bility only shifts the ideal static pressure distribution upstream. That said, the impacts of
compressibility in reducing the inlet and passage scrubbing losses compounds to reduce the
overall diffuser stagnation pressure loss coefficient. Thus, there is still a net benefit of

compressibility for flow angles not near choke.

6.6.6 Effect of Secondary Flows

It has been shown in Section 6.5.7 that two categories of secondary flows are present at the
diffuser throat in the form of counter-rotating vortex pairs. The background vortices origi-
nate in the nonuniform impeller exit flow, and are characterized by relatively weak vortici-
ty distributed over large areas. The incidence vortices result from flow separation off the
leading edge cusps at high or low incidence angles, and are characterized by local regions of
relatively high vorticity. The positions and strength of these secondary flows vary with op-
erating point. At low flow angles, the background vortices and pressure side incidence vor-
tices are strongest at the diffuser throat. At high flow angles, the background vortices are
weaker at the throat, and the incidence vortices are observed on the diffuser suction side
throughout the inlet region.

This section establishes a link between these various secondary flows sources and the
crossflow velocity field. It is then shown that this crossflow results in migration and accu-
mulation of weak endwall flow between the vortices, reducing mixing effectiveness and in-
fluencing the position and extent of the diffuser passage separation. This mechanism is es-
pecially influential for the baseline diffuser, which experiences a larger separation than the

truncated diffuser.
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6.6.6.1 Relationship between Secondary Flows and Loss Accumulation

The distributions of stagnation pressure loss coefficient are shown in Figure 6.56 at 100%
Nezs on various crossflow planes throughout the baseline diffuser. Notice that a large re-
gion of high loss is observed on the diffuser pressure side at low flow angles, and on the dif-
fuser suction side at high flow angles. This weak flow eventually separates further down-
stream in the diffuser passage. There are a number of mechanisms which could give rise to
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Figure 6.56: CFD calculated distributions of stagnation pressure loss coefficient at 100% Nezs for
baseline diffuser. Regions of high loss and resulting flow separation localized to area between
vortices (z = 0). As vortices switch from pressure to suction sides between 100S and 100S’, so does
high loss flow.
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these loss distributions and resulting separation. It has already been shown that the loss
incurred upstream of the diffuser leading edge is similarly dependent on flow angle. How-
ever, the localized pressure and suction side high loss regions are not present at the diffuser
leading edge, and therefore must form downstream. This could be the result of loss genera-
tion, loss migration, or a combination of both within the diffuser.

Notice that the distribution of loss in the diffuser corresponds with the locations of the
vortices shown in Figure 6.36. First, the regions of high loss are present on the same side of
the diffuser passage as the incidence vortices. More significantly, the regions of high loss
are localized precisely between the counter-rotating incidence vortices. That is, the bound-
ary layer is thicker between the vortices than it is near the forward or aft endwalls. This is
strong evidence that the vortices and loss distributions are related.

As discussed in Section 5.2, secondary flows influence the loss and nonuniformity
through crossflow migration of high and low loss regions of flow. This can either diminish
mixing via accumulation or clumping of the high loss fluid, or it can enhance mixing via
stretching and increased surface area of the shear layer. One can interpret this shear layer
stretching or compression in the transverse direction as a 3D extension of a traditional 2D

boundary layer growth model. This is illustrated in Figure 6.57.
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Figure 6.57: 3D effect of transverse velocity gradient, dw/dz, on boundary layer growth rate. Main
flow velocity and direction represented by u and x respectively, wall normal velocity and direction
represented by v and y respectively, and transverse velocity and direction represented by w and z
respectively. Wall position represented by 0, and boundary layer edge represented by e. Ilustration
shows 8w /dz<0, which increases boundary layer growth rate relative to pure 2D boundary layer due
to accumulation of high loss flow from sides.
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Whereas the growth rate of a simplified 2D boundary layer is determined by its own
thickness, shape, and edge velocity, this 3D boundary layer growth rate also depends on the
rate at which nonuniformity enters or leaves the boundary layer control volume from the
sides. This means there is a net 3D effect if the transverse velocity component has a non-
zero gradient in the transverse direction, denoted dw/dz in the local boundary layer coordi-
nate system. If dw/dz < 0, the boundary layer grows at a faster rate than a 2D boundary
layer, and mixing effectiveness is reduced. On the other hand, if ow/dz > 0, the boundary
layer will not grow as fast as a 2D boundary layer, and mixing effectiveness is enhanced.

Both compression and stretching effects are present in the diffuser passage of interest.
For a basic conical diffuser with no secondary flows, dw/dz > 0 everywhere in the boundary
layer. The boundary layer is stretched in the transverse direction simply because the pe-
rimeter of the diffuser passage increases along its length (an analogous effect is found in
external flow over a body of revolution). This effect is complicated by the more complex ge-
ometry of the diffusers of interest, but in general it is still present especially at the forward
and aft endwalls. However, for this diffuser, the contribution of the vortices to the trans-
verse velocity gradient is much stronger than the effect of the increasing perimeter. Figure
6.58 shows the velocity gradient in the z direction, dV,/0z, which is transverse to the pres-
sure and suction side boundary layers. The secondary flow field adds both positive and
negative components to the shear layer transverse velocity gradient. This depends on the
relative locations of each point in the shear layer to the vortices, and will be characterized
in more detail in the following sections. In general, it is clear that the boundary layer is
compressed in the transverse direction (dV,/dz < 0) between the counter-rotating vortices.
The largest transverse velocity gradients are near the vortices, and these correspond to the
regions of the flow which separate first.

Another effect of the vortices is that the wall normal velocity gradient is large in be-
tween the vortices (3, /0y in the diffuser coordinate system, or dv/dy in the boundary lay-
er local coordinate system). This is an additional 3D effect, which tends to stretch the shear
layer in the wall normal direction. In other words, the secondary flows can pull weak flow
off the wall into the main flow stream, enhancing mixing and reducing the extent of the
separation. This effect is observed on the diffuser pressure side when the pressure side in-
cidence vortices become strong. In fact, this effect is found to correspond to the piecewise
shift between regions 1 and 2 of the diffuser pressure recovery trend shown in Figure 6.48.
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Figure 6.59 shows the entropy generation rates on various crossflow planes throughout
the baseline diffuser. This indicates that the shear layers bounding the high loss regions
are associated with higher loss generation rates. Of course, this loss generation also con-
tributes to the observed loss distribution and resulting separation. However, the high loss
generation is hypothesized to primarily be the result of the loss accumulation, not the ini-
tial cause of it. In other words, the region that has accumulated more weak flow must ex-
perience greater mixing losses. If the weak flow migrates differently as a result of the vor-
tices moving between the pressure and suction sides, the regions of high loss generation
will move as well. This hypothesis will be confirmed in the following sections.
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Figure 6.59: CFD calculated distributions of entropy generation rate at 100% N5 for baseline
diffuser. High loss generation rates correspond to high loss regions. Hypothesize that this is result
of loss accumulation; not cause of it.

- 2.286

1.306

0.746

- 0.427

0.244

0.139

0.080

0.045

- 0.026

- 0.015

6.6.6.2 Estimation of Transverse Velocity Gradient

To further understand the factors influencing the accumulation of weak flow between the
counter-rotating vortices, and to evaluate the relative importance of the incidence and
background vortices, a simplified model is implemented to estimate the strength of the
transverse velocity gradient from the vorticity distribution.

For the purposes of this estimate, the secondary flow field is assumed to be two dimen-

sional, such that the crossflow velocity distribution can be completely determined from the
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vorticity distribution on that plane. This assumption introduces the least error when ap-
plied to a crossflow plane that is far from the diffuser leading edge. As a result, this esti-
mation procedure is applied to planes X3 and X8, which are downstream of the leading edge
on the suction and pressure sides respectively. The flow field associated with a point vortex
is given by Equation 6.4, where I' is the circulation of the vortex, r is the distance to the
vortex, and Vj is the component of velocity circulating around the vortex as shown in Figure
6.60. Taking the velocity component in the z direction and differentiating with respect to z
yields Equation 6.5. The velocity fields and gradients from multiple vortices can be super-
imposed. This is given by Equation 6.6 for a generalized vorticity distribution, where the

circulation of each infinitesimal point is equal to w,dA.

Figure 6.60: Velocity and velocity gradient fields associated with infinitesimal 2D vortex of strength
[":a)di

I" &
e Equation 6.4
Ve 2nr
% = M Equation 6.5
0z 271
% _ [ w,(y —y)(z -2 Bt Equation 6.6
0z al(ly = y)? + (z — 2)?)?

From Equation 6.5, one can see that there are three factors that determine the influence
of a vortex on the crossflow velocity gradient: the strength of the vortex, the proximity of
the vortex to the point of interest, and the angle of the vector between the vortex and the
point of interest. The angles which maximize the impact of the vortex are located at 45 deg,

135 deg, 225 deg, and 315 deg relative to the z axis, as indicated in Figure 6.60. Not sur-
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prisingly, these are the approximate angles between the vortices and regions of weak flow
on the diffuser pressure and suction sides.

To account for the zero velocity boundary condition at the diffuser wall, a few assump-
tions are made. First, the diffuser passage is approximated as a rectangle. It is then possi-
ble to devise a physical representation of the flow field with periodic boundary conditions by
replacing the diffuser walls with planes of symmetry, as shown in Figure 6.61. This satis-
fies the original wall boundary condition since there can be no flow through a plane of
symmetry. One can recognize that the flow field is impacted not only by the vortices ob-
served in true diffuser flow, but also by the image vortices necessary to satisfy the bounda-
ry conditions. Since the impact of a vortex on the velocity gradient decays with 1/r?, and
because only the diffuser pressure and suction sides are of interest, only the image vortices
across the pressure and suction side symmetry planes are included respectively in these
estimations. This essentially doubles the impact of each vortex. The induced boundary
layer vorticity is neglected for this estimation, as this vorticity only exists to satisfy the no
slip condition at the wall. While it certainly affects the flow field locally in the boundary
layer, one can infer that the farfield impact is small since the induced vorticity is so near to
its image.
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Figure 6.61: Representation of diffuser secondary flow field as superposition of vortex and image
vortex 2D velocity fields. Transverse velocity gradients estimated using this approach.
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By applying Equation 6.6 to the CFD calculated vortex regions (see Section 6.5.7.1) and
corresponding image vortices, the contribution of each vortex to the transverse velocity gra-
dient is estimated. Figure 6.62 shows these estimates for the diffuser suction side at the X3
cut plane and the diffuser pressure side at the X8 cut plane, both at the diffuser mid-plane
(z = 0). The total estimated velocity gradient is also shown, as well as the maximum value
that is sampled from the CFD solutions along the mid-plane. One can see that the total es-
timated velocity gradient closely matches the direct CFD measurements, both in terms of
the trends and the magnitudes. This is an assurance that the estimation procedure is val-
id, and that it is predominantly the vortices—not the complex diffuser passage geometry—
that gives rise to the large velocity gradients between the vortices.

The trends in the transverse velocity gradient generally follow the vortex circulation
trends shown in Figure 6.40. There is a strong negative transverse velocity gradient just
downstream of the leading edge at low flow angles on the diffuser pressure side, and at high
flow angles on the diffuser suction side. This supports the hypothesis that the vortices con-
tribute to the accumulation of high loss flow between them, and it establishes a causal link
between the flow angle and the separation side and extent. Note that the significance of
this effect relative to other boundary layer growth effects still has yet to be established in
Section 6.6.6.3.

Figure 6.62 also yields insight about the relative importance of the different vortex
sources. Although the incidence vortices and background vortices have comparable
strength, the incidence vortices contribute more to the transverse velocity gradient because
of their proximity to the pressure and suction side points of interest. By comparison, the
influence of the background vortices varies little over the operating range. The background
vortices actually contribute a positive component to the transverse velocity gradient on the
diffuser suction side, improving mixing by stretching the boundary layer. However, this is
overwhelmed by the opposite effect of the suction side incidence vortices at high flow an-
gles. The trends observed at 80% Nce2s and 100% Neos are similar, as are the trends observed
for the baseline and truncated diffusers.

Upon comparing Figure 6.40 with Figure 6.62, one can see that the impact of the inci-
dence vortices on the transverse velocity gradient increases more rapidly than the vortex
strength itself at extreme high and low flow angles. This is because the velocity field in-

duced by the image vortices has the compounding effect of moving the two counter-rotating
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vortices closer toward the diffuser mid plane as the flow progresses downstream of the dif-
fuser leading edge. Note the differences in axis limits between the X3 and X8 cut planes,
which suggest that the incidence vortices are more influential on the pressure side than the
suction side. However, CFD simulations_ attempted at higher flow angles suggest this is not
true, though these simulations did not converge due to stall.

Another observation which must be explained is the nonmonotonic trend in velocity
gradient observed at low flow angles in Figure 6.62. At 80% N5 and a flow angle of -2.5
deg relative to the reference value, the pressure side mid plane velocity gradient vanishes
at the X8 cut plane. This is due to a local shock induced pressure side separation which be-
gins near the X8 cut plane (see Figure 6.8 and Figure 6.10). Because the flow must pass
around the top and sides of the 3D separation bubble, the divergence of the velocity field on
the crossflow plane must be positive at the start of the separation bubble (see Figure 6.58).
Physically, this is enabled by a local increase in static pressure at the start of the separa-
tion bubble, or alternatively by the introduction of y and z vorticity components into the
main flow which influence the velocity field in the crossflow plane. The same effect is ob-
served at 100% Nczs, but at a higher flow angle of -2 deg, relative to the reference value (this
is not obvious, since lower flow angles are not simulated at 100% Nc25). The increase in flow
angle at which this shock induced separation occurs is due to the higher diffuser inlet Mach
numbers associated with the higher corrected speed.

Note that the diffuser mid plane is not necessarily the location where the maximum
boundary layer compression or resulting separation occurs for each operating point, and in
fact the compression rate is quite sensitive to the z position. However, this fixed plane is
chosen for simplicity in sampling the CFD solution. The general conclusions from this

study are not affected by this decision.
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Figure 6.62: Measured and estimated strength of transverse velocity gradient at diffuser mid plane
versus impeller exit flow angle. Symbols and line styles denote diffuser configuration, compressor
speed, and calculation assumptions, while colors denote different vortex sources. Suction side
experiences negative transverse velocity gradient at high flow angles, pressure side at low flow
angles. Dominant contribution due to incidence vortices.
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6.6.6.3 Effect of Loss Accumulation on Boundary Layer Growth and Pressure
Recovery

To show that the counter-rotating vortices significantly influence the boundary layer
growth rate and eventual separation observed between the vortices, it must be shown that
the effect of loss accumulation, or transverse boundary layer compression, is significant rel-
ative to other boundary layer growth effects.

Wilkosz conducted a CFD study to evaluate the impact of the vortices on the boundary
layer growth within the baseline diffuser [11]. In his simulations, Wilkosz directly imposed
boundary conditions at the diffuser throat, including various pressure and suction side
boundary layer thicknesses, as well as variations on the strength of the diffuser passage
vortices. Wilkosz showed that the secondary flows contributed significantly to the diffuser
pressure side passage separation. He hypothesized that this is due to the transport of the
weak forward and aftward endwall flow onto the diffuser pressure side. Furthermore,
Wilkosz showed that in the absence of these vortices, the separation instead transitions to
the suction side due to the thicker suction side boundary layer that forms in the inlet.

An alternative approach is taken here to yield some additional insight into the particu-
lar effect of the vortices. A two equation 2D integral boundary layer model was proposed by
Drela and Giles [20]. This model utilizes equations for the momentum thickness and kinet-
ic energy thickness growth rates derived from integral mass, momentum, and energy con-
servation equations. Re-deriving these equations with incorporation of the 3D effect de-
scribed in Section 6.6.6.2 yields Equation 6.7 and Equation 6.8. Subtracting Equation 6.7
from Equation 6.8 yields the kinetic energy shape factor growth rate, Equation 6.9. These
equations are presented in the local boundary layer coordinate system. The terms that rep-
resent the flux of throughflow nonuniformity in the throughflow direction, denoted by sub-
script x, are captured in the conventional 2D integral boundary layer model described by
Drela and Giles. The terms that rebresent the flux of throughflow nonuniformity in the
boundary layer transverse direction, denoted by subscript z, are the result of the secondary
flow field. The transverse gradients of terms will be nonzero if dw/dz is nonzero, even if all
other flow properties are uniform. Essentially, the 3D effect of the vortices can be treated
as an additional source term in the 2D integral boundary layer equations. These terms are
defined in the nomenclature portion of this thesis. Note that these equations neglect varia-

tions in the density and throughflow velocity in the z direction.
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To weigh the significance of the vortex source term relative to the other boundary layer
growth terms, the momentum and kinetic energy thickness growth rates and vortex source
terms are sampled from the 100E and 100S’ CFD solutions for the baseline diffuser. The
sampling is performed on the diffuser mid plane (z = 0) at various positions along the dif-
fuser length shown in Figure 2.19. To calculate the integral boundary layer parameters,

the boundary layer edge is defined as in Figure 6.63 for 100E and in Figure 6.64 for 100S’.
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Figure 6.63: Definition of 100E boundary layer edge on baseline diffuser mid plane, showing relation
with respect to diffuser geometry, stagnation pressure loss distribution, and velocity profiles.
Definition used to extract boundary layer properties from CFD calculation.
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Boundary Layer Edge

Figure 6.64: Definition of 100S’ boundary layer edge on baseline diffuser mid plane, showing
relation with respect to diffuser geometry, stagnation pressure loss distribution, and wvelocity
profiles. Definition used to extract boundary layer properties from CFD calculation.

This boundary layer edge definition is not obvious for internal flows, since nonuniformities
unrelated to the diffuser boundary layer already exist at the diffuser inlet. However, upon
examining the pitchwise profiles of diffuser throughflow velocity, distinct boundary layer
edges are observed to grow from the diffuser suction and pressure side leading edges.

The CFD calculated boundary layer growth rates and the contributions from the vortex
source terms are plotted in Figure 6.65. One can see that the vortex source terms vary be-
tween positive and negative values. The negative values generally correspond to locations
along the diffuser where flow separation begins or grows. As a result, the flow must di-
verge around the sides of the separation bubble, a 3D effect described in Section 6.6.6.2. On
average, however, the diffuser pressure side boundary layer growth rate generally sees a

positive contribution from the vortex source terms, with the source term being greater at
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Figure 6.65: CFD calculated boundary layer growth rates and vortex source terms versus
throughflow position for baseline diffuser. Growth rate closely correlates with vortex source terms
on diffuser pressure side at 100E, and diffuser suction side at 1005’

100E than at 100S’. On the suction side, the vortex source term is generally negative at
100E, due to the background vortices, and generally positive at 100S’. One can see that the
overall boundary layer growth rates closely follows the trends and magnitudes of this vor-
tex source terms on the pressure side at 100E and the suction side at 100S’. This confirms
the hypothesis that the secondary flows contribute significantly to the boundary layer
growth. Also notice from Equation 6.9 that the difference between the kinetic energy and
momentum thickness vortex source terms is what influences the kinetic energy shape factor
growth rate. In general, Figure 6.65 shows that these two source terms closely follow one
another. However, the momentum thickness vortex source term is greater than the energy
thickness vortex source term on the pressure side at 100E and the suction side at 100S’.
This difference results in a reduction in kinetic energy shape factor, which tends to drive an
attached boundary layer towards separation.

Another way to evaluate the importance of the secondary flows is to solve the integral

boundary layer equations on the diffuser pressure and suction sides with and without the
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vortex source term. To do this, Equation 6.7 and Equation 6.9 are numerically integrated
along the length of the diffuser using a forward Euler integration scheme. Closure correla-
tions proposed by Drela and Giles for the 2D integral boundary layer model are utilized for
this modified model. These closure correlations define the kinetic energy shape factor, den-
sity shape factor, skin friction coefficient, and dissipation coefficient as functions of Mach
number, Reynolds number, and shape factor [20]. The boundary layers are assumed to be
fully turbulent and in equilibrium.

The diffuser inlet and passage components are each modeled separately. The diffuser in-
let suction side boundary layer model begins at the X3 cut plane where the Reynolds num-
ber, Mach number, boundary layer thickness, and shape factor are specified. These are de-
rived from the CFD calculations. The CFD calculated external velocity distribution is also
specified along the length of the inlet. The disadvantage of specifying the velocity distribu-
tion is that the static pressure distribution is also specified; it cannot react to the boundary
layer blockage. Another implication of specifying velocity is that the boundary layer cannot
be modeled once it is separated.

Downstream of the throat, the external velocity distribution is not specified. Instead,
the passage 1D area and width distributions are specified, and effective area is determined
using blockages associated with the pressure and suction side boundary layer displacement
thicknesses. In this way, the velocity distribution of the inviscid core is solved together
with the pressure and suction side boundary layer parameters at each discrete location
along the passage length. The boundary layers are assumed to uniformly span the entire
width of the diffuser, and the forward and aftward endwall boundary layer thicknesses are
neglected from the blockage calculation. To start the suction side boundary layer model,
the results of the inlet suction side boundary layer model are utilized except where the inlet
boundary layer separates. In this case, boundary layer displacement thicknesses and shape
factors derived from the CFD results are specified. CFD derived starting conditions are al-
so specified for the pressure side boundary layer.

This modified integral boundary layer model is used to simulate the 100E and 100S’ op-
erating points of the baseline diffuser. This is performed both with and without the CFD
calculated vortex source terms shown in Figure 6.65. The resulting boundary layer dis-
placement thicknesses and shape factors are shown in Figure 6.66 and Figure 6.67 respec-

tively. The CFD calculated values are also shown for reference. With the vortex source

229



Suction Side
40+ Pressure Side

O CFDResult
2D BL Model with CFD |-
Vortex Source Terms
= = = - 2D BL Model with no
Vortex Source Terms

g

s 28,100

)

(a) 100E
Suction Side
40} Pressure Side
O  CFDResult
351 2D BL Model with CFD
Vortex Source Terms %
= = = - 2D BL Model with no : :
301 Vortex Source Terms |- i
g ‘ Throat
W™
oo o
I ool ] j
6 8 10
(b) 1008

Figure 6.66: Boundary layer displacement thickness versus throughflow position for baseline
diffuser. Includes CFD calculation as well as 2D boundary layer model calculations with and
without vortex source terms. Excluding vortex source terms reduces displacement thicknesses. In
addition, it causes the separation side to change at 100E, and it delays separation at 100S’.
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Figure 6.67: Boundary layer shape factor versus throughflow position for baseline diffuser. Includes
CFD calculation as well as 2D boundary layer model calculations with and without vortex source
terms. Excluding vortex source terms causes the separation side to change at 100E, and it delays
separation at 100S’.
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terms modeled, the simple boundary layer model correctly captures many of the boundary
layer characteristics calculated by the CFD at both 100E and 100S’. Most notably, the sep-
aration side is captured. The approximate trends and magnitudes of the boundary layer
thicknesses and shape factors are also captured. However, there are also some notable dif-
ferences between the simple boundary layer model and the CFD. The pressure side separa-
tion location is delayed by the simple model at 100E, and in fact a small suction side sepa-
ration and reattachment is observed immediately upstream. Also, the suction side bounda-
ry layer thickness is overestimated by the simple model at 100S’.

The differences between the CFD and integral boundary layer model calculations are
small in comparison to the effect of the vortex source term. First, notice that at 100E with
the vortices modeled, the boundary layer trends closely follow the trends in the vortex
source term. This alone suggests that the vortices are important. Further evidence is pro-
vided upon removal of the vortex source term, as the diffuser separates on the suction side
rather than the pressure side. At 100S’, the boundary layer still separates on the suction
side without the vortices modeled, but it is much thinner. These results are consistent with
the study performed by Wilkosz [11].

The effects of the vortices on the diffuser mass blockage and static pressure recovery co-
efficient are shown in Figure 6.68 and Figure 6.69 respectively. Note that mass flow block-
age is calculated using the potential core average flow properties rather than availability
average properties as are used elsewhere in this thesis. Not surprisingly, the blockages
throughout the diffuser passage are smaller without the vortices, significantly so for the
100S’ operating point. As a result, the static pressure recovery coefficients are greater
without vortices by 11% at 100E (23% relative to CFD) and 57% at 100S’ (25% relative to
CFD). Of course, there is much uncertainty associated with these numbers due to the sim-
plicity of the integral boundary layer model and the clear differences in the results with re-
spect to the CFD. Furthermore, the results are sensitive to changes in the vortex source
terms and inlet conditions, which are measured from the CFD solutions with some subjec-
tivity as previously explained. Nonetheless, the underlying physics captured by the modi-
fied integral boundary layer model give it enough credibility to assert that the vortices do
have a significant impact on the boundary layer growth rate, the separation side (pressure
vs. suction side), and ultimately the pressure rise capability. This is also consistent with

the study performed by Wilkosz [11].
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Figure 6.68: Mass blockage based on potential core average properties versus throughflow position

for baseline diffuser passage.

Includes CFD calculation as well as 2D boundary layer model

calculations with and without vortex source terms. Excluding vortex source terms reduces blockage.
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Figure 6.69: Static pressure recovery coefficient versus throughflow position for baseline diffuser.
Includes CFD calculation as well as 2D boundary layer model calculations with and without vortex
source terms. Excluding vortex source terms increases pressure recovery coefficient.
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6.6.6.4 Scaling and Ordering for Boundary Layer Growth Mechanisms

The demonstrated impact of the vortices on the boundary layer raises interesting questions
with respect to the truncated diffuser, or diffuser geometry in general. From Equation 6.7,
one can infer that diffuser truncation has three effects: reducing the influences of the ad-
verse pressure gradient, wall friction, and secondary flows. However, if one can better un-
derstand the effects of the diffuser geometry on each of these mechanisms, it might be pos-
sible to make design decisions that reduce the impact of one mechanism—the vortices for
example—without sacrificing the diffuser’s ideal pressure rise capability.

To weigh the importance of the vortices relative to the other mechanisms influencing
the boundary layer growth, and to understand the effect of the diffuser geometry and inlet
conditions, scales are estimated for the various terms in the integral boundary layer equa-
tions. For convenience, Equation 6.7 and Equation 6.9 are rewritten as Equation 6.10 and

Equation 6.11 with the various terms labeled.

x 00, x 06, x Bue 2
B_XE To. az] [ (2 +H,—M )] [—6_— Equation 6.10
Term 1 Term 2 Term 3
x OHy x 060, x 06, x 6ue Hy* x (2Cp Cf
_I:I—,f ox 5,: 0z -—37; dz ue Ox ( ZH_;— Hx)] + [G—x(H; _7)] Equation 6.11
Term 4 Term5 Term 6 :

Terms 1 and 4 of Equation 6.10 and Equation 6.11 are the vortex source terms, repre-
senting the compression or stretching of the boundary layer in the transverse direction.
This z-flux momentum and kinetic energy thicknesses scale according to Equation 6.12 and
Equation 6.13 respectively. In fact, if w/u = w, /u, everywhere throughout the thickness of
the boundary layer, these equations can be expressed as equalities. Using the scale x~c
and assuming the x-flux momentum thickness and throughflow velocity vary negligibly in
the z direction, Terms 1 and 4 scale according to Equation 6.14 and Equation 6.15 respec-
tively. The familiar dw/0z term from Sections 6.6.6.1 and 6.6.6.2 appears here. Note that
Term 4 is the difference between two terms which scale similarly. Therefore, the difference
must also scale in this manner. However, it must be recognized that if w/u = w, /u, every-
where in the boundary layer, Term 4 will be identically equal to zero. In other words, the
vortices can only contribute directly to a change in the shape factor if the profiles of trans-
verse and throughflow velocity components differ from one another. This also means the

sign of Term 4 cannot be known from these simplified scaling arguments.
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The scales for the vortex source terms can be further refined using the methodology
provided in Section 6.6.6.2 for estimating the transverse velocity gradient, dw,/dz. Equa-
tion 6.5 is rewritten below as Equation 6.16 with two small modifications. First, the veloci-
ty gradient attributable to a single vortex near the wall is doubled to account for the impact
of its image vortex, which also contributes to the velocity field. Second, the number of vor-
tices contributing the velocity gradient may be set by the factor N,. For the diffusers of in-
terest in this research, N, is equal to two since the counter-rotating vortices are close
enough that the superposition of their transverse velocity gradients is significant in com-
parison to that of a single vortex. This happens when the distance between the vortices is
on the order of twice the distance between the vortices and the wall. This is not the case
immediately at the diffuser leading edge. However, as the vortices move downstream, the
velocity field generated by the image vortices pushes them closer together. On the other
hand, if the length or chord of the diffuser passage is much shorter relative to the vortex
spacing, such as for an axial compressor stator, the vortices do not have the length to move

within the regions of influence of one another and N, is equal to one.
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The use of Equation 6.16 also requires additional estimates for the strengths and posi-

N, IT|sin(26)

=

Equation 6.16

nr

tions of the vortices. The strength of each vortex is assumed to scale according to Equation
6.17. This is based on circulation arguments similar to those employed in Section 6.5.7.3.
To review, the origin of the vortices can be traced back to the boundary layer vorticity, and
the circulation around a contour enclosing a portion of the boundary layer does not depend
on the details of the boundary layer shape. Note that Equation 6.17 does not account for
the diffuser incidence angle or the vortex source (background or incidence vortices), both of

which are known to impact the vortex strength.

|T|~0 [ueA] Equation 6.17
h
As for the vortex positions, an angle of § = —45 deg is assumed between the vortices and

the wall, capturing the approximate point along the wall where the vortices have the larg-
est effect on transverse boundary layer compression as shown by Equation 6.18. This is al-
so consistent with the relative positions of the vortices and the separation locations ob-
served in the CFD results. The distance between the vortices and the diffuser wall is on the
order of the boundary layer thickness. This is observed in the CFD results for both back-
ground and incidence vortices for the diffusers of interest, and it is explained by the fact
that the vorticity originates in the boundary layer. The displacement thickness is selected
as a measure of the boundary layer thickness, which can itself be further related to the

mass blockage according to Equation 6.19.

sin(20) ~0[1] Equation 6.18
2 or26:2) 0 | L BRh__ Y Eoruat
) r ~0[26;~ ]""0 5 m quatlon 6.19

Combining all of these effects, the scale governing the impact of the secondary flows on
the boundary layer growth rate, terms 1 and 4, is given by Equation 6.20. Note that for an
axial compressor blade row, the terms h/c and A/h? can be related to the aspect ratio (AR),
solidity (o), and leading edge stagger angle () according to Equation 6.21 and Equation
6.22. Thus, the vortex source terms can also be written as Equation 6.23. Note that this
scale is inversely proportional to the diffuser aspect ratio, such that the impact of the vorti-

ces can be great for low aspect ratios.
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Terms 2 and 5 of Equation 6.10 and Equation 6.11 represent the effect of the pressure
gradient on nonuniformity amplification. Assuming inviscid core flow and using the influ-
ence coefficients provided by Greitzer and Tan, the velocity variations can be related to area
variations according to Equation 6.24 [17]. The scales x~c, dx~c, A,~A¢>, and dA,~A; —
A, are selected based on the diffuser geometry. Thus, the impacts of the pressure gradient
on the boundary layer growth rates, terms 2 and 5, are governed according to the Equation
6.25 and Equation 6.26 scales respectively. Note that these scales are inversely related to

the diffuser area ratio, though not proportionally. In this way, the effect of large area ratios

is limited.
—_ du, = 4, 1 Equation 6.24
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Terms 3 and 6 of Equation 6.10 and Equation 6.11 represent the effects of wall friction
and mixing within the boundary layer. These mechanisms will not be addressed here. For
an aggressively diffusing flow, the wall friction contribution to the boundary layer growth
rate is smaller than the pressure gradient contribution. In fact, for boundary layers that
are nearly separated, the wall friction approaches zero. The effect of mixing or dissipation
within the boundary layer has the effect of counteracting separation, or reducing the shape
factor for an attached flow. This is an important consideration. However, the intention
here is to investigate the mechanisms that contribute to separation.

The scales for the vortex and pressure gradient effects can now be compared to estimate
the relative importance of these two mechanisms in contributing to the boundary layer

growth. These are calculated for the baseline and truncated diffusers using h = hy, A = Ap,
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and A.,/A. = Ab,4/AF g, and the results are tabulated in Table 6.1, normalized by the base-
line diffuser values. These calculations are also performed for an axial compressor stator
with geometry characterized by AR =2, 0 = 1.5, y,r = 45, and A,,/A.; = 1.2. In addition,
N, is assumed equal to one for the stator. The inlet conditions are assumed identical for
each configuration. Therefore, because the scales are normalized to the baseline diffuser
value, the quantities in Table 6.1 are purely functions of geometry. Only terms 1 and 2 are

tabulated, since they have the same geometry dependence as terms 4 and 5 respectively.

Physical Influence Scale DiBf?::er D-:-;fl:l:‘;r Sl::z:r
Term1
Secondary Flows ——] 1 0.63 0.04
(Term 1) pgee
Term 2
Pressure Gradient 0 ——————————] 1 0.74 0.35
(Term Z)Base
Secondary Flows [( Term1 )/( Term 2 )] 1 0.86 0.11
Pressure Gradient (Term Dgase//! \(Term 2)gace ' '

Table 6.1: Scales for vortex and pressure gradient impacts on boundary layer growth rate,
normalized by baseline diffuser values. Relative influence of vortices decreases for truncated
diffuser relative to baseline. Relative influence of vortices for axial compressor is order of magnitude
lower than for diffusers.

The results of Table 6.1 may be used to compare the baseline diffuser, truncated diffus-
er, and axial compressor stator. Due to increased aspect ratio and reduced 1D area ratio,
the impacts of the vortices (term 1) and pressure gradient (term 2) on the boundary layer
growth both decrease for the truncated diffuser relative to the baseline diffuser, and they
further decrease for the axial stator. Furthermore, the relative influences of the vortices
(term 1/term 2) decrease for the truncated diffuser and the stator. This is because the vor-
tex influence has an inversely proportional dependence on the diffuser length or chord
(Equation 6.20), while the pressure gradient influence has a weak dependence on changes
in 1D area ratio if the area ratio is already high (Equation 6.25 and Equation 6.26). This
explains why the truncated diffuser separation switches from the pressure to the suction
side at a lower flow angle than the baseline diffuser; the influence of the pressure side vor-
tices is not as important as the adverse pressure gradient.

One of the most interesting insights from these scales is that for the axial stator, the
relative impact of the secondary flows compared to the pressure gradient is an order of

magnitude lower than it is for the baseline and truncated diffusers. The large influence of

239



the vortices on the boundary layer growth is uniqué to the low aspect ratios associated with
centrifugal compressor diffusers.

It should be noted that when the diffuser leading edge boundary layer properties are
used to calculate the scales without normalizing by the baseline diffuser quantities, the
secondary flows scales (terms 1 and 4) are found to be two orders of magnitude larger than
the pressure gradient scales (terms 2 and 5). Furthermore, the actual values of the vortex
source terms shown in Figure 6.65 are much smaller than the term 1 scales. There are a
few potential explanations for this. First, it is possible that some Qf the scaling assump-
tions are inaccurate. It is acknowledged that although the proposed scales should appro-
priately capture sensitivities to diffuser geometry and inlet conditions, the magnitudes may
be incorrect. For example, the term 1 scale is sensitive to the distance between the vortex
and the diffuser wall, which is somewhat arbitrarily characterized by the average boundary
layer displacement thickness. Another possible explanation for the large term 1 scales is
that they may be correct. Recall that the vortex source terms plotted in Figure 6.65 are
sampled from the CFD results along the diffuser mid plane; they are not sampled immedi-
ately near the vortices where the transverse velocity gradients are larger. However, if the
vortex source term scales really are much larger than the pressure gradient scales, the
boundary layer growth would be almost entirely dependent on the vortices. This may be
true local to the vortices even if it is not true on an average basis. Regardless of these con-
cerns, the proposed scales are believed to appropriately capture sensitivities to the diffuser

geometry shown in Table 6.1.

6.6.7 Reconciliation of Experimental and CFD Calculated
Diffuser Performance Trends

As shown in Figure 6.48, the CFD calculated diffuser performance trends have been ob-
served to follow a piecewise behavior that is not reflected in the experimental data, charac-
terized by sudden changes in the slopes of the pressure rise and stagnation pressure loss
coefficient characteristics with respect to diffuser inflow angle. As indicated in Figure 6.48,
these regimes of behavior are broken into three parts: region 1 includes low flow angles
near choke, region 2 encompasses the design flow angle, and region 3 includes high flow
angles near or past compressor stall. The reason for this behavior has been identified in

the previous sections as follows. At low flow angles, region 1 of the performance curve cor-
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responds to the presence of strong pressure side incidence vortices. This results in greater
stretching of the pressure side shear layer in the wall normal direction, increased mixing of
the pressure side weak flow, and reduced extent of the pressure side flow separation rela-
tive to region 2. As a result the pressure recovery coefficients are higher in region 1 than
they are in region 2. At high flow angles, region 3 corresponds to the shift in flow separa-
tion from the diffuser pressure side to the suction side. This is enabled by the presence of
the suction side incidence vortices that correspond to higher incidence angles. Because the
extent of a pressure side separation will decrease with flow angle whereas the extent of a
suction side separation will increase with flow angle, a sudden change in the slope of the
pressure recovery characteristic is observed between regions 2 and 3.

These differences are hypothesized to be related to unsteady effects, which are not mod-
eled by RANS, and which may tend to smooth the time-averaged performance characteris-
tics for the experimental measurements. As noted, the different regimes of the CFD calcu-
lated performance trends can be traced to changes in flow separation behavior (leading edge
cusp separation influencing diffuser passage separation). However, flow separation is in-
herently unsteady. For example, during the transition between pressure and suction side
separation regimes of operation (region 2 to region 3), it is likely that the diffuser passage
separation actually oscillates between sides in an unsteady manner, or that different dif-
fuser passages are separated on different sides at any given time. Additionally, the diffuser
separation and associated performance strongly depends on the diffuser inlet flow angle,
which is known to vary in an unsteady manner due to mechanisms such as the impeller ro-
tation or rotating stall. Everitt proposed treating the unsteadiness in diffuser inflow angle
in a quasi-steady manner [10]. That is, the unsteady compressor performance can be
thought of as a time average of the steady performance results. This is a simplified under-
standing of what really happens, since the reduced frequency of the diffuser does not lend
itself to quasi-steady treatment. However, the intuition that unsteadiness will smooth the
steady performance trends is rational.

Regardless of these limitations, the flow mechanisms associated with the piecewise CFD
regimes do make physical sense based on the arguments provided in the previous sections.
The incidence vortices should be strongly influenced by the operating point, and the diffuser
passage separation should be strongly influenced by the incidence vortices. Furthermore,

the CFD calculations have been shown in Section 3.3.1 to closely capture time-averaged ex-
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perimental measurements of the flow separation using stagnation pressure traverses and
PIV. Therefore, the CFD results are still leveraged to gain valuable insights necessary for
characterizing general performance trends and identifying the important flow mechanisms

responsible for those trends.

6.6.8 Summary of Diffuser Passage Performance Assessment

The diffuser passage, representing the region of the diffuser downstream of the throat, con-
tributes a significant fraction of the overall diffuser pressure rise. Despite the differences
between the baseline and truncated diffuser geometry, the passage static pressure recovery
and stagnation pressure loss coefficients are comparable. The static pressure recovery is
determined primarily by three factors. The ideal pressure recovery coefficient is set by the
diffuser 1D area ratio, which is greater for the baseline diffuser due to the lower exit flow
angle. However, the larger exit blockage of the baseline diffuser, which is associated with
additional wall friction, reduced mixing effectiveness, and consequent passage separation,
reduces its pressure recovery capability down to the level of the truncated diffuser. Con-
versely, despite the additional nonuniformity associated with the thicker trailing edge of
the truncated diffuser, the truncated diffuser exit flow is more uniform than the baseline
diffuser due to the improved mixing that occurs in the vaneless space between the trailing
edge and exit. This suggests that a deswirler design that is tailored to the greater exit flow
angle of the truncated diffuser has the potential to increase the overall diffusion system
static pressure recovery coefficient above that of the baseline configuration. The third fac-
tor influencing the static pressure rise of the diffuser is compressibility, which increases the
pressure recovery coefficient and reduces the stagnation pressure rise coefficient at higher
throat Mach numbers.

Together with the adverse pressure gradient, the secondary flows present in the diffuser
passage are found to contribute significantly to the boundary layer growth and resulting
flow separation. High loss boundary layer fluid is accumulated between the counter-
rotating vortices. This redistribution of the weak flow reduces its ability to mix out, and as
a result it is susceptible to nonuniformity amplification by the adverse pressure gradient.
This mechanism can also be interpreted as the transverse compression of the boundary lay-
er; an effect which is tied to the gradient of the transverse velocity component in the trans-

verse direction (dw/dz in the local boundary layer coordinate system). This transverse ve-
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locity gradient is estimated based on the strengths and positions of the various vortices pre-
sent in the CFD solutions, demonstrating that the incidence vortices are more influential
than the background vortices despite their comparable strengths. A modified integral
boundary layer model is implemented using additional vortex source terms to affect the
boundary layer growth rate. This model demonstrates that the vortices have a large detri-
mental influence on the diffuser separation side, extent, and resulting static pressure re-
covery.

Using the integral boundary layer growth rate equations, scales are proposed to esti-
mate the impacts of the vortices and the adverse pressure gradient for different diffuser ge-
ometries and inlet conditions. These are calculated for the baseline and truncated diffusers
at the 100E operating point, demonstrating that the relative influence of the vortices is re-
duced for the truncated diffuser and explaining why its separation transitions to the suc-
tion side at a lower flow angle than the baseline diffuser. These scales are also used to
show that the relative influence of the secondary flows is an order of magnitude higher for
the diffusers of interest than it is for a representative axial compressor stator row. Thus,
the large influence of the vortices on the boundary layer growth is unique to the low aspect

ratios associated with centrifugal compressor diffusers.

6.7 Role of Diffuser Leading Edge Cusps

As discussed in Section 1.3, there is an observation in the literature that pipe diffusers gen-
erate more pressure recovery than vaned diffusers for the same inlet conditions. It is com-
monly hypothesized that this is due to an interaction between the leading edge cusps and
secondary flows, which in turn reduces the diffuser throat blockage.

It has been shown in Section 6.5.7.2 that the leading edge cusps are partially responsi-
ble for the generation of incidence vortices in the diffuser inlet. Due to their concentrated
proximity to the walls of the diffuser, it is further shown that in Section 6.6.6.2 that these
incidence vortices have greater impact on the boundary layer than the background vortices,
which form independent of the cusps. However, the effect of the vortices is to reduce local
mixing effectiveness through transverse compression of the boundary layer and loss accu-
mulation. This does not seem to be in line with the common hypothesis proposed in the lit-

erature.
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Because the impact of the vortices on the forward and aftward endwall boundary layers
is not quantified in this research, the overall impact of the vortices on the throat blockage
cannot be directly assessed. However, it is plausible that the vortices could have the posi-
tive effect of stretching the endwall or corner boundary layers in the transverse direction,
enhancing their mixing. Indeed for loss to accumulate in one place, it must be removed
from somewhere else. Therefore, in the absence of a pressure side surface upstream of the
throat, it is possible that the pressure side vortices could enhance mixing because the end-
wall boundary layers can be stretched without a loss accumulation penalty elsewhere.
However, at high incidence angles when the suction side vortices are shown to induce a suc-
tion side boundary layer separation upstream of the throat, it is difficult to believe that the
vortices would reduce the throat blockage.

One must also consider whether the throat blockage is a good metric by which to gauge
the impact of the secondary flows or even the diffuser pressure recovery. If the throat
blockage is assumed to correlate to the downstream mixing and nonuniformity amplifica-
tion mechanisms, then this assumption is inaccurate if secondary flows significantly impact
the mixing effectiveness between the throat and exit. In fact, this is the very argument
employed in the literature to claim that the throat blockage is not correlated to the diffuser
inlet blockage for a pipe diffuser. As demonstrated both in this research and by Wilkosz,
the vortices increase the blockage at the diffuser exit [11]. Therefore, the vortices are det-
rimental to the pressure recovery of the tested diffusers at extreme flow angles, regardless
of their impacts on throat blockage.

Wilkosz does show that for a high 1D area ratio radial pipe diffuser, the maximum pres-
sure recovery potential can be achieved by employing a moderate level of secondary flows to
stretch the thicker suction side boundary layer and balance the tendencies for the diffuser
to want to separate on the pressure and suction sides [11]. Unfortunately, since the vortex
strength is dependent on incidence, this cannot be achieved at all operating conditions.
Furthermore, using strong vortices localized to the diffuser pressure side is not an effective
way to achieve a benefit on the suction side.

Most of the evidence presented here suggests that the incidence vortices generated by
the leading edge cusps do not benefit the pressure recovery potential of a transonic pipe dif-
fuser. Therefore, more work must be done to understand why there is an observed pressure

recovery advantage of pipe diffusers relative to vaned diffusers.
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Even if the vortices do not increase the pressure recovery potential of a pipe diffuser,
the degree to which the vortices are detrimental depends on the operating point. Therefore,
by influencing the loss and pressure recovery characteristics, the vortices influence the
compressor stability either beneficially or detrimentally depending on the incidence angle.

This effect is discussed in Chapter 7.

6.8 Summary of Diffusion System Performance
Assessment

The diffuser is found to be the primary contributor the performance of the overall diffusion
system, defined as the diffuser and the deswirler together. The diffuser is further divided
at the throat into inlet and passage subcomponents for detailed assessment. The perfor-
mance of the inlet depends largely on the diffuser inlet flow angle. Secondary flows develop
in the diffuser inlet dependent on the incidence angle, and these counter-rotating vortices
act to accumulate flow between them and prevent nonuniformities from mixing out. This
effect is more important for the longer baseline diffuser, contributing to the large separa-

tion, than it is for the shorter truncated diffuser.
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Chapter 7 Overall Compressor Stability
Considerations

The most significant performance difference that has been experimentally demonstrated
between the baseline and truncated diffuser configurations is that the stability line of the
truncated diffuser is improved at high speed relative to the baseline diffuser configuration
(see Figure 3.5). The purpose of this chapter is to explain the reason for this difference in
terms of the performance limiting flow mechanisms that have been identified within the
diffusers.

It is hypothesized that the onset of stall for the baseline diffuser configuration is initiat-
ed by a switch in diffuser passage separation side, which is itself initiated by the dimin-
ished strength of pressure side vortices and increased strength of the suction side vortices
at high incidence angles. Because of the large separation extent of the baseline diffuser,
this change in the diffuser stability dominates the overall compressor stability. Conversely,
because the extent of the passage separation in the truncated diffuser is diminished, the
switch in separation side does not have as drastic of an impact on the stability of the overall
compressor. As the stability of the impeller is reduced with decreased speed and increased
incidence, the stability advantage of the truncated diffuser configuration is gradually di-

minished for lower speeds.

7.1 Stability Fundamentals

A review of compressor stability fundamentals is provided to guide the stability discussion
about the baseline and truncated diffuser configurations. Greitzer proposed a framework
for thinking about the dynamic behavior of a compressor [21]. The 1D transient momentum
equation for the compressor is given by Equation 7.1, where m is the physical mass flow
rate of the compressor, Ap, can be thought of as the pressure rise generated by the com-

pressor given its operating conditions, and Ap is the instantaneous physical pressure differ-
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ence across the compressor determined by the compressor backpressure. The ratio between
the characteristic length and area of the compressor, L/A, is found from an integral along

the compressor length defined according to Equation 7.2.

Ldm .

— . =Ap.—A Equation 7.1
L. j s Equation 7.2
A A(s)

The compressor pressure rise depends on its operating point. In steady state operation,
this is usually characterized in a compressor map by the compressor speed and mass flow,
m. On the other hand, the compressor backpressure depends not only on the compressor
but on the downstream components as well (e.g. the combustor and turbine for a gas tur-
bine engine). From Equation 7.1, one can see that in steady state (dm/dt = 0) the compres-
sor generates a pressure rise equal to the pressure difference across it (Ap. = Ap). However,
this is not so in transient operation.

To assess whether the compression system can operate stably, consider a small pertur-
bation to the compressor mass flow at constant speed and back pressure. If the shape of
the compressor speed line is such that d(Ap.)/dm < 0, then a reduction in mass flow will
correspond to an increase in pressure rise, and by Equation 7.1 one can see that dm/dt > 0.
This acts to restoring the compressor back to its original mass flow. However, if
d(Ap.)/dm > 0, then a reduction in mass flow will further result in drmi/dt < 0. This ampli-
fies the mass flow perturbation, and the compressor operation becomes unstable.

In order to understand why a compressor stalls when it does, one needs to understand
the effects that drive slope of the compressor pressure rise characteristic towards zero or
greater as the mass flow is reduced. This could result from a single dominant stall initiat-
ing mechanism which rapidly changes the slope of the speed line with a small change in
mass flow. Alternatively, this could result from a combination of multiple mechanisms
which smoothly and gradually influence the slope of the speed line together.

It must also be understood that since stability is an engine system effect, the overall
compressor speed line shape must be considered in a stability assessment. This means that
even if the diffuser alone exhibits a d(p3; — pry7)/dm > 0 characteristic, this could be stabi-
lized by a d(ps27 — Diz5)/dm < 0 impeller characteristic. In a similar manner, the stability
considerations of the compressor of interest may change if it is paired with an upstream ax-

ial compressor or a fan.
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7.2 Hypothesized Stall Mechanisms

The results of the CFD simulations are interrogated near stall to hypothesize what mecha-
nisms give rise to the observed compressor stability characteristics. Recall from Section 3.1
that the CFD simulations best representing the stall points are selected by comparing the
diffuser inlet static pressure distributions with the experimental data measured near stall.
In this way, the diffuser inlet flow angles are approximately matched between the experi-
ments and CFD simulations. However, converged CFD solutions are also obtained at high-
er diffuser inflow angles than the experimental test rig. While the steady CFD simulations
do not become unstable at the same operating point as the experimental rig, they are still
interrogated to understand what flow mechanisms are present near the experimental stall
operating point. In fact, the ability to obtain information about the diffuser at flow angles
greater than the stalling flow angle is a luxury that only CFD can provide. The stalling
mechanisms cannot be identified by looking at steady experimental measurements alone,
since the state of the compressor changes too rapidly once these mechanisms appear.

A hypothesis is proposed to explain the difference between the baseline and truncated
diffuser stall lines. Recall that the performance and flow mechanisms associated with the
impeller and the diffuser inlet are identical between both diffuser configurations. There-
fore, the stability differences must be attributable to mechanisms present in the diffuser
passage. Recall from Figure 6.47 and Figure 6.48 that the CFD calculated diffuser passage
loss and recovery trends have a piecewise appearance, with a sudden change in the slope of
these characteristics occurring near stall, especially for the baseline diffuser (regions 2 to 3
indicated in Figure 6.48). This is the result of the incidence vortices and downstream sepa-
ration transitioning between the pressure and suction sides of the diffuser with increased
incidence angle, as explained in Section 6.2, 6.5.7, 6.6.6, and 6.6.8.

The effect on the compressor stability is explained by the illustration presented in Fig-
ure 7.1. The compressor mass flow is expressed as the impeller exit flow coefficient, and the
pressure rise is expressed as the pressure rise coefficient. The overall compressor pressure
rise characteristic is expressed as the sum of the impeller and diffusion system pressure
rise characteristics. As the compressor is throttled toward stall, the extent of the diffuser
pressure side separation diminishes due to the decreased strength of the pressure side inci-

dence vortices. In this manner, the pressure side separation stabilizes the compressor op-
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Figure 7.1: Illustration of diffusion system, impeller, and overall compressor pressure rise
coefficients versus impeller exit flow coefficient, demonstrating combined effects of impeller and
diffusion system on overall compressor stability. With baseline diffuser, compressor stability
dominated by transition in diffuser separation side. With truncated diffuser, compressor stability
determined by combination of impeller and diffuser pressure rise characteristics. Decreased slope of
impeller characteristic with increased speed enables increased flow range with truncated diffuser,
but not with baseline diffuser.

eration—not by improving the performance of the diffuser near stall, but by decreasing its
pressure rise capability on reduced operating lines. However, the diffuser reaches its peak
pressure recovery and minimum loss at some flow angle where the separation extent is
minimized. Beyond this point, the suction side incidence vortices increase in strength while
the pressure side vortices are diminished, the separation moves to the suction side, and its
extent is increased as the compressor is throttled. This is a destabilizing effect. This hy-
pothesis is supported by Wilkosz et. al. who identified a similar pressure recovery coeffi-
cient trend with respect to secondary flows strength, featuring regimes of pressure and suc-

tion side separation divided by the peak recovery coefficient [11].
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The difference between the baseline and truncated diffusers is that the separation ex-
tent and its impact on the pressure rise characteristic are reduced for the truncated diffus-
er. While this means the truncated diffuser may not be as stabilizing on low operating
lines, the change in slope of its pressure rise characteristic is less drastic as the separation
transitions from the pressure to the suction side. Combined with the stabilizing effect of
the impeller, the truncated diffuser can therefor operate stably at high speed with a suction
side separation.

Because the stability of the compressor utilizing a truncated diffuser also depends on
the slope of the impeller’s pressure rise characteristic, the high speed benefit of the trun-
cated diffuser is reduced at lower speeds, completely diminishing below 80% Nc2s. This is
because the impeller characteristics vary with compressor speed, even though the diffuser
pressure rise characteristics do not. Recall from Section 4.2 that this is the result of an in-
crease 1n impeller incidence angle with reduced speed. Near its design incidence angle (e.g.
at high speed), the impeller loss is relatively insensitive to changes in incidence. However,
at high incidence angles (e.g. at low speed), the impeller loss is more sensitive to changes in
incidence angles as it is throttled. As a result, the stabilizing effect of the impeller pressure
rise characteristic decreases with reduced speed, and the flow range of the truncated diffus-
er configuration reduces. On the other hand, the transition in separation side for the base-
line diffuser dominates the slope of the overall compressor pressure rise characteristic so its
stall line is not affected by impeller speed.

Based on these hypotheses about the mechanisms behind the compressor stability char-
acteristics, one might infer that if the negative slope of the impeller pressure rise character-
istic were further increased (i.e. made less negative) above what is observed at 80% Ncos,
the truncated diffuser configuration would actually stall on a lower operating line than the
baseline diffuser. However, this is not observed in the experimental data. There are two
possible explanations for this. First, it is possible that stall measurements were not per-
formed at low enough speeds to capture this effect. Based on Figure 3.5, the baseline dif-
fuser configuration does in fact appear to have a small stall line advantage over the trun-
cated diffuser configuration at 50% Nczs, but the significance of this small difference is un-
certain. However, a more convincing explanation for the similar baseline and truncated
diffuser stall lines below 80% Nc25 is that the slope of the impeller pressure rise characteris-

tic actually doesn’t change below this speed. Although the impeller incidence angle contin-
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ues to increase at reduced speeds, the sensitivity of the impeller loss to marginal increases
in flow angle is constant. Therefore, the slope of the impeller pressure rise characteristic is
not changed between 50% Nc2s and 80% Neos as it is between 80% Nezs and 100% Nees.

The proposed hypothesis explaining the stability characteristics of this compressor is
largely based on flow mechanisms observed in the CFD solutions: the transition of the dif-
fuser passage separation from the pressure to the suction sides. However, this transition
has not been confirmed experimentally. Furthermore, there are differences between the
CFD and experimental performance trends, which are linked to this very mechanism (see
Section 6.6.7). Therefore, more work must be done to assess these hypotheses. A few ex-
periments are proposed for this purpose. First, high frequency pressure measurements
could be recorded across the diffuser passage as the compressor is throttled into stall. Be-
cause the separation bubble is associated with streamline curvature around it, the static
pressure distribution across the passage should change if the separation side changes near
the onset of stall. It is actually likely that the separation side varies in an unsteady, peri-
odic manner as the compressor is throttled, which could also be captured by high frequency
pressure measurements. A second way to assess the stability hypotheses is to test the dif-
fusers using different impellers with varying slopes of their pressure rise characteristics.
This can be accomplished by using impellers with different degrees of backsweep. The sta-
bility hypothesis is supported if the impeller characteristics do not impact the overall com-
pressor stall line with the baseline diffuser installed, but do impact the stall line with the

truncated diffuser installed.
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Chapter 8 Summary

By leveraging the RWTH Aachen University experimental compressor measurements, CFD
simulations, and low-order flow models, this research succeeds in addressing the questions.

While the baseline and truncated diffusers exhibit similar loss and pressure recovery
characteristics, different mechanisms drive their performance levels. The baseline diffuser
experiences greater wall friction and nonuniformity amplification effects than the truncated
diffuser, resulting in a larger passage separation. While its 1D area ratio is high, the effec-
tive area ratio is reduced by the large exit blockage. The truncated diffuser, on the other
hand, experiences much of its loss and some pressure rise during the mixing of the large
trailing edge wakes. While the exit flow is more uniform than the baseline diffuser as a re-
sult of the long exit vaneless space, the effective area ratio is reduced by the higher exit
flow angle, such that both diffuser configurations have comparable effective area ratios.
However, in performing a mixed out analysis of the baseline and truncated diffuser exit
flow, the truncated diffuser is found to have greater pressure recovery potential at its exit
than the baseline diffuser due to the relative uniformity of the flow.

For both baseline and truncated diffusers, variations in the static pressure recovery and
stagnation pressure loss coefficients between operating points are found to depend first on
the diffuser inlet flow angle, and second on the inlet Mach number, corresponding closely
with the compressor operating line and corrected speed respectively. The primary impact of
compressibility is to choke the diffuser at low inlet flow angles. With increased diffuser in-
let Mach number, the choking diffuser inlet 1D area ratio and thus flow angle must in-
crease, as shown in Figure 8.1. In this way, the compressor flow range is reduced. Com-
pressibility also increases the sensitivity of pressure and velocity changes to marginal area
changes. This causes the static pressure to rise more rapidly throughout the diffuser, de-
creasing the average velocity relative to the inlet velocity and reducing the contribution of

scrubbing losses to the stagnation pressure loss coefficient.
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Figure 8.2: Illustration showing influence of diffuser inlet flow angle on 1D area ratio (A'r/A’y),
path length (L¢1.2), and incidence (7).

The flow angle has the primary effect of setting the 1D area ratio between the impeller
exit and throat as shown in Figure 8.2, thus increasing inlet diffusion at high flow angles.
The second most important effect of the flow angle is that it determines the diffuser leading
edge and cusp incidence angle. This is hypothesized to result in incidence losses observed
upstream of the diffuser throat, and it also influences the formation of secondary flows that

persist throughout the diffuser passage. Increased flow angle also results in increased path
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length and scrubbing losses between the impeller exit and the diffuser throat, but this ef-
fect is smaller than the others for this particular application where the two are close-
coupled.

The aforementioned secondary flows consist of various pairs of counter-rotating vortices
within the diffuser that can be grouped into two categories distinguished by their origin.
The background vortices, which originate in the impeller exit nonuniformity and flow tran-
sition from impeller to diffuser, are predominantly concentrated near the endwalls and the
diffuser pressure side. The incidence vortices, which result from boundary layer separation
off the diffuser leading edge cusps, are localized near the diffuser pressure side at negative
cusp incidence, and near the suction side at positive cusp incidence. Both background and
incidence vortex types experience reorientation or amplification around the diffuser leading
edge in a manner that is dependent on the incidence angle, as shown in Figure 8.3.

Contrary to the claim in the literature that the vortices improve the diffuser’s pressure
rise capability via enhanced mixing, they are shown to detrimentally impact the diffuser’s
pressure rise capability. This occurs through accumulation of high loss flow along the dif-
fuser wall near the symmetry plane between the vortices, thereby reducing mixing effec-
tiveness, increasing boundary layer growth rate, and contributing to the extent and location
(pressure or suction side) of the aforementioned diffuser passage separation. Evidence for
this is found by observing that the locations and strength of the vortices correspond to re-
gions of high loss and flow separation downstream of the throat in the diffuser passage, as
shown in Figure 8.4. To further assess this effect, a 2D integral boundary layer model is
modified to accommodate CFD-measured source terms that represent the 3D transverse
compression or stretching of the boundary layer by the secondary flow field, as shown in
Figure 8.5. By adding and removing the vortex source terms from the model, the secondary
flows are shown to dominate the boundary layer growth rate, as shown in Figure 8.6.

The modified integral boundary layer equations are further used to develop scales for
the effects of the secondary flows and pressure gradient contributions to the boundary léyer
growth rate. The vortex source term is found to scale with the diffuser length, or inversely
with aspect ratio. This reduction in secondary flows influence for the truncated diffuser ex-
plains why it experiences a reduced separation extent and a pressure-to-suction side sepa-
ration transition at lower flow angles than the baseline diffuser. It also explains why the

influence of secondary flows is less significant for an axial compressor blade row.
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causes the separation side to change at 100E, and it delays separation at 1005’
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While the baseline and truncated diffusers exhibit similar static pressure recovery and
stagnation pressure loss coefficients, the stall line of the truncated diffuser configuration is
improved over that of the baseline diffuser. Based on what has been learned about the fac-
tors driving the diffuser performance characteristics, a hypothesis is proposed to explain
this difference. It is hypothesized that the onset of stall for the baseline diffuser configura-
tion is initiated by the switch in diffuser passage separation side, which is itself initiated by
the diminished strength of pressure side vortices and increased strength of the suction side
vortices at high incidence angles. Because of the large separation extent of the baseline dif-
fuser, this sudden change in slope of the diffuser pressure rise characteristic dominates the
overall compressor stability as shown in Figure 8.7. Conversely, because the extent of the
passage separation in the truncated diffuser is diminished, the switch in separation side
does not have a drastic impact on the slope of the pressure rise characteristic or the overall
compressor stability. As a result, the compressor can operate stably with a suction side
separation on the truncated diffuser. However, as the stability of the impeller is reduced
with decreased speed and increased incidence, the advantage of the truncated diffuser to
the overall compressor stability is gradually diminished, also indicated in Figure 8.7.

The fact that secondary flows have a large influence on diffuser pressure rise capability
and compressor stability is counter to conventional preliminary diffuser design approaches
which neglect such 3D effects. The findings of this research may therefore be considered

during preliminary design optimization to produce better-performing diffuser designs.
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Chapter 9 Conclusions

This research is successful at identifying a number of performance-limiting flow mecha-
nisms within a centrifugal compressor stage, namely the diffuser. The relationships be-
tween these mechanisms and the diffuser geometry and operating conditions are estab-
lished, and their corresponding impacts on diffuser pressure rise are quantified. Further-

more, an explanation for the compressor stability characteristics is hypothesized.

9.1 Objectives and Approach

This research sets out to characterize the pressure ratio, efficiency, and operable range of a
centrifugal compressor stage, or more specifically the pressure recovery and loss coefficients
of the diffusion system. This research was inspired by previous work performed at RWTH
Aachen University utilizing a centrifugal compressor test rig with two different pipe diffus-
er configurations: a high 1D area ratio baseline diffuser and a truncated version of this
same diffuser. Based on the findings from this work, the following research questions were
posed:

e What flow mechanisms drive the observed performance trends in the tested centrif-
ugal compressor across a range of speeds and throttle levels? What are the implica-
tions for other compressor designs?

e What are the differences in influential flow mechanisms between the baseline and
truncated diffuser configurations? Why is the stall line of the centrifugal compres-
sor improved with the truncated diffuser? What are the implications for other com-
pressor designs?

e What impact do diffuser leading edge cusps and secondary flows have on the influ-
ential flow mechanisms within the diffuser?

e How do the impacts of the various flow mechanisms scale with different compressor
geometries and operating conditions?
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With the intention of moving beyond simply recognizing performance trends, a number of
strategies are leveraged to describe and quantify the causal relationships between these
trends and the fundamental performance limiting flow mechanisms. Experimental data
acquired on a research compressor stage is interrogated along with a set of well-designed
CFD computations. These are complemented by reduced order flow modeling to quantify
the importance of specific flow mechanisms without confounding effects from other mecha-
nisms, and to gain insight into the process by which these mechanisms influence perfor-
mance. This includes utilization of the following strategies, which are unique to this re-
search:

e A framework is established for evaluating the diffusion system in terms of interac-

tions between subcomponents: the diffuser inlet, diffuser passage, and deswirler.
e A 2D integral boundary layer growth model is modified to include 3D secondary

flows effects as source terms.

9.2 Key Findings

This research yields a number of significant findings. Performance variations between
operating points are found to be primarily driven by changes in the impeller exit flow angle
and secondarily by changes in impeller exit Mach number. The diffuser incidence angle
greatly impacts the formation of secondary flows within the diffuser passage, which are
found to have a detrimental effect on the diffuser pressure rise capability. The origin and
performance impact of these secondary flows are summarized as follows:

e Secondary flows are made up of a superposition of two types of counter-rotating vor-
tex pairs. “Background vortices” originate in the impeller exit nonuniformity and
flow transition from impeller exit to diffuser inlet, while “incidence vortices” result
from boundary layer separation off the diffuser leading edge cusps.

e Through accumulation of weak flow on the diffuser wall near the plane of symmetry
between the vortices, secondary flows reduce mixing effectiveness in the diffuser
passage and contribute to the passage separation extent and location (pressure side
near choke, suction side near stall).

e The impact of the secondary flows on boundary layer growth is found to scale in-

versely with the diffuser aspect ratio.
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The baseline and truncated diffuser pressure recovery and loss magnitudes and trends

are comparable, though the responsible flow mechanisms differ. This is explained by the

following:

The two diffuser configurations have similar effective area ratios, with the baseline
diffuser having a larger exit blockage but lower exit flow angle than the truncated
diffuser.

The truncated diffuser experiences greater loss due to the thicker trailing edge,
while the baseline diffuser experiences greater inefficiency due to wall friction and

nonuniformity amplification.

The truncated diffuser improves the compressor’s high-speed stall line relative to the

baseline diffuser. Based on insights gained from the experimental and CFD results, the

following hypothesis is developed to explain this observation:

With the baseline diffuser, the compressor stalls when diffuser separation switches
from the pressure side (stabilizing) to the suction side (destabilizing).

With the truncated diffuser, the compressor stalls due to gradual reduction in dif-
fuser stability as suction side loss worsens. Instability is not immediately initiated
when separation side switches for the truncated diffuser, since the separation extent
is reduced relative to the baseline diffuser. Compressor stability is also dependent

on the impeller characteristics.

The fact that secondary flows have a large influence on diffuser pressure rise capability

and compressor stability is counter to conventional preliminary diffuser design approaches

which neglect such 3D effects. The findings of this research may therefore be considered

during preliminary design optimization to produce better-performing diffuser designs.

9.3 Future Work

This research has generated a number of other questions that could be pursued in future

work. These are proposed below:

Are the hypotheses regarding the stall behavior of this compressor supported by fur-
ther experimentation? A number of experimental studies are proposed in Section
7.2 to verify the hypotheses. |

Do the scales proposed to gauge the impacts of the vortices and pressure gradient on

the boundary layer growth rate accurately capture the effects of diffuser geometry
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and inlet conditions for other experimental compressor stages? Can the vortex
source term scale be modified to include the effects of incidence, vortex source (back-
ground vs. incidence vortices), and migration of the vortices toward one another
along the passage length?

Are there scenarios or areas where the incidence and background vortices could be
beneficial for the diffuser pressure recovery coefficient? For example, what are the
effects of the vortices on the endwall or corner boundary layers within the diffuser
passage?

What is the source of the so-named incidence losses that are observed upstream of
the diffuser leading edge? Are these the result of cusp incidence, an interaction with
the impeller tip bleed slots, or something else?

What are the performance-limiting flow mechanisms in the impeller and deswirler?
Why are there differences between the CFD and experimental results? Specifically,
why do CFD simulations calculate an overall compressor work input, pressure rise,
and efficiency that are higher than experimentally measured? Also, why do the CFD
calculated diffuser loss and pressure recovery characteristics exhibit a piecewise ap-
pearance not observed in the experimental results?

What effects do the various CFD simplifications have on the conclusions of this re-
search and the additional research questions above? Specifically, what are the ef-
fects of unsteadiness or impeller-diffuser interaction, grid refinement in the diffuser
vortex and separation shear layers, and various turbulence modeling assumptions?
Can the mixed out average be defined in such a way that it is useful for reversed
flows or flows with high crossflow static pressure gradients? Alternatively, can a
metric be derived to determine the usefulness of the mixed out average for a given

application?
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Appendix A Problems with the Mixed Out
Average

Everitt proposed that the mixed out average was a better choice of averaging schemes for
interpreting diffuser performance results than the availability average used by Filipenco
[10]. Everitt found that the impeller exit mixed out average flow angle collapsed his diffus-
er performance data better than the momentum averaged flow angle, where the mixed out
average effectiveness was used as the performance criteria. He argued that because the
momentum averaged flow angle is calculated from mass averaged velocity components, too
much weight may be placed on the meridional component of velocity, resulting in low aver-
age flow angles for highly nonuniform flows. Conversely, Everitt proposed that using the
mixed out average flow angle resulted in an appropriate higher average flow angle since the
meridional velocity component is reduced through the mixing process and resulting static
pressure rise.

While both availability and mixed out averaged 1D flow properties may be useful, more
weight is placed on the availability average here. Regarding the flow angle, the momentum
average is thought to appropriately weight the meridional velocity component, while the
mixed out average underweights it. To demonstrate this, one can imagine the limiting case
of a swirling flow in the radial-circumferential plane, such as at the diffuser inlet, where
there is only flow through half of the annulus, as shown in Figure A.1. The diffuser only
truly experiences incoming flow through half of the annulus at an angle a;. The availabil-
ity averaged set of 1D flow properties captures this, with the momentum averaged flow an-
gle being equal to a;, and a mass flow blockage being used to represent the nonuniformity.
Conversely, the mixed out average set of 1D flow properties does not represent the nonuni-
formity as a blockage, and instead it artificially increases the flow angle above what is truly
experienced by the diffuser. If one wishes to characterize a mechanism that is incidence

driven, it is the author’s claim that the availability average flow angle is a better choice.
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Figure A.1: Averaging of a nonuniform swirling flow in a radial vaneless diffuser. Availability
average only considers flow moving radially through diffuser, while mixed out average considers flow
not moving through diffuser.

Another issue with the mixed out average is that it can yield unrealistic results if the
constant area assumption breaks down, and wall forces or pressure gradient heavily influ-
ence the true flow. In fact, it can actually violate the second law of thermodynamics if flow
reversal is present, such as in the diffuser vaneless space and passage for the test compres-
sor, or if the static pressure is highly nonuniform over the averaging plane, such as near
the diffuser leading edge where there is streamline curvature. Figure A.2 shows the avail-
ability and mixed out average loss coefficients throughout the baseline diffuser based on the
100S’ CFD results, calculated at the averaging planes shown in Figure 2.18. As you can
see, the mixed out average loss is actually lower than the availability average loss in the
inlet region where there is flow reversal across the averaging plane and circumferential
static pressure nonuniformity. Because the availability average uses the true entropy flow
per unit area to calculate stagnation pressure, a lower mixed out average loss represents a
nonphysical reduction in entropy. The mixed out average near the diffuser exit is also

questionable due to flow reversal that is present there.
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Figure A.2: Availability and mixed out average 1D stagnation pressure loss coefficient throughout
baseline diffuser at 100S’. Mixed out entropy is lower than true entropy in diffuser inlet, a
nonphysical artifact of mixed out average assumptions.

This violation of the second law of thermodynamics can be explained by applying the
mixed out average to the incompressible flow shown in Figure A.3. In the presence of re-
versed flow, the mixed out average not only represents a mixing process, but also a flow
splitting process, whereby some fraction of the inflow becomes reversed within the confines
of the mixed out average control volume and the other fraction mixes out and exits the con-
trol volume uniformly. However, wall forces and pressure gradients must be present in
some form to give rise to this type of flow in reality. Because the assumptions of the mixed
out average analysis do not allow for these physical mechanisms to split and reverse the

flow, the average can yield a set of 1D flow properties with lower entropy than the inflow.
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True Flow with Averaging Plane
(Steady, Incompressible, Adiabatic, No Work, Ideal Gas)

Mass Conservation: [f. pV,dA =0
Momentum Conservation: [f_, pV,VdA = LF
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Figure A.3: Example of flow field where mixed out average analysis yields nonphysical entropy
reduction. Flow reversal cannot occur in constant area channel. Therefore, mixed out average does
not account for physical mechanism that can give rise to flow reversal.
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